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Hudson, Eric R. (Ph.D., Physics)
Experiments on Cold Molecules Produced via Stark Deceleration

Thesis directed by Prof. Jun Ye

The work described in this thesis is the construction and operation of a Stark
deceleration apparatus. Specifically, this work represents only the second successful im-
plementation of the method! and the first deceleration of the hydroxyl radical (OH) and
the formaldehyde molecule (HoCO). Experimentally, much of the work in the beginning
of our experiments was the construction of a suitable molecular beam. Though molecular
beams have been used for decades in physical chemistry, the design goals of the typical
physical chemistry experiment are very different than ours, and as such, much work was
required to adapt these sources for Stark deceleration. Since the maximum-attainable,
decelerated molecular density is set at this stage, the importance of a good molecular
beam source cannot be understated. Once a stable decelerated beam became routine in
our laboratory, we performed the first precision measurement on cold molecules leading
to the best ever values for the frequencies of the main lines in the lowest OH A-doublet.
These measurements, when coupled with the appropriate astrophysical measurements,
can be used to put the most stringent constraints on the variations of the fundamental
constants. Excitingly, we have recently been informed that the required astrophysical
measurements may be performed as early as the latter part of this year.

Our most recent work, not covered in this thesis,? has been the construction and
implementation of a magnetic trap for OH molecules. To prepare decelerated molecules
for loading into this trap we have built a second-generation decelerator, which has
more stages than our first, to provide a higher flux of decelerated molecules. In the

construction of this decelerator, several interesting phenomena, which currently limit

! The Berlin group, whose collaboration has been fruitful (for both sides, I hope), was first.
2 This topic will likely be the crux of the dissertation of Brian Sawyer.
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the decelerator efficiency, have come to our attention. Specifically, these are transverse
over-focussing of the decelerated molecular packets in the decelerator and the possibility
of Majorana type transitions during deceleration. These effects (especially transverse
over-focussing) extremely limit the number of molecules decelerated to below 15 m/s in
our apparatuses. Since molecules of this speed or less are required for proper loading
into our magnetic trap, both of these phenomena must be addressed in order for the
optimal deceleration performance to be reached. Currently, as detailed in this thesis,
experiments are already underway to learn how to eliminate them. Thus, it is my
opinion that the technique of Stark deceleration is very close to blossoming into the
best technique for producing cold molecules,® since addressing these issues will lead
to several orders of magnitude gain in decelerated molecule number. Furthermore,
with ideas for further cooling of trapped samples being developed, e.g. cavity-assisted

Doppler cooling, the possibilities for cold molecule physics are staggering.

3 Perhaps this argument could already be made.
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as a function of initial pulse speed for several velocity spreads, where the

spread is expressed as a fraction of the mean speed. . . . ... ... ..
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6.6

6.7

6.8

6.9

Decelerator optimization condition. The optimum detuning of the design
speed from the pulse’s mean speed as a function of desired final speed
shown for three different supersonic beam distributions. . . . . .. . ..
Molecular packets at the decelerator exit (location (b) in Fig. 6.1) for
varying phase angles. Peaks arriving later in time are the result of slowed
molecules. From comparison of the number of molecules in these packets
to the total inputted molecular number, decelerator efficiency can be
determined. Solid lines are to guide theeye. . . . . . . .. ... ... ..
The stable molecule number normalized to ¢o= 0° for three cases of
operation. Circles represent operation with a supersonic beam centered
at 415 m/s with a 90 m/s FWHM and a deceleration sequence designed for
molecules at 415 m/s. Squares represent a deceleration sequence designed
for 370 m/s molecules from the same beam distribution. Triangles are for
deceleration designed for 325 m/s molecules from a distribution centered
at 350 m/s with an 80 m/s spread. Filled points represent data, while
open points represent results from the Monte Carlo simulation. The solid
lines are the results of the model of Section 6.2. Typical molecule numbers
per stable packet range from 10%-10°, depending on the ¢g. . . . . . . .
Stark deceleration efficiency. Efficiency of the Stark decelerator as a func-
tion of final speed for slowing designed for an initial speed of 370 m/s
taken from the distribution centered at 415 m/s with a 90 m/s FWHM.
Filled squares are data points obtained from the results of Fig. 6.8 nor-
malized by the results of trace (a) in Fig. 6.4. The solid line is the model

of Section 6.2 including both longitudinal and transverse efficiencies.
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7.1

7.2

Monte Carlo results for the Longitudinal phase space of bunched molecules.

The left column shows ¢, = 0° for S = 1 at several decelerator lengths,
while the right column shows ¢, = 0° for S = 3 for the same decelera-
tor lengths. In the bottom left of each S = 3 figure is the value for the
molecule gain S = 3 producesover S=1. . ... ... ... .. .....
Deceleration Schemes. (a) Potential energy shift of polar molecules in
the Stark decelerator. The dotted (blue) curves show the potential en-
ergy shift when the horizontal electrodes are energized, while the dashed
(red) curves show the potential energy shift when the vertical electrodes
are energized. Deceleration proceeds by switching between which elec-
trodes are energized, and thus the corresponding potential energy curve.
In panels (a)-(c) the thick black line indicates which of the potentials is
experienced by the molecules. The (orange) circles indicates a switching
event. (b) Traditional (S = 1) operation at ¢, = 0°. For phase stability
the switching always occurs when the molecules are on an upward slope,
and as such the molecules are never directly between an energized elec-
trode. Thus, the maximum transverse guiding is never realized. (c) First
overtone operation (S = 3) at ¢, = 0°. By switching at 1/3 the S = 1
rate, the molecules are allowed to fly directly between an energized stage,
and thus, experience enhanced transverse guiding. (d) Optimized first
overtone operation (S = 37) at ¢, = 0°. Operation proceeds identically
to S = 3, except that the grounded set of electrodes is energized when
the molecules are directly between the already energized electrodes. In
this way the molecules experience one more stage of maximum transverse
guiding for each slowing stage. Note that the grounded-set of electrodes
is switched on when the molecules are directly between the energized

electrodes to minimize the un-bunching effect. . . . ... ... .. ...
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7.3

7.4

7.5

7.6

7.7

7.8

7.9

ToF data (offset) of OH molecules decelerated using S = 3. The results
of 3D Monte Carlo simulations are also shown (red). . . . ... ... ..
Comparison of deceleration using S = 3 and S = 1. (a) Decelerated OH
packets. (b) De-convolved, integrated molecule number in the packets
shown in panel (a). . . . . . .. L L Lo
Decelerated molecule number using S = 3 and ¢, = 20° for increasing
decelerator stage number. The number next to each data point is the
number of stages used. Because of transverse over-focussing essentially
no molecules survive below 100 m/s. . . .. ... ... ... ...
(a) Decelerated OH packets produced using the S = 3+ modified over-
tone. Also, shown for comparison is the bunching packet for operation
at S = 1. (b) The de-convolved, integrated molecule number observed at
the decelerator exit for S =3+, S=3,and S=1. .. .. ... ... ..
Decelerated molecule number using S = 3+ and ¢, = 20° for increasing
decelerator stage number. The number next to each data point is the final
velocity. Because of transverse over-focussing, essentially no molecules
survive below 100 m/s. . . . . . ... Lo
Quadrupole guiding decelerator. (a) Schematic of QGD. (b) Electric field
of quadrupole guiding stage energized to +12.5 kV. (¢) Switching scheme
for deceleration with the QGD. . . . . . .. ... ... ... ...
(a) The Stark shift of an OH molecule in the |2 £ 2, +) state inside the
QGD. The solid curve is the Stark shift due to the slowing electrodes,
while the dashed curve is the Stark shift due to the electrodes that will be
energized at the switching time. (b) The change in the molecule’s kinetic
energy as a function of position is shown (solid) as well as a fit of Eq.
7.1, including up to n = 3. (dashed). This graph is calculated from the

subtraction of the two curves in panel (a). . .. ... ... ... ....
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7.10

7.11

7.12

7.13

The left column is stable molecule phase space of molecules decelerated
inside the QGD. The solid line is the separatrix predicted by the theory
of this section, while the points represent positions of molecule in the 3D
Monte Carlo simulations. The right column shows the ToF spectra of
OH molecules in the |2 £+ 2, +) state at the exit of this decelerator which
has 143 deceleration stage (286 stages in all). . . . ... ... ... ...
(a) The energy removed by deceleration per stage as a function of phase
angle for traditional deceleration and deceleration with a QGD. Both
curves are calculated for OH in the |2 4+ 2,+) state. (b) The phase-
stable area for deceleration as a function of phase angle for traditional
deceleration and deceleration with a QGD is plotted on the left axis,
while the gain of the QGD over traditional deceleration is plotted on the
right axis. . . . . . .. L
Comparison of the decelerated molecule number using traditional decel-
eration and deceleration using a QGD for increasing decelerator phase
angle. For both curves 143 stages of deceleration were used. The number
next to each data point is the phase angle used. Note that for operation
of the QGD with £2.2 kV on the guiding stages, essentially no molecules
survive below 100 m/s because of transverse over-focussing. If the voltage
on the guiding stages is lowered as the molecules are decelerated this ef-
fect is removed and the QGD supplies roughly 2 times as many molecules

as a traditional decelerator. . . . . . . . . .. ... oo

Optimization of the quadrupole guiding voltage for operation at ¢, = 0°.
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7.14

7.15

8.1

8.2

(a)Simulations of the phase-stable molecule number as a function of stage
number in the QGD with the guiding voltages scaled as 1/v2. The traces
shown are (a) ¢, = 0°, (b) ¢ = 15°, (¢) ¢o = 30°, (d) ¢, = 45°, (e)
¢o = 50°, and (f) ¢, = 53°. Note the dramatic decrease in number in
the last several stages for ¢, = 53°. This decrease is due to transverse
over-focussing of these slow molecules, which is still present, presumably
due to the over-focussing the decelerator electrodes. (b)Comparison of
deceleration at ¢, = 53° with 1/v? (f) and 1/v°8™ (g) scaling of the
quadrupole guiding voltage. Both panels are normalized to the ¢, = 0°
CASE.  + v e e e e e e e e e e
Decelerated molecule number using the QGD for increasing decelerator
stage number. The number next to each data point is the number of
deceleration stages used. Because of transverse over-focussing there is a

sharp loss of molecules for the slowest speeds. . . . . . ... ... ...

(a) (Color online) HyCO. (b-d) Stark shifts of the low-lying rotational
states of HoCO. States of interest for this work are shown in bold.

Schematic lowest-lying adiabatic potential curve for the scattering model.
For intermolecular distances R > Ry, the ordinary dipole-dipole inter-
action holds, and the molecules attract head-to-tail. As the molecules
approach a potential barrier at R = R}, the potential deviates from dipo-
lar behavior, and the sign of V5 is switched so that, by R < Ry, the
molecules attract in a tail-to-tail configuration to mimic chemical reac-

tion described below. Also for R < Ry, the scattering channel is coupled
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to an artificial channel (not shown), which represents chemical reactivity. 173



8.3

8.4

8.5

8.6

8.7

9.1

9.2

Elastic (dashed) and spin-changing inelastic (solid) cross sections for cold
collisions of spin-stretched OH and HoCO molecules. These cross sections
were computed at a collision energy of 1 mK. . . . .. ... ... .. ..
Calculated chemical reaction cross sections at a collision energy of 1 mK,
versus electric field, using the model in the text. . . . .. .. ... ...
(Color online) The reaction mechanism for the H-abstraction channel
following Ref [48]. The molecules initially attract in the head-to-tail con-
figuration forming the hydrogen bonded complex (HBC). The chemical

reaction proceeds via the transition state (TS) to the final reaction prod-

ToF data for decelerated HoCO, showing bunching and deceleration off
the main pulse (offset down for clarity) for both (a) the current-loop and
(c) solenoid valves. Stark decelerated packets of HoCO at the output of
the decelerator for both the (b) current-loop and (d) solenoid valves. . .
Comparison of decelerated packet molecule number to the expected for

(a) the current-loop valve and (b) the solenoid valve. . . . . . . ... ..

(Color online) a) OH ground A-doublet state. The arrows represent the
effect of the applied microwave pulses for the 2—2 (solid arrows) and 1—1
(dotted arrows) transitions. b) Schematic of experiment (inset depicts
detection region). . . .. ...
(Color online) a) Rabi-flopping as a function of time. The contributions
of the individual magnetic sub-levels are shown near the bottom, while
the sum is shown as the dashed line. b) Rabi-flopping as a function of
velocity for a fixed (spatial) length microwave pulse. The dashed line is

the expected. . . . . . . . L
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9.3

9.4

9.5

10.1

10.2

10.3

10.4

10.5

10.6

10.7

Representative line shape of the 2—2 (a) and 1—1 (b) transitions. Both
measurements correspond to an interaction time of 0.5 ms (v = 200 m/s).
A center frequency is extracted from each fit (solid line). . . . ... ..
Results of multiple measurements of the 2—2 transition (upper) and the
1—1 transition (lower). . . . . ... ... .. Lo o L
Ramsey spectroscopy for the 2—2 transition with 0.2 ms pulse separation

time. . . . e e

The Born and Eikonal approximations for OH-OH dipole-dipole colli-
sions, in an external electric field high enough to saturate the OH dipole.
The Born approximation is valid to the left of the blue (left) vertical
line, while the Eikonal approximation, strictly speaking, is valid to the
right of the red (right) vertical line. Comparison, with more careful cal-
culations show the predictions of the Eikonal approximation are actually
quite good down to the temperature at which the cross-section of the
Born and Eikonal approximation are comparable. . . . . . ... ... ..

OH-OH cross-sections as a function of electric field for several tempera-

OH-RD collision cross-section versus Cg. . . . . . . o o v v v v oL
Simple model for describing the features of para-electric cooling.

(a) Entropy per unit mole of a sample of polar molecules. (b) Polarization
per unit mole of a sample of polar molecules. . . . . ... ... ... ..
(a) Schematic of cavity cooling set-up. (b) Rayleigh scattered spectra of
molecules with a finite temperature. (c¢) The Rayleigh scattered spectra

of (b) in the presence of a high finesse optical cavity. . . . ... ... ..
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10.8 3-level atom system. By letting state ¢ have the properties of Raman
accessible final states, this simple model sufficiently represents a real
molecule. . . . .. e

10.9 (a) Capacitive detector assembly. (b) Results of a finite-element analysis
of the deformation of the parallel plate capacitor for 5mG acceleration
in the —% direction. For this analysis, the detector assembly is held at
four points along its midplane. This mounting scheme reduces relative
vibration between the plates, since most of the acceleration results in a
common-mode movement of the plates. . . . . . .. ... ... ... ...

10.10The induced charge on a parallel plate capacitor spaced by 1 cm. . . . .

10.11Vibration spectrum of second-generation Stark decelerator. The vibra-
tion due to the turbo-molecular pumps is clearly visible, as is a harmonic

of the 60 Hz line frequency. . . . . . . . ... ... ... ... ...,
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