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I. Introduction

Recently, precision measurements for high-energy physics using molecular gases have

attracted much interest. For example, the upper limit of the size of the permanent electric

dipole moment (EDM) of the electron is now 10.5×1028 e cm, which is given by a

measurement using cold YbF molecular beams [1]. The EDM of the proton [2], time

variation of the proton-to-electron mass ratio [3], and nuclear spin-dependent parity

violation [4] are also intriguing research subjects.

To improve the sensitivity of such molecule-based precision measurements, it is

important to develop various methods to control translational motion of the ground state

molecules. Especially, to make molecules cold and slow is important. Internally cold

molecules have a large population in the rovibrational ground state which is relevant for

these measurements. Slow molecules have a long interaction time with measurement

systems. Trapping such molecules greatly increases the measurement time. Transversely

slow molecules, namely collimated molecules, also favor high signal intensity.

Generation of cold, slow, and trapped molecules has been pursued for more than a

decade. Very limited kinds of ultracold molecules (e.g. alkali-metal dimers) at

nano-Kelvin temperatures are obtained by associating ultracold atoms. Direct cooling and

deceleration methods, such as buffer-gas loading to a superconducting magnet trap [5]

and Stark deceleration and subsequent electric trapping [6], can be applied to various

kinds of molecules, although the achieved temperature has been milli-Kelvin. Most of

these methods to control the translational motion of neutral molecules use static

electromagnetic fields. For example, quadrupole and hexapole electrodes are commonly

used to collimate molecular beams in low field seeking states. However, static

electromagnetic fields cannot have field maxima in free space. Therefore, high field

seeking (HFS) states are difficult to confine using static fields. Among several methods to

control HFS states, we are interested in the use of cavity-enhanced microwave fields.

Microwave trapping [7] and deceleration [8] of molecules have been proposed so far, and

recently molecular focusing has been realized [9].

In these microwave-based control methods, the first-order ac Stark shift potential is the

source of force used to control the translational motion of polar molecules. For efficient

control, a potential well depth of about 1 K is needed, which corresponds to an electric

field of about E = 10 kV/cm. The electric field E is proportional to ඥPQ, where P is the

input microwave power and Q is the quality factor of the cavity. Such high electric fields

can be obtained in normal conductor cavities by using a kilowatt level microwave

amplifier. Another method is to use high-Q cavities made from superconducting material.



We have chosen the latter path. In the present work, we have characterized a lead-tin

plated superconducting cavity. The cavity preparation procedure and a summary of our

experiments and proposal are presented in this proceeding. Detailed experimental results

and theories will be described elsewhere [10].

II. Preparation of the cavity

We have examined a cylindrical superconducting cavity with inner radius a = 6.35 mm

and inner length d = 162.8 mm. It is composed of three pieces: a main body and two

endcaps which have a centered hole. Through these holes a molecular beam is passed

through the cavity. The hole radii are a h = 1.0 mm for the beam entrance and a h = 1.5 mm

for the beam exit, and the thickness of the endcaps is d h = 6.0 mm. There are also two

further holes on the side wall to introduce loop antennas. The cavity is made from copper

and its inner surface is electroplated with an alloy of lead and tin, whose critical

temperature is 7 K. The detailed procedure for the electroplating is as follows.

Electroplating of lead-tin alloy onto copper is divided into three steps: cleaning of

components, preparation of lead-tin solution, and electroplating. All components used in

the electro-plating process including the copper cavity, electrodes, as well as tools used

throughout the procedure are thoroughly cleaned. The copper cavity cleaning procedure

includes sonicating all components in trichloroethylene, acetone and finally NaOH

solution for approximately 30 minutes each. Prior to changing solutions, the cavity pieces

are rinsed with warm water followed by distilled water. The procedure for cleaning the

electrodes and all other tools follows the same procedure with the NaOH solution omitted.

The basic solution is prepared by mixing 1-part 50% lead(II) fluoroborate (Pb(BF4)2)

solution, 5-parts distilled water, 0.5 g/L gelatin, and 2 g/L boric acid crystal in a plastic

container. Tin is added to the solution by electroplating tin (anode) onto stainless steel

(cathode) with a 300 A/m2 current density for 30 minutes.

Electroplating is performed by immersing the copper cavity and lead-tin electrode into

the lead-tin solution. The copper is connected to the negative lead of the power supply

with the use of a copper wire. The lead-tin electrode is connected to the positive lead of

the power supply with an alligator clip. Care is taken to ensure the alligator clip does not

make contact with the solution. The lead-tin electrode is placed ~1 mm from the surface of

the copper that is to be coated and the power supply is turned on. A current density of

approximately 40 A/m2 is applied for a duration of 5 minutes. The plated copper is rinsed

in distilled water and blow dried with nitrogen gas.

III. Cavity characterization

The quality factor of the cavity

is measured with the experimental

setup shown in Fig. 1. The cavity

is attached to a liquid helium bath

in a cryostat, and is cooled to 2.7 K.

Two loop antennas are inserted

into the cavity through 2.3 mm

diameter holes on the side wall.

Microwave at about ν=18 GHz is fed through o
ne of the antennas. The reflected power

Fig. 1: Experimental setup.



from this antenna (reflection signal) and the received power through the other antenna

(transmission signal) are monitored. The coupling strength is finetuned by changing the

insertion depth of the antennas from outside of the cryostat. A transmission spectrum of

the cavity is shown in Fig. 2. The observed resonance lines are assigned to TE11p and

TM01p modes, with p the longitudinal mode number.

Fig. 2: Transmission spectrum of the cavity. Note that the coupling strength is in the

over-coupling regime and thus the width of the TM010 resonance is large.

The TM010 mode is especially important for the microwave lens. The electric field

pattern is symmetric and the field maximum is on the center axis (Fig. 3). Therefore, HFS

state molecules feel a force towards the cavity axis, and thus molecular trajectories are

similar to rays passing a convex lens. At critical coupling, the observed linewidth is 32

kHz (Fig. 4), and the corresponding loaded quality factor is Q L = 6×105. The unloaded

quality factor Q 0 is 2Q L at critical coupling, and thus Q 0 = 1×106. The electromagnetic

energy W stored in the cavity is given by W = PQ 0 / 2.

We apply 5 W microwave pulses with durations

of 1, 10, and 100 ms. The decay of the energy W

after sudden switching off of the microwave input

is given by W (t ) = W (0)×exp(2t /Q L). The

decay time indicates that Q L = 5-8×105 for all

pulse durations. This result indicates that our

cavity can accept at least a 5 W, 100 ms pulse while

retaining a high quality factor of Q 0 = 1×106.

The experimentally obtained quality

factor is about one order of magnitude

smaller than the expected value. The

expected quality factor is calculated from

the diffraction loss and ohmic loss. The

diffraction loss Pd is due to the escape of

the microwave through the holes for

passing molecules. When the hole radius

ah is much smaller than the wavelength

of the microwave, the diffraction loss can

be estimated by considering the radiation

of the effective dipole moment [11]. In the

case of the TM010 mode the effective

electric dipole is responsible for the loss.

Fig. 3: Electric field amplitude
pattern of the TM010 mode.
Fig. 4: Transmission and reflection
signals of the TM010 mode at

critical coupling.



The dipole moment is given by
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where E0 is the electric field amplitude on the hole. For a finite thickness hole, the

transmission through the hole decays as evanescent wave [12]. The diffraction power loss

is approximated by
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where    22

01 /2/ cax h   with x01  2.405. For our cavity, this diffraction loss is

negligibly small.

The ohmic loss is due to the finite surface resistance R s. From the BCS theory the

surface resistance is written as

)exp(
TkT

RRR
B

b

BCSress





, (3)

where R res is the residual surface resistance at T = 0 K, R BCS is the coefficient for the

temperature dependent term, and 2 is the energy gap. The parameters for pure lead

have been reported in Ref. [13], and b 1.75. From these parameters and Eq. (3) we can

expect the quality factor Q 0 to be about 2×107 at 2.7 K. The disagreement between the

experimental and theoretical quality factors may be attributed to imperfect electroplating

and/or contact resistances among the pieces of the cavity and the antennas.

IV. Microwave lens simulation

We consider the use of such a superconducting cavity to produce a molecular lens. The

TM010 mode has only an electric field component Ez (,z)= E0 J0(x01/a) parallel to the

cavity axis z, where  is the radial coordinate and J0 is the 0-th order Bessel function. In

the two-level approximation, the ac Stark shift U is given as
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where  ge is the rotational transition frequency and  ge is the transition dipole moment.

We have performed simulations for trajectories for ground state acetonitrile (CH3CN,

 ge = 18.4 GHz and  ge = 2.3 Debye) molecules passing through a cavity with a standing

wave of the TM010 mode. We assume a frequency  = 18.3 GHz, cavity length d = 15 cm,

and PQ 0 = 107 W. The longitudinal velocity vz is assumed to be distributed in a range

380 < vz < 420 m/s, which

corresponds to the speeds of a

supersonic jet with a krypton

carrier gas. The result is shown

in Fig. 5. The molecules

emerging from a point at z = 9

cm from the entrance of the

cavity are collimated by the

Fig. 5: Simulation of trajectories of ground state

acetonitrile molecules.



microwave lens. Assuming a molecule detector is placed at z = 100 cm on the cavity axis

and its detection area is ||< 3 mm, the molecular beam flux to the detection area

increases by about a factor of 25 when the microwave lens is used. Note that the cavity

holes for passing molecules are assumed to have a radius of a h  3 mm. If the wall

thickness of the endcap is d h  7 mm or larger, the diffraction loss through these

sub-wavelength holes is negligible and we can expect from Eqs. (1)(2) to obtain Q 0 > 107.
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