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Abstract

The main contribution of this project to the field of cold and ultracold
molecules is we firstly demonstrated successful manipulation of the motion
of polyatomic molecular beam in the rotational ground state, which has
the lowest temperature of all possible states. Chapter 1 gives a summary
of this field, including the application of cold and ultracold molecules, the
methods to obtain them, and each method’s advantages and disadvantages.
Once we decelerate molecular ensembles, we would like to trap the cold
and ultracold molecules in electric trap, megnetic trap and megneto-optical
trap. Chapter 2 starts with an introduction of the concept of supersonic
beam and the basic knowledge of it, such as the specific features. The
experimental setup will also be presented and explained in this chapter. The
main highlight of this project is that we are manipulating molecules in the
real ground state. Our molecular source is a Counter Rotating Nozzle(CRN),
which can precool (or slow in alternate terminology) molecules in all states
including the rotational ground state. The principle and performance of
CRN will be presented and explained in Chapter 3. After obtaining a well
precooled molecular beam, the microwave lens effect on various species is
presented in Chapter 4. Meanwhile, the principle of AC Stark shift, AC
dipole force and the microwave standing wave modes, such as TE modes and
TM modes, will be explained in this chapter as well. Finally, I’ll summarize,
draw conclusion of this work and describe the future expectation of this
project in Chapter 5.
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Preface

Statement of relative contributions

The construction of the experimental setup including the source chamber
(Counter Rotating Nozzle), microwave chamber and detection chamber was
done by Pavle Djuricanin. Some advice on the design of CRN came from
Professor Frank Stienkemeier’s group and improvement was done by Pavle
Djuricanin. The microwave cylindrical tube was mainly designed by Pavle
Djuricanin, Katsunari Enomoto, Omid Nourbakhsh and Ilja Gerhardt. The
detection chamber was designed by Pavle Djuricanin. The cooling system,
liquid nitrogen tank was designed by Mr. Djuricanin, and was made by
Jorgen Hansen and Pritesh Padhiar at the Technical Services at UBC. The
ion optics chamber was designed and assembled by Steffen Spieler. I did
theinitial analysis of molecular source beam features from CRN. The exper-
imental parameters were optimized by Steffen Spieler, Pavle Djuricanin and
I. I was responsible for conducting the experiments, improving the experi-
ments, collecting and analyzing the data. The CH3CN lens effect simulation
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system vacuum. I carried on the simulation of CD3CN lens effect with TE
mode based on previous work. The resulting publication[1] was written by
Professor Takamasa Momose.
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Chapter 1

Introduction

Last year, the Nobel Prize in physics was awarded to Dr. Serge Haroche
and Dr. David J. Wineland for “ground-breaking experimental methods
that enable measuring and manipulation of individual quantum systems”.
Dr. David J. Wineland traps electrically charged atoms, or ions, controlling
and measuring them with light, or photons. In the opposite approach, Dr.
Serge Haroche controls and measures trapped photons, or particles of light,
by sending atoms through a trap[2]. Nowadays, lots of researchers around
all over the world are working on cold(1mK-1K) and ultracold(<1mK)
molecules, decelerating the molecular beam, trapping it, and conducting re-
search on it. Then, why are cold and ultracold molecules so hot now? The
research field of cold molecules brings together two of three main thrusts of
modern atomic, molecular and optical (AMO) physics: the ultracold and the
ultraprecise. It also brings together researchers from a variety of fields, in-
cluding AMO physics, chemistry, quantum information science and quantum
simulations, condensed matter physics, nuclear physics and astrophysics[3].
It is widely recognized that cold and ultracold molecules play an important
role in basic scientific exploration[4–10]. Their application includes the real-
ization of Bose-Einstein condensation [11], study of molecular collision and
cross sections at ultralow temperatures[12, 13], knowledge of ultracold chem-
ical rates[14, 15], measurement of the electron’s electric dipole moment[16],
superchemistry[17], and quantum computation[18]. Considering the signif-
icance of cold and ultracold molecules, researchers have developed several
methods to obtain them; each of them has its own advantages and dis-
advantages. Laser cooling of atoms technique is well developed, but not
well extended to molecules because of their complex internal stucture. For
laser cooling, an almost closed transition is required, which can be found
in many atoms, but is very demanding in the case of molecules[19]. Re-
cently, success of laser cooling of a diatomic molecule was reported and it
has bridged the gap between ultracold(submillikelvin) temperature and the
1K temperature attainable with directly cooled molecules[20]. Another way
to obtain ultracold molecules is to laser cool atoms to ultracold regime and
photoassociate them into ultracold molecules[21, 22]. The direct cooling
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Chapter 1. Introduction

methods includes Stark decelerator[23–25], Zeeman decelerator[26], sympa-
thetic cooling[27, 28], Sisyphus cooling[29], buffer gas cooling[30, 31], and the
methods we’ll discuss later, the CRN[32–38], and mcrowave decelerator[39–
45]. In order to enhance the phase space density, guide technologies are ap-
plied on the decelerated molecular beam[46, 47]. After deceleration, various
traps[48–53] are need to hold the ensemble for further research as mentioned
above.

In this thesis, CH3CN and CD3CN in ground states are the target
molecules and their energy levels are explored. The sample is seeded in
krypton carrier gas with pressure of 3bar. The supersonic molecular beam
is created after the open valve. First, we slow down the internal-cooled
supersonic beam’s translational velocity from 400m/s to about 100m/s by
CRN. Then, when flying through the microwave resonator, a cylindrical cav-
ity, the motion of molecular beam is manipulated by the AC Stark dipole
force produced by standing wave, either focusing or deceleration. The focus-
ing is realized with standing wave in both of TM01p and TE11p modes, and
deceleration could be realized with that in TE11p mode because of its three-
dimensional potential trap[42]. A superconducting cylindrical tube is needed
in the future for deceleration since the requirement of high quality factor.
The achieved maximum electric field in the tube is about E0/2=11kV/cm.
Two different detection techniques are used. One of them is RGA (Residual
Gas Analysis) detection, and the other one is MCP (Microchannel Plate)
detection. Also, the trajectory and time-of-flight simulation results by a
fourth order Runge-Kutta algorithm support experimental data very well.
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Chapter 2

Supersonic beam and
experimental setup

The object we are studying is the molecular beam essentially. Therefore,
we’ll briefly introduce supersonic molecular beam and the questions which
need to be answered in this chapter: for exmaple, how to create supersonic
beam, what’s the feature of it, and the reason why supersonic molecular
beam is choosen, in order to show a basic picture of supersonic molecu-
lar beams. After that, the whole experimental setup will be presented, as
well as the function of each part, including the source chamber(CRN), the
microwave chamber, the detection chamber, the microwave generator, the
vacuum system, the control system and so on.

2.1 Supersonic molecular beam

The cooling methods we mentioned in Chapter 1 are mainly about how to
cool the translational degrees of freedom. However, before that, the very
first step is to make an internally cooled molecular beam source. During the
expansion of a gas through a supersonic nozzle, rotational cooling occurs
through equilibration with the geometrically cooled translational degrees
of freedom via collisional energy transfer[54]. The following diagram, Fig-
ure 2.1[55], shows the features of supersonic beam in space dimension.

A free-jet molecular beam can be produced by supersonic expansion from
high pressure to low pressure, provided the ratio of p0/pb exceeds the critical
value[55], where p0 is pressure in the gas line and pb is that of background.

G = (
γ + 1

2
)

γ
γ−1 (2.1)

γ is defined as γ=cp/cv, where cp is molar heat capacity of ideal gas at
constant pressure and cv is that at constant volume. A supersonic beam
has several important characteristic properties. First, the beam velocity, in

3



2.1. Supersonic molecular beam

Figure 2.1: There are separate zones distinguished by velocities of the
molecular beam. The Zone of Silence is the desired one in our experiments.

4



2.2. Experimental setup

dimensionless unit of M , increases during the expansion. Second, the beam
parameters in the zone of silence are independent of boundary conditions[55],
which means the velocity of molecules in the zone of silence will be much
larger than the speed of sound regardless of background pressure pb.Third,
the longitudinal velocity distribution width of the beam is very narrow.
Fourth, the beam maintains a good directionality, with small transverse
velocity.

2.2 Experimental setup

In this thesis, our first goal was the manipulation of motion of polyatomic
molecules in rotational ground state. How does it actually be achieved? In
figure 2.2, a cartoon of lens effect on the molecular beam is shown. The
molecular beam comes out from the nozzle moving backward with velocity
of 300m/s . The slowed molecular beam colored in green is focused by the
AC stark dipole force. The red and blue disks reprensent the standing wave
nodes where the maximum of field strength is obtained.

Experimental setup is illustrated in Figure 2.3, which consists of three
sections: A CRN, a microwave cavity, and a detector. A titanium nozzle
with an orifice of 200µm was attached to one end of a carbon-fiber tube with
an inner diameter of 2.5mm and a outer diameter of 4.0mm, and rotated
by a brushless DC-Servomotor (Faulhaber, 2057S012BK179) in a vacuum
chamber. The center of the rotor was attached to a ferrofluidic feedthrough
for the introduction of gases inside the tube. The arm of the carbon-tube
that did not have the titanium nozzle was plugged with a carbon-fiber rod
in order to prevent any gas flow into this side of the arm, while keeping the
balance of the rotor. The frequency of the spindle rotation was monitored
by a diode laser. The rotor tip speed was continuously variable between
10m/s and 320m/s.

One advantage of our source chamber is that we have installed a pulsed
valve instead of utilizing a continuous gas inlet in order to reduce the back-
ground pressure during operation, so that the pumping requirement is re-
duced dramatically. A pulsed valve (General Valve, 9 Series) was attached
at the inlet of the ferrofluidic feedthrough to allow for a pulsed rotating
source so that the gas load to the turbo pump is minimized. The valve was
operated with an opening time of 450µs at repetition time of 5s and backing
pressure of 3bar.

Our source chamber is pumped by a 800l/s turbo pump and detection
chamber is pumped by a 300l/s turbo pump.The background pressure in

5



2.2. Experimental setup

Figure 2.2: The microwave field is polarized and motion trajectories of poly-
atomic molecules are deflected due to the AC dipole force, the so-called lens
effect

6



2.2. Experimental setup

source chamber can maintain as low as 10−7 torr between successive pulsing.
The range of pressure change is from 10−7 to 10−4 torr when pulsing.

The source chamber and the microwave cavity were sperated by a skim-
mer (Beam Dynamics, 3mm orifice). A home-made shutter was installed
before the skimmer to pick up only the first pulse after the introduction of
the gas into the tube and block the rest of the beam in order to reduce the
gas load.

The microwave cavity is made of copper. The cavity was constructed
from a 400mm long, 12.6mm inside diameter copper tube and two copper
end caps with a thickness of 4mm, Each end cap had a hole at the center to
let molecular beam pass. The diameter of entrance hole is 6mm and that of
exit hole is 4.5mm. A teflon disk with a thickness of 3mm was additionally
placed at the center of the cavity to separate the cavity into two sections.
The teflon disk had a hole of 5mm in diameter at the center in order to
enhance the signal of the J = 0 ground state.

There are another two holes in the side of the copper tube for the place-
ment of coupling loop antennas made from semi-rigid coaxial cable (Coax,
SC-219/50-SCN-CN). One of them transmitted high power into the mi-
crowave cavity while the other monitored the resonant frequency. The depth
of insertion of both antennas is adjustable to find the best coupling condi-
tion and high Q-factor. The loss of the MW power due to the coaxial cable
was estimated to be about 50%∼60%. The cavity was cooled by a liquid
nitrogen tank to reduce the surface resistance and thereby to increase the
Q-factor of the cavity as high as 1∼1.5×104 for each mode.

The microwave signal was generated by a synthesizer (Anritsu MG3693C),
and amplified by a traveling wave tube amplifier (Hughes 1277H04F000).
The maximum output power of the amplifier is 10W .
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2.2. Experimental setup

Figure 2.3: The experiment system consists of three chambers, the CRN
source chamber, the microwave chamber and the detection chamber.
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2.2. Experimental setup

2.2.1 The shutter

In order to improve the vacuum in MW chamber and detection chamber,
a shutter has been installed. The skimmer can prevent molecules off the
axis from going into the next chamber. The problem is, when valve is open,
each rotation of nozzle will generate a beam pulse going into the MW cavity.
However, we found the first pulse had the best characheristic properties of a
supersonic molecular beam, stronger intensity and narrow velocity spread.
The home-made shutter completed this mission essentially. It’s made of
a hard drive magnetic switch as shown in figure 2.4. Once the first pulse
came through the skimmer, the shutter was closed in front of the skimmer,
blocking the following beam pulses and keeping them in the source chamber
where a stronger turbo pump was located. According to the testing, the
shutter can close the entrance completely in about 10ms. By varying the
delay time compared to the synchronization or pulsing timing, it can allow
the first pulse to go through and block the second one perfectly. With this
work, the background pressure remained at 10−8 torr in detection chamber
even when pulsing.

2.2.2 The rotor and nozzle

In our experiment, the rotor will be sped up to about 300m/s, close to
the speed of sound, so a rotor made of carbon fiber was chosen for its high
strength. The length from the tip to the spindle is about 19cm. It was glued
onto the shaft and a titanium ferrule was attached to the long end, while
opposite end had carbon fiber rod inserted and glued. The position of rod is
adjusted for careful static balancing of rotor. Titanium ferrule incorporated
a step such that the nozzle output diameter might be changed by gluing an
aperture over the 250um hole as shown in figure 2.6. The step also helped
align the nozzle perpendicular to the spindle. The length of the carbon fiber
tube is about 36cm.

A large brass block sits on an aluminum housing piece to dampen vi-
bration. Figure 2.7 shows the vibration noise when increasing the rotation
speed. There is a minima appearing around 260Hz which we have focused
on. The valve and ferrofluidic feedthrough are coupled through aluminum
ferrule that fits closely into housing. The spindle (titanium) O-ring is sealed
to ferrofluidic shaft. The opposite side of spindle is coupled to motor with
soft silicone tubing. A large copper block attached to the motor is water-
cooled to remove excess heat from motor.

9



2.2. Experimental setup

Figure 2.4: The shutter under testing

Figure 2.5: The rotor
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2.2. Experimental setup

Figure 2.6: The nozzle

Figure 2.7: The vibration with different frequencies
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2.2. Experimental setup

2.2.3 The microwave tube

The core part of the microwave cavity is the cylindrical cavity tube of copper
as shown in figure 2.8. The length of this cavity is about 408mm at room
temperature and the radius is about 7mm.

Figure 2.8: The copper cylindrical cavity

A strong electrical field with amplitude of up to about 600kV/m is ap-
plied in the tube with input power of 20W . In order to obtain such strong
field, a liquid nitrogen cooling system is attached to the tube to decrease the
surface resistance. When temperature is down to 77K, the tube is about
6.3mm in radius and 400mm in length. The quality factor of a cavity is
defined generally as Q = 2πvW/P , where v is the microwave frequency, W
is the total energy stored in the cavity and P is the power loss of the cavity.
The Q-factor is up to about 104. We focused on TM01p and TE11p modes
and figure 2.9 shows the spectrum of TE11p modes for our microwave cavity.
Since a travelling-wave tube (TWT) amplifier was utilized to increase input
power, the possible frequency shift after the amplifier was considered. It
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2.2. Experimental setup

showed the frequency shift is not observable up to order of 1MHz, so the
effects could be ignored in this situation.

Figure 2.9: The TE11p mode spectrum

The mode was assigned by fitting the length and radius to equation 2.2,
and the nodes number p was aquired.

v =
c

2

√
(
xlm
aπ

)2 + (
p

L
)2 (2.2)

where c is the light speed, xlmis 2.4048 for TM01p modes and 1.8412 for
TE11p modes, p is the node number of standing wave, a is the radius and
L is the length of the microwave tube. When calculating the nodes, we
must take the contraction of the cavity caused by the low temprature(77K)
into consideration. Take the length for example: it contracted by 8mm
from 408mm to 400mm. This layout change is considered in the simulation
section as well.
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2.2. Experimental setup

2.2.4 The detection

Two different detection techniques are utlized in our experiment. The first
one is MCP detection and the other one is RGA detection

The MCP detector

When molecular beam arrives at the laser focal point, the molecules will
be ionized and charged. An electric field for accelerating charged particles
is built using ion optics. The arriving timing of particles with different
charge-to-mass ratios are different. Each time when the charged particle
hits the wall of the microchannel of MCP detector, more electrons will be
ejected like an avalanche so that a weak signal will be detectable.

Figure 2.10: The ion optics

Figure 2.11: The MCP detector
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2.2. Experimental setup

The RGA dector

RGA1 is a mass spectrometer with small physical dimensions that can be
connected directly to a vacuum system and whose function is to analyze
the gases inside the vacuum chamber. It can distinguish charged particles
according to the different charge-to-mass ratio.

It consists of three modules. First is an ion source, which can convert gas
phase sample molecules into ions. Second is a mass analyzer(filter), which
sorts the ions by their charge-to-mass ratio by applying electromagnetic
fields. The last is a detector, which measures the value of an indicator
quantity and thus provides data for calculating the abundances of each ion
present. Here is the way how it works: when a sample is loaded into the
RGA and undergoes vaporization, the components of the sample are ionized,
and the ions are separated according to their mass-to-charge ratio in an
analyzer by electromagnetic fields. Finally the ions are detected, usually by
a quantitative method, and then processed into mass spectra.

Figure 2.12: The RGA

The ionization section of the RGA was placed about 6cm behind the
exit hole of the microwave cavity. The advantage of the RGA is that it has
a large detection area which can enhance the detected signal. It is even a
better choice when considering the non-trivial alignment of the molecular
beam produced by CRN.

A trasimpedance amplifier followed by a voltage amplifier (Standford
Research, SR570 and SR560) was connected to the RGA. The amplified
signal was record in real time by an oscilloscope (Agilent DSO5034A). A
home-made notch filter was used to reduce the noise.

1We used a Model SRS100 RGA
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Chapter 3

Molecular beam source:
Counter Rotating Nozzle

The highlight of this work is the beam source we use, CRN. In order to
manipulate the molecular beam, we need to precool and slow the beam
down to about 100m/s. The Stark decelerator was used in Gerard Meijer’s
group[44]. According to Earnshaw’s theorem, there are no local minima
or maxima of the field potential in free space by static field. Therefore,
the target molecular states are limited to the low field seeking state (LFS),
which is not the rotational ground state. Our advantage is that CRN can
slow target gas-phase molecules in all states regardless of the molecular mass.

3.1 The principle of CRN in slowing molecular
beams

The CRN is a mechanical method to produce intense cold, slow beams of
atoms and molecules, which utilizes the peripheral backward velocity of a
high-speed rotating nozzle to offset the beam’s velocity. By changing the
rotating speed of the nozzle, velocity of the beam can be easily tuned.

Figure 3.1: The Principle of CRN
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3.2. Properties of molecular beams created by CRN

As the nozzle moves backward relative to the molecular beam motion,
the beam velocity is reduced to V=X-Vrot, where X is the initial velocity
of the molecular beam and Vrot is the velocity of nozzle. The difficulty for
existing systems which use a continuous gas inlet is the requirement of a
large pumping capacity[35, 38]. To overcome this issue, a pulsed valve was
installed at the spindle in order to reduce the background pressure during
operation as mentioned above.

3.2 Properties of molecular beams created by
CRN

Figure 3.2 shows the original signal of the Argon pulse train with a rotation
rate of 100Hz. When the valve was open, one beam pulse was produced per
rotation. As the time went by, the pressure in the nozzle became lower so
that the intensity of pulses decreased. The background pressure increased
at the beginning, then decreased as the gas was pumped out.
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Figure 3.2: The pulse train

The first pulse, with the strongest intensity and the lowest background
pressure, is enlarged and depicted in figure 3.3. We noticed a high frequency
oscillation which showed up in the baseline. This noise source was due to
the vibration of the turbo pumps and the rotor.

After the first pulse, the intensity of following pulses decreased exponen-
tially as illustrated in figure 3.4
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3.2. Properties of molecular beams created by CRN
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Figure 3.3: The profile of the first pulse

Figure 3.4: The intensity of each pulse in the train
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3.2. Properties of molecular beams created by CRN

The velocity of the slowed beam is related to the rotation frequency of
the nozzle as shown in figure 3.5. As the rotation frequency increased, the
TOF peak shifted to a later time. The inlet backing pressure was 3bar, and
valve opening time was 450µs. The TOF measurements were fitted by the
following equation 3.1 from[35]:

D(t) =
C

t
(
L

t
− Vrot)e−(

L
t −V
∆v

)2 (3.1)

where C is the total flux intensity, L is the flight distance, Vrot is the rotation
velocity of nozzle with negative sign indicating slowing, ∆v represents the
velocity spread(full width at half maximum ), V is the effective velocity of
the beam in the laboratory frame.
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Figure 3.5: The krypton TOF with different rotation frequencies

The beam velocity was slowed down from about 380m/s to about 140m/s
as shown in figure 3.6. The velocity of the beam was fitted with a straight
line, which matched the expectation as predicted by V=X-Vrot.

19



3.2. Properties of molecular beams created by CRN
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Figure 3.6: The slowed beam velocity with different rotation frequencies

One interesting point is that the supersonic expansion velocity of krypton
at room temperature is supposed to be about 400m/s, while the initial
velocity of the krypton beam shown in figure 3.7 was about 380m/s. One
explanation about this phenomenon was the detector RGA’s response time
delayed the real arrival time, which resulted in slower beam velocities as we
saw.
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Figure 3.7: The krypton beam initial velocity with different rotation fre-
quencies

Due to the centrifugal effect of rotating the nozzle, the pressure at the tip
of the nozzle is higher than the inlet backing pressure. This effect becomes
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3.2. Properties of molecular beams created by CRN

more significant when increasing the rotation frequency. The other issue is
that the pressure change will directly change the longitudinal temperature
of the molecular beam, which is related to velocity spread by equation 3.2

∆v = (2kbT0/m)1/2(T||/T0)
1/2 (3.2)

where kb is the boltzmann constant, m is the particle mass, T0 is the backing
enviroment temperature, T|| is the longitudinal temperature.
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Figure 3.8: The krypton beam longitudinal temperature with different
rotation frequencies

According to figure 3.8, the longitudinal temperature of krypton beam
dropped when increasing the rotation speed. The reason was that the pres-
sure P0 at the tip of the nozzle increased due to the centrifugal effect de-
scribed by equation 3.3[35]

P0

Pin
= exp[mV 2

rot/(2kBT0)] (3.3)

where P0 represents the pressure at the tip of the nozzle, Pin is the inlet
backing pressure, m is the mass, Vrot is the velocity of the nozzle tip

The pressure would increased exponentially when increasing the rotation
frequency as illustrated in 3.9. Supersonic expansion with a higher pressure
at the tip of the nozzle cooled the internal temperature of the beam by about
a factor of two.
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3.2. Properties of molecular beams created by CRN

Figure 3.9: The calculated centrifugal effect on enhancement of pressure at
the nozzle tip
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3.2. Properties of molecular beams created by CRN

The valve opening time is another factor which affects the longitudi-
nal temperature besides pressure. Basically, if the valve opening time was
longer, more gas went into the nozzle, and a higher pressure was obtained
inside. This effect was proved by slowing the oxygen beam seeded in argon
as shown in figure 3.10.

Figure 3.10: TOF measurements of slowed oxygen beams seeded in argon
at a rotation frequency of 100Hz

The longitudinal temperatures were about 4.5K and 1K, corresponding
to the red and green curves respectively. The longer opening time mainly
contributed the lower longitudinal temperature.
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Chapter 4

The microwave lens effect on
polarized polyatomic
molecular beams

In this chapter, we will demonstrate a MW lens effect for the J=0 rotational
ground state of cold polyatomic beams, including CH3CN and CD3CN, cre-
ated by the CRN. In order to observe any effect induced by the dipole
force, precooling is necessary since the potential depth that the electromag-
netic fields can generate is at most 1K. For the true rotational ground
state, precooling has to be achieved without using a static field accord-
ing to Earnshaw’s theorem. In this study, slowed CH3CN and CD3CN
beams created by the CRN were introduced into a waveguide MW cav-
ity, in which a TM01p or TE11p mode MW standing wave nearly resonant to
the |J,K〉 = |1, 0〉 → |0, 0〉 pure rotational transition was maintained. We
have observed a difference in the number of molecules exiting the cavity by
changing the condition of the MW standing wave such as the ON-duration
time, the field strength and the detuning frequency, which indicated that
the translational motion of a cold polyatomic beam in the J=0 rotational
state was successfully influenced by the MW dipole force.

4.1 The AC Stark shift

The microwave lens effect we observed is due to the AC Stark shift associ-
ated with a molecular rotational transition. In our work, the discussion is
confined to the effect of the MW field on two rotational states, |J,K〉 = |1, 0〉
and |0, 0〉 of CH3CN and CD3CN. A linearly polarized electric field is built
in the MW cavity. For dipole transitions induced by linearly polarized ra-
diation, the optical selection rule of ∆J = ±1, ∆K = 0, and ∆M = 0
applies for symmetric top molecules. Therefore, |1, 0, 0〉 is the only state
that is accessible from the ground |0, 0, 0〉 rotational state by one photon
transition. The total Hamiltonian of the system is given by Ĥ = Ĥrot + Ĥ

′
,
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4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

where Ĥ
′

= −µ · E is the interaction between the electric dipole moment
µ of the molecule and the electric field E. According to the dressed state
formalism, the Hamiltonian matrix between the two basis sets |0, 0, 0〉|n̄+1〉
and |1, 0, 0〉|n̄〉 for linearly polarized radiation is approximated by

H =

(
(n̄+ 1)hv 1

2εµ10
1
2εµ10 2B + n̄hv

)
(4.1)

where ε = |E| is the electric field amplitude, n̄ is the number of photons in
the field, hv is the photon energy with frequency of v and µ10 is the tran-
sition dipole moment between the resonant states, |1, 0, 0〉 and |0, 0, 0〉. For
CH3CN, µ10 = 〈100|µ|000〉 = µ10〈100|cosθ|000〉 = 3.92/

√
3 = 2.26debye.

For CD3CN, µ10 = 3.31/
√

3 = 1.91debye. By diagonalizing the Hamiltonian
matrix for the two-state model given in 4.1, the energy shift for the |0, 0, 0〉
state by the AC Stark effect is found to be

∆U000 = −δ
2
± 1

2

√
δ2 + ε2µ102 (4.2)

The energy shift of |1, 0, 0〉 state is

∆U100 = +
δ

2
∓ 1

2

√
δ2 + ε2µ102 (4.3)

where δ = h(v − v10) is the detuning when the MW radiation frequency
is v and the resonant transition frequency between the |0, 0, 0〉 and |1, 0, 0〉
states is v10 = 2B/h. The upper sign is for the blue detuning δ > 0 case,
and the lower sign is for the red detuning δ < 0 case.

4.2 The electromagnetic field resonant mode
spectrum in the microwave cavity

We established TM01p and TE11p mode electric fields in the microwave cav-
ity. The index p denotes the number of nodes in the longitudinal direction of
the cavity. These two different series of modes provide a linearly polarized
radiation.

4.2.1 The TM01p field and induced AC Stark dipole force
distribution

The distribution of the electric field of TM01p modes in a cylindrical cav-
ity is completely concentric. The azimuthal component, Eθ, is zero. The
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4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

longitudinal component of electric field along central axis direction Ez, and
radial component Er, in cylindrical coordinates with the domain (0 ≤ z ≤
L, 0 ≤ r ≤ a, 0 ≤ θ ≤ 2π) are given by

Ez = ε0J0(
x01r

a
)cos(kz) (4.4)

and

Er = ε0
ka

x01
J1(

x01r

a
)sin(kz) (4.5)

where a is the inner radius of cylindrical cavity, 6.29mm, L is the length,
400mm, ε0 is the magnitude of the electric field, k = pπ/L, Ji(x) is the i-th
order Bessel function of the first kind, x01 = 2.4048 is the first zero of J0(x)
modes.

TM01p modes in a cylindrical cavity have a concentric radial electric field
distribution, and are ideal for demonstration of the lens effect of a molecular
beam. The translational motion of the beam is affected by the AC dipole
force, F , given by F = −∇(∆U000), where ∆U000 is the energy shift given
in equation 4.2. Since a/L � 1, the approximation of the dipole force
distribution at a postion (r, z) in our cavity is:

Fr(r, z) = −∂∆U000

∂r
≈ ± µ210ε

2
0x01

2a
√
δ2 + E2

zµ
2
10

J0(
x01r

a
)J1(

x01r

a
)cos2(kz) (4.6)

The upper sign is for δ > 0(blue detuning), and the lower sign is for
δ < 0(red detuning). For a red-detuned MW frequency, there is always a
force towards the centric axis of the cavity.

The electric field distribution is as shown in figure 4.1. The scale of the
radial direction, r, is exaggerated relative to the longitudinal direction, z.

The force distribution is as shown in figure 4.2. The magnitude of the
radial component of the force Fr, is for the|0, 0, 0〉 state.
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4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

Figure 4.1: TM014 mode electric field distribution

Figure 4.2: TM014 mode AC dipole force distribution

27



4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

4.2.2 The TE11p field and induced AC Stark dipole force
distribution

Compared to TM01p modes, which provide a two-dimensional radial con-
finement harmonic potential for HFS states, the TE11p modes provide a
three-dimensional trapping potential for HFS states at every antinode[42],
which can be used for deceleration applications in the future. Here we
present the electric field distribution of TE112 mode in y-z plane.

The electric field component along longitudinal direction Ez is 0, while
the azimuthal component Eθ and radial component Er are given by

Er = E0
J1(x

′
11r/a)

x
′
11r/a

sinθsin(kz) (4.7)

and

Eθ = E0[J0(
x
′
11r

a
)−

J1(
x
′
11r
a )

x
′
11r
a

]cosθsin(kz) (4.8)

where x
′
11 is 1.8412. According to F = −∇(∆U000), where ∆U000 is the AC

Stark energy shift, each component of dipole force is given by

Fr = ±1

2

µ210E
2
0sin

2(kz)√
δ2 + ( ~E2

r + ~E2
θ )µ210

{J2
0 (
x11r

a
)/r + J2

1 (
x
′
11r

a
)[

2a2

(x
′
11)

2r3
− cos2θ

r
]

+J0(
x
′
11r

a
)J1(

x
′
11r

a
)[
x
′
11

a
cos2θ − a

x
′
11r

2
(1 + 2cos2θ)]}

(4.9)

Fθ = (−1

r
) · ±1

2

µ210E
2
0sin

2(kz)sinθcosθ√
δ2 + ( ~E2

r + ~E2
θ )µ210

[
2J1(

x
′
11r
a )

x
′
11r
a

− J0(
x
′
11r

a
)]J0(

x
′
11r

a
)

(4.10)

Fz = ∓1

2

µ210√
δ2 + ( ~E2

r + ~E2
θ )µ210

{ ~Er[E0k
J1(

x
′
11r
a )

x
′
11r
a

sinθcos(kz)]

+ ~Eθ[E0k[J0(
x
′
11r

a
)−

J1(
x
′
11r
a )

x
′
11r
a

]cosθ cos(kz)]}

(4.11)
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4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

By projecting the cylindrical coordinates onto Cartesian coordinates, the
forces along x-direction and y-direction are derived as:

Fx = Fr · cosθ − Fθ · sinθ;
Fy = Fr · cosθ + Fθ · sinθ;

(4.12)

The electric field distribution in y-z plane is as shown in figure 4.3

Figure 4.3: TE112 mode electric field distribution in y-z plane

The AC dipole force distribution in y-z plane is as shown in figure 4.4

Figure 4.4: TE112 mode AC dipole force distribution in y-z plane
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4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

It is observed that the field and force distribution is non-centrosymmetric
relative to the longitudinal axis. The electric field distribution in x-z plane
is as shown in figure 4.5

Figure 4.5: TE112 mode electric field distribution in x-z plane

and the AC dipole force distribution is as shown in figure 4.6

Figure 4.6: TE112 mode AC dipole force distribution in x-z plane
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4.2. The electromagnetic field resonant mode spectrum in the microwave cavity

The electric field distribution in x-y plane, the cross section plane, is as
shown in figure 4.7

Figure 4.7: TE112 mode electric field distribution in x-y plane
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode

4.3 The lens effect on CH3CN beam by AC
electric field in TM mode

4.3.1 The basic properties of CH3CN

CH3CN is a prolate symmetric top molecule with a permanent electric dipole
moment of µ0 = 3.92debye, which is linearly polarized, and a mass of 41u.
The structure is as shown in figure 4.8.

Figure 4.8: CH3CN molecule structure

The black, white, blue balls represent carbon, hydrogen, nitrogen atoms,
respectively. Its lowest pure rotational transition frequency|J,K〉 = |0, 0〉 →
|1, 0〉 is 18.398GHz.

The sample was introduced by bubbling in a stainless steel tube container
at room temperature. The vapor pressure of CH3CN is about 75torr and
the concentration when seeded in the krypton carrier gas is about 3.3% with
backing pressure of 3bar.

Since the molecular beam was detected by a RGA detector, located about
6cm behind the exit hole of the MW cavity, we calibrated the mass setting
of the RGA very carefully. Krypton possesses isotopes of varying masses
including 82Kr(11.5%), 83Kr(11.5%) and 84Kr(58.0%). When these isotopes
lose two electrons and Kr2+ is created, the charge-to-mass ratio is closely
overlapping that of the target ion CH3CN+. The RGA mass spectrum of
pure Kr supersonic beam is illustrated in figure 4.9
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode
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Figure 4.9: RGA mass spectrum of pure Kr
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode

By detecting the pure Kr in the same condition, we confirmed that the
signal of mass 41 produced by 82Kr2+ and 83Kr2+ were much weaker than
that when CH3CN seeded in the beam.

4.3.2 The populations of CH3CN in |0, 0, 0〉 and |1, 0, 0〉 states

These two states follow the Boltzmann distribution:

Ni

N
=

gie
−Ei/(kB)T∑

i
gie−Ei/(kBT )

(4.13)

where kB is the Boltzmann constant, T is rotational temperature, gi is the
degeneracy, N is the total number of particles, Ni is the number of particles
in i-state and Ei is the energy level of i-state.

The energy levels are Ei = 〈J,K,M |Ĥrot|J,K,M〉 = BJ(J + 1) +
(A − B)K2. The rotational constants of CH3CN are: A=158.3GHz and
B=9.2GHz.

Each rotational state has a degeneracy of 2(2J+1) for K =\ 0 and 2J+1
for K = 0. Due to the symmetrical configuration of the three protons,
there are two spin modifications: I = 3/2ortho-CH3CN for K = 3n, and
I = 1/2para-CH3CN for K = 3n±1 (n is an integer) with a statistical ratio
of 2 : 1.
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Figure 4.10: Populations of CH3CN in |0, 0, 0〉 and |1, 0, 0〉 states
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode

By considering this statistical ratio, the populations of CH3CN in the
|J,K,M〉 = |0, 0, 0〉 and |1, 0, 0〉states are expected to be 5.7% and 4.8%
respectively in molecular beam with a rotational temperature of 5K.

4.3.3 The AC Stark shift of CH3CN

The resonant transition frequency between |0, 0, 0〉 and |1, 0, 0〉 states are
v10 = 18.389GHz. The transition dipole moment is µ = 2.26debye. Assum-
ing the electric field of about 460kV/m, the detuning frequency of -12MHz
and 12MHz, the AC Stark shift were depicted in figure 4.18. It’s interest-
ing that certain states such as |0, 0, 0〉 can be either HFS with red detuning
or LFS with blue detuning. It applies to excited state such as |1, 0, 0〉 as
well. The solid lines are blue detuning cases, and the dashed lines are red
detuning cases. The AC Stark shift with these conditions is about 2GHz
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Figure 4.11: CH3CN AC Stark shift with red and blue detunings of 12MHz

4.3.4 The experimental results

From the equations 4.9, 4.10 and 4.11, we know that the motion of molecu-
lar beam, or the AC dipole force is dominated by the strength of the electric
field and the detuning frequency, therefore these two factors’ effects were
explored in this section. In these experiments, in order to improve the vac-
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode

uum of the microwave cavity and enhance the signal of the J = 0 ground
state, we put a teflon disk at the center of the cavity to separate the cav-
ity into two sections as mentioned. Most of the molecular beam would be
blocked by the disk so that the vacuum in the second section would obtain
an improvement to avoid high collision rates. By controlling the microwave
generator, we can switch off the microwave in the first section or both of the
sections.

Power-dependent experimental results

In this experiment, we applies the TM015 mode at 18.386GHz to the cavity,
with a red detuning of 12MHz. The loaded quality factor is about 10800.
The MW power generated by the amplifier is about 5W , while the actual
power introduced into the cavity was about half of these values due to the
loss of the coaxial cable. The electric field amplitude is about 123.7kV/m
with consideration of the power loss. The signal intensity increase of CH3CN
beam is about 7% by height shown in figure 4.12

The blue trace shows the subtraction of the observed signals of CH3CN
seeded in Kr when MW is on and off in both sections, which is multiplied
by a factor of 15.

By varying the input power generated by amplifier from 5W to 10W ,
we find the observed RGA signal intensity increase is roughly doubled. The
results are shown in figure 4.13, where the two traces are the subtractions
of MW-ON signals and MW-OFF signals.
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode
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Figure 4.12: Focusing effect when applying red detuned microwave with
power of 5W
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode
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4.3. The lens effect on CH3CN beam by AC electric field in TM mode

Experimental result with blue detuning

Figure 4.14 shows the CH3CN signal when applying the TM016 MW field
at 18.410GHz. The loaded Q-factor is QL = 1.07× 104. This frequency is
slightly blue detuned from the resonant frequency of the target transition.
With a blue detuned MW field, molecules in |0, 0, 0〉 state are deflected
away from the central axis, while molecules in |1, 0, 0〉 is deflected towards
the central axis. Since the populations of molecules in these two states are
close to each other and the focusing effect is dominant, the intensity increase
still shows up when applying blue detuned microwave.
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Figure 4.14: Focusing effect when applying blue detuning microwave

The signal increased by about 7% when the blue detuned microwave was
switched on.

Experimental results of switching on one or both microwave
sections

By changing the duration the microwave was applied on the molecular beam,
we found the longer duration gave us stronger focusing effects. The mi-
crowave frequency was set to 18.343GHz(TM014). The power generated by
the MW amplifier was 10W with a loaded Q-factor of QL = 1.34× 104

Figure 4.15 shows the result when switching off the microwave generator
in both of sections. The signal intensity decreases by about 16%, while the
signal intensity decreases by about 10% when switching off just in the first
section as shown in figure 4.16. We subtracted the baseline caused by the
background pressure change since we pulsed the molecular beam.
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode
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Figure 4.15: Focusing effect when switching off both of the sections
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Figure 4.16: Focusing effect when switching off the first section
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode

4.4 The lens effect on CD3CN beam by AC
electric field in TE mode

4.4.1 The basic properties of CD3CN

The mass of CD3CN is 44u. It is a symmetric top molecule with the same
structure as CH3CN. The vapor pressure at room temperature is about
96 torr. The concentration when seeded in krypton carrier gas is about
4.2%. The energy level 〈J,K,M |Ĥrot|J,K,M〉 = BJ(J + 1) + (A−B)K2−
DJJ

2(J + 1)2 −DJKJ(J + 1)K2. The rotational constants of CD3CN are:
A=78.9GHz, B=7.9GHz, DJ=2.76KHz and DJK=110.7KHz

The populations of molecules in |0, 0, 0〉 and |1, 0, 0〉 states are as shown
in figure 4.17
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Figure 4.17: The populations of molecules in |0, 0, 0〉 and |1, 0, 0〉 states

Assuming a rotational temperature of 5K, the populations of |0, 0, 0〉
and |1, 0, 0〉 states are about 3.9% and 3.3% respectively.
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode

4.4.2 The AC Stark shift of CD3CN

According to the equations 4.2 and 4.3, the AC Stark shifts of CD3CN are
as shown in figure 4.18

Figure 4.18: The AC Stark shift of CD3CN

The resonant transition frequency between these two states is v10 =
15.716GHz. The transition dipole moment is µ = 1.91debye. Assuming the
electric field of about 460kV/m, the detuning frequencies of -300MHz and
300MHz, the AC Stark shift is obtained in figure 4.18. The AC Stark shift
with these conditions is about 2GHz

4.4.3 The experimental and simulation results

The repetition time between pulses is 5s to maintain the high vacuum inside
the system. The background pressure change during pulses in detection
chamber is as shown in figure 4.19
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode
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Figure 4.19: Background pressure fluctuation in detection chamber when
pulsing

The background pressure recovered to original conditions after 2.5s.
However, considering the reading showed the pressure in the detection cham-
ber, not in the microwave cavity, we lengthened the repetition time to 5s to
make sure the vacuum inside the cavity restored properly since a large part
of the molecular beam was blocked inside the cavity.

Power-dependent Experimental and simulation results

TM1118 at a frequency of 15.542 MHz was chosen for this experiment. The
red detuning frequency was about 174MHz. The amplifier type we used
was a traveling-wave tube (TWT) amplifier. Due to nonlinearity features of
the amplifier and the energy loss during transmission with the new antenna,
we calibrated the output power after the TWT amplifier corresponding to
different input power from microwave generator. The relation between the
input power in units of dBm and the output power after the TWT in units
of W is depicted in figure 4.20

According to equation 4.15 and 4.14[42], we can calculate the amplitude
of the electric field in the microwave cavity once we know the power input
into the cavity.
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Figure 4.20: The calibration of output power after TWT amplifier
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode

W =
PinQL
πV

(4.14)

W = 0.02984ε0E
2
0V (4.15)

where Pin is the power inputed into the cavity, QL is the loaded Q factor,
E0 is the amplitude of the electric field, V is the volume of the microwave
cavity, and ε0 = 8.8× 10−12F/m is the permittivity.

For example, if the output power of the TWT amplifier is 7.7W , the
power loss after the antenna is 11% according to the parameters in the
antenna manual. The actual input power into the microwave cavity is about
6.8W . The dimension of the cavity is 400.0mm in length and 6.3mm in
radius. Therefore the volume is about 50cm3. The QL is about 12000. The
electric amplitude is 355kV/m for this case.

We varied the input power from 4W to 16.8W , corresponding to a electric
field of 256kV/m to 525kV/m. The TOFs for several cases are as shown in
figure 4.21
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Figure 4.21: Experimental focusing effect with various input power

The longitudinal velocity of the CD3CN beam created by the CRN was
about 120m/s with velocity spread of about ±20m/s.

We noticed that the faster molecules were focused better than slower
molecules. The main reason for this phenomenon is that slower ones are
easier to over-focus.

The simulation results are as shown in figure 4.22. By assuming the
rotational temperature of 5K, the population ratio is about 1.15:1. The
number of simulated molecules is 1×106 for each state and we added both
of the TOFs together by ratio of 1.15:1.

The simulation results also showed that the peaks of the TOFs shifted
to earlier time for higher microwave by fitting with Gaussian distribution.
The TOF peak of 4W case appeared at 4.79ms, while at 16.8W the peak
shifted slightly earlier to 4.72ms.
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode
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Figure 4.22: Simulated focusing effect with various input power
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode
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Figure 4.23: Simulated number of detected molecules with various power

We once expected the focusing effect was proportional to the input power
or proportional to the square root of the power. However, as shown in
figure 4.23, the number of detected |0, 0, 0〉 state molecules and |1, 0, 0〉 state
molecules supported neither of these cases. Since the motion of molecules
was complicated in the microwave cavity and the detected signal depended
on the combination of them, the relationship between the focusing effect and
the input power was mainly dominated by the focusing of |0, 0, 0〉 when we
applied red detuning and that of |1, 0, 0〉 when we applied blue detuning.

48



4.4. The lens effect on CD3CN beam by AC electric field in TE mode

Figure 4.24: Simulated and experimental signal intensity increase by per-
centage

The average intensity increase was about 8% with 4W and 23% with
16.8W . The red markers with error bars showed the experimental intensity
increase by area when increasing input power. It was noticed that the in-
tensity increase became saturated compared to the simulated black markers
when applying higher power. Also the error bars were larger with higher
power. One of the possibilities could be that collisions between the molecules
and between molecule and cavity wall were more intense with higher power,
which resulted in the saturation and larger error bar.
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode

Detuning-dependent experimental and simulation results
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Figure 4.25: AC Stark shifts for different detunings

The input power we chose for detuning-experiments was 16.8W , corre-
sponding to an electric field with amplitude of about 462kV/m shown as
dashed vertical line in figure 4.25. The AC Stark shift of red detuning of
333MHz was 2.0GHz, that of red detuning of 1010MHz was 1.8GHz, and
that of blue detuning of 158MHz was 2.1GHz. Even though the AC Stark
shift depended on both the electric field and detuning frequency, the detun-
ing frequency changes contributed much less than the electric field strength
changes.
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode
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Figure 4.26: Focusing effect with various detuning

As mentioned above, the focusing effect dominated compared to the de-
focusing effect. Therefore, for both red and blue detuning experiments, we
expected to see focusing of the molecular beam. Three different conditions
were chosen for this experiments: two red detuning and one blue detun-
ing. The red detuning of 333MHz gave about an 27% intensity increase,
while the red detuning of 1010MHz gave about an 20% intensity increase
instead. Smaller detuning gave us stronger lens effect. The very interesting
observation is that even though 158MHz of blue detuning was closer to the
transition frequency than 333MHz of red detuning, the focusing effect was
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4.4. The lens effect on CD3CN beam by AC electric field in TE mode

smaller for blue detuning. The signal intensity increased by 22%. The rea-
son was that the population of |0, 0, 0〉 state was slightly larger than that of
|1, 0, 0〉 state. Therefore, the focusing of |1, 0, 0〉 state contributed less when
applying blue detuning, comparing to the focusing of |0, 0, 0〉 state when
applying red detuning.
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Figure 4.27: Simulated focusing effect with various detuning

The simulation results are as shown in figure 4.27, which matched with
the experimental results very well. The blue detuning of 158MHz gave
larger focusing than red detuning of 1010MHz, and smaller than red de-
tuning of 333MHz.
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4.5. Experimental lens effect demonstration of an acetone beam in TE mode

4.5 Experimental lens effect demonstration of an
acetone beam in TE mode

Besides CH3CN and CD3CN samples, We also conducted microwave lens
experiments with molecules like acetone CO(CH3)2, which has more com-
plicated molecular structure. Its two-state transition spectrum in the mi-
crowave range (around 15GHz) is quite sophisticated because of the two-
rotor structure resulting in large amount of degeneracies. Figure 4.28 shows
a demonstration of the lens effect on an acetone beam.
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Figure 4.28: Lens effect on an acetone beam
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Chapter 5

Conclusion and future work

In this thesis, we have presented our observations of the focusing effect on
CH3CN and CD3CN molecular beams. The relation between the focus-
ing effect and microwave power and frequency-detuning was explored. The
beam intensity change due to our changes to experimental conditions proved
that we successfully manipulated the motion of the beam. We found that
the intensity of faster molecules in the beam increased more than that of
slower molecules because the slower molecules experienced more time in
the standing wave and were easily over-focused. We found the focusing ef-
fect saturated as we increased the power up to 16.8W , which was mainly
because most accessible molecules in the rotational ground states already
succeed in exiting the microwave cavity. When applying the blue detuning
to the molecular beam, we expected to see defocusing effect initially. How-
ever, we found that the focusing effect always appeared even with a blue
detuning, which meant the focusing effect was dominant in these manipula-
tion experiments. Since the RGA detector detected molecules in all states,
the focusing of J = 1 state molecules not only compensated the defocusing
of J = 0 state molecules, but also enhanced the total intensity of the molec-
ular beam at the detector. This was confirmed by both experimental and
simulation results.

Now, we are working on the construction of a half meter long supercon-
ducting cylindrical cavity coated by the lead-tin as shown in figure 5.1, for
which we expect to achieve a PQ-factor as high as 107 and a electric field
with a strength of 2MV/m when cooled down to around 3K. For a CH3CN
beam with an initial speed of 80m/s, TE1150 with 50 nodes can succeed in
decelerating the beam to a standstill.
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Chapter 5. Conclusion and future work

Figure 5.1: The superconducting microwave cavity attached to the cry-
ocooler
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[12] Goulven Quéméner and John L. Bohn. Strong dependence of ultra-
cold chemical rates on electric dipole moments. Physical Review A,
81:022702, 2010.

[13] Qi Wei, Igor Lyuksyutov, and Dudley Herschbach. Merged-beams for
slow molecular collision experiments. The Journal of Chemical Physics,
137:054202, 2012.

[14] Serge A. Krasnokutski and Friedrich Huisken. Ultra-low-temperature
reactions of mg atoms with o2 molecules in helium droplets. J. Phys.
Chem. A, 114:7292–7300, 2010.

[15] Zbigniew Idziaszek, Goulven Quéméner, John L. Bohn, and Paul S.
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