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We demonstrate the production of cold, slow NH3 molecules from a supersonic NH3 molecular beam using our
electrostatic Stark decelerator consisting of 179 slowing stages. By using this long Stark decelerator, a supersonic NH3
molecular beam can be easily decelerated to trappable velocities. Here we present two modes for operating the Stark de-
celerator to slow the supersonic NH3 molecules. The first is the normal mode, where all 179 stages are used to decelerate
molecules, and it allows decelerating the NH3 molecular beam from 333 m/s to 18 m/s, with a final temperature of 29.2 mK.
The second is the deceleration-bunch mode, which allows us to decelerate the supersonic NH3 beam from 333 m/s to 24 m/s,
with a final temperature of 2.9 mK. It is clear that the second mode promises to produce colder (high-energy-resolution)
molecular samples than the normal mode. Three-dimensional Monte Carlo simulations are also performed for the experi-
ments and they show a good agreement with the observed results. The deceleration-bunch operation mode presented here

can find applications in the fields of cold collisions, high-resolution spectroscopy, and precision measurements.

Keywords: Stark deceleration, molecular beams, cold molecules

PACS: 37.20.4j, 37.10.Mn, 32.60.+i

1. Introduction

Inspired by the spectacular achievements in cold atoms,
the field of cold molecules has been developed rapidly during
the last two decades. It has had a significant impact on mod-
ern atomic, molecular, and optical physics, physical chem-
istry, and fundamental physics, !> and offers new applications
and potentials in many fields, such as cold collisions*>! and

cold chemistry,!%~ high-resolution spectroscopy,[!%-11]

[12-14

preci-
sion measurements, 1 and so on.

A variety of techniques to produce cold molecules have
been developed, including buffer-gas cooling,[' electro-
static Stark deceleration,!'®! Zeeman deceleration,!!”-!81 opti-
cal Stark deceleration,!'”! Rydberg—Stark deceleration,!?%-2!]

[22-26] and optoelectrical cooling.>”) The Stark

laser cooling,
deceleration originates from linear accelerators for charged
particles, and achieves full control over the velocity and
velocity spread of a polar molecular beam. The first ex-
perimental demonstration of Stark deceleration was imple-
mented in 1999, in which a pulse beam of metastable CO
molecules was decelerated from 225 m/s to 98 m/s.[!%]
Since then, a number of molecular species have been
decelerated,[*3%) trapped,?%-2840411 and employed to im-
portant applications. 31011421 Furthermore, different kinds of
decelerators have been designed and constructed, including

alternating-gradient (AG) decelerator,!**! chip decelerator, [+4]

DOI: 10.1088/1674-1056/28/5/053701

[45,46 [47,48]

traveling wave decelerator, | ring Stark decelerator,

and U-shaped decelerator.[4"]

The NH3; molecule is a very promising candidate in
molecular physics and physical chemistry and has a variety
of applications in the fields of microwave frequency standard,
precision measurements, and cold collisions. First, NH3 was
employed in the first atomic clock by Condon and Lyons in
19481591 and the first demonstration of the microwave amplifi-
cation by stimulated emission of radiation (maser) by Gordon
et al. and other groups in 1954-1956,5'-4 and its hyperfine
structure in a two-cavity maser was studied in some detail.[>!
However, because the central velocities of NH3 molecular
beams were fast and their temperatures were high in these ex-
periments, the performance of the NH3 maser was consider-
ably limited. It is clear that if the NH3 molecular beam can be
slowed to a very low velocity and cooled to a lower temper-
ature, then the performance of the NH3 maser will be greatly
improved. Next, NH; molecule can be used to realize preci-

[42] in the molecular beam or fountain ex-

sion measurements
periments, such as testing proton—electron mass ratio (1, /m. )
and its time-variation,>®! time-reversal symmetry, and study
the tunneling inversion, as well as near degeneracies between
inversion and rotation energy,®’! and so on. Moreover, the
high-energy-resolved cold NH3; molecular beam can also be

used to study cold collisions and cold chemistry; for example,
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measuring the collision cross section and studying its depen-
dence on collision energy.>%°!

In 2002, the Meijer group first used a traditional Stark
decelerator to generate a cold NH3 molecular beam.**! How-
ever, due to the relatively large inversion splitting, it is more
difficult to decelerate the NH3; molecule than NDj5.
this problem, Bethlem group used a complex setup, consist-

To solve

ing of a 100-stage traditional Stark decelerator, together with
a 336-ring traveling wave decelerator, to slow the NH3 molec-
ular beam and trap the molecules in the traveling wave deceler-
ator in 2013.[41-991 More recently, they were the first to demon-
strate a molecular fountain with NH3; molecules by using the
previously mentioned two types of Stark decelerators, and a
combination of quadrupole lens and bunching elements, and
they obtained very cold NH3 molecules.!*?! It is well-known
that the traveling wave decelerator has many advantages but it
is more challenging to implement than the traditional Stark de-
celerator due to its complex and expensive high-voltage analog
amplifiers and electronic controlling system, thus it is difficult
to realize traveling wave deceleration for molecules in many
laboratories. Consequently, it would be interesting and worth-
while to find a simple experimental setup to realize an efficient
deceleration for a supersonic NH3 molecular beam.

In this paper, we implemented the deceleration of NHj3
molecules with our 179-stage traditional Stark decelerator to
obtain a sufficient cold, slow NHj3 packet that can be cap-
tured in traps for the applications in cold collisions or high-
resolution spectroscopy. The initial supersonic beam of NH3
was slowed down when the decelerator was operated in the
normal mode and the deceleration-bunch mode, respectively.
Three-dimensional (3D) Monte Carlo (MC) simulations were
also performed for the experiments. Several improvements
were presented to increase the number of the desired slow
molecules for further applications.

2. Experimental setup

Our schematic experimental diagram is shown in Fig. 1.
A supersonic molecular beam of NH3 molecules is generated
by expanding a gas mixture of xenon containing 4.7% NHj3
into vacuum through a 0.5 mm diameter nozzle of a pulse
valve (General valve series 90) from a stagnation pressure
of 1.5 bar and a temperature of 293 K. The valve operates
with a duration of 260 us leading to a pressure typically up
to 1.5 x 10™* Pa in the source chamber. The initial molecu-
lar beam is centered at a velocity of 338 m/s with a full width
at half maximum (FWHM) spread of 19%. The beam passes
through a 2-mm-diameter skimmer located 22.5 mm down-
stream from the pulse valve into the second chamber, and then
enters a 40-mm-long hexapole which consists of six 3-mm-
diameter stainless steel rods evenly placed around a circle with
an inner radius of 3 mm. The head of the hexapole is placed

53.5 mm downstream from the pulse valve. After exiting the
hexapole, the molecules enter the Stark decelerator with 180
stages. Each stage is formed by a pair of 3-mm-diameter pol-
ished parallel cylindrical steel rods, spaced 2 mm apart. The
neighboring stages are separated by a center-to-center distance
of 6 mm. From the section view of the decelerator, the ori-
entation of the odd-numbered parallel stages and that of the
even-numbered parallel ones intersect at 90°, to some extent,
making the molecules confined in both transverse directions.
All the stages form an array approximately 108 cm long in
the beam direction. In each stage, the two rods are connected
to two high-voltage power supplies with opposite polarity via
the fast high-voltage switches (Behlke Elektronik HTS 201—
03-GSM HFB), respectively. The same polarity rods in all the
odd-numbered stages are electronically connected, so do the
even-numbered stages. Therefore, a total of four independent
high-voltage switches and two high-voltage power supplies are
required in our deceleration experiments.

(a)

skimmer

pulse valve
hexapole

‘.,’l’l probe laser

l\\ H

decelerator

Fig. 1. (a) Schematic diagram of the experimental setup. (b) Our home-
made electrostatic Stark decelerator with 179 deceleration stages.

After exiting the decelerator, the molecules are state-
selectively detected in the area about 46 mm downstream from
the last stage of the decelerator by using the (24 1) resonance—
enhanced multi-photon ionization (REMPI) scheme with a fo-
cused dye laser (PrecisionScan of Sirah Laser und Plasmate-
chnik GmbH, pumped by pulse Nd: YAG laser of Quanta-Ray
PRO-Series) near 322 nm.[#2]

3. Deceleration experiments

The working principle of the Stark decelerator has been
discussed in detail elsewhere.[?01:62] In our experiments pre-
sented here, the Stark decelerator is used with different modes
of operation, including the guiding mode, the bunching mode,
the normal deceleration mode, and the deceleration-bunch
mode. The deceleration-bunch mode can be used to improve
the energy-resolution of the resulting beam and was firstly

demonstrated by Parazzoli et al.[6%]
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3.1. The population and Stark shifts of NH; molecule

Because of the adiabatic expansion in the process of pro-
ducing the supersonic beam, most of NH3 molecules in the
beam reside in the lowest rotational levels in the vibrational
and electronic ground state. To acquire a quantitative under-
standing of the populations in different levels, we calculate the
thermal distribution of the rotational levels of NH3 for differ-
ent rotational temperatures according to the function!%4!

Ny o (2 4 1) e BIUFDhe/keT W

where J is the quantum number of the total angular momen-
tum, Ny is the number of molecules in the rotational level J, T
is the rotational temperature, B is the rotational constant of a
rigid rotator, and kg is the Boltzmann constant. Generally, by
using a noble gas seeded a few molecules of interest for pro-
ducing supersonic beam, rotational temperatures of the beam
below 5 K can be obtained.>”! As can be seen from Fig. 2, the
rotational states with J = 1 contribute most to the total molec-
ular population. Even at the rotational temperature of 10 K,
99.5% of the molecules reside at the J = 1 ground rotational
state in the beam.

99.5% | o tional temperature
b 91.1%
80F ! =5 K

§ i ——10 K

g : ——20 K

el H

L 40

S 1

Q 1

O 1

~ i

of * : :

1

Fig. 2. The relative populations of the NH3 molecules in different rota-
tional states at the rotational temperatures of 7 = 5 K, 10 K, and 20 K.

The NH3 molecule in the states |J,K,M) = |1,1,+1) has
an electric dipole moment of 1.47 Debye directed along the
molecular axis.[®] The Stark shifts of the molecule should
also be known, with which we derive the forces needed to
generate time sequences for the experiment and perform 3D
MC trajectory simulations of the experiment. NHj is a kind
of symmetric top molecule and has a pyramidal structure that
allows a vibrational umbrella motion which leads to a split-
ting of |J,K) = |1,1) level into a symmetric component and
an anti-symmetric component by the tunneling effect along
the umbrella motion. The energy difference between these two
components, i.e., the inversion splitting Ej,y, is 0.79 cm— 1,153
In the presence of an external electric field, the symmetric and
the anti-symmetric levels interact with each other, leading to
four levels. In the deceleration experiments presented here, the
Stark effect of NH3 molecule can be approximated by just con-
sidering the interaction between the two inversion levels, thus

the Stark energy of |J,K) = |1, 1) varying with the magnitude
of the external electric field can be easily calculated using the
equation!6]

2 2
Einw Einw MK
E =—= + | —UetE ——— 2
Stark 3 \/( ) ) ( Heft J(,] 1)) , ()

where Eg, is the Stark energy, Ej,y is the inversion splitting,

Uesr 1s the effective molecular dipole moment, J is the quan-
tum number of the total angular momentum, M is the quantum
number of the projection of the total angular momentum along
the direction of the external electric field, K is the quantum
number of the projection of the total angular momentum along
the direction of the principle axis of inertia of the molecule,
and E is the absolute electric field strength. The Stark energy
levels of the rotational states |J,K) = |1,1) of NH3 and ND3
are both shown in Fig. 3. Compared to the ND3 molecule,
it is more difficult to slow down the NH3 molecule because
of its relatively large inversion splitting. In this paper, the
NHj3 molecules in the |J, KM) = |1, —1) state are manipulated.
At low electric fields, the inversion splitting gives rise to a
quadratic dependence of the Stark shift of this state on the ap-
plied electric field. When the electric field becomes strong, the
Stark interaction between the molecule and the applied field
becomes large, compared to the zero-field splitting, and the
Stark shift is linear.

Energy/cm~!

-2 1 1

0 50 100 150
Electric field strength/kV-cm™!

Fig. 3. The Stark shift of |J,K) = |1,1) state of the NH3 and ND3
molecules in an electric field of up to 150 kV/cm.

3.2. Experimental results and analysis

In the experiments presented here, the decelerator is op-
erated at voltages of +10 kV and —10 kV. The guiding mode
is used to get the information about the center velocity and the
velocity spread of the initial beam for deciding appropriate pa-
rameters refer to the dynamic simulations and the deceleration
experiments, and the hexapole is applied with zero voltage in
this mode.

Figure 4 shows time-of-flight (TOF) profiles of the NH3
beam exiting the decelerator using the normal mode operation.
The initial beam has a mean velocity of 338 m/s and a veloc-
ity spread FWHM of 65 m/s, corresponding to a translational

053701-3



Chin. Phys. B Vol. 28, No. 5 (2019) 053701

temperature of 1.6 K according to the relationship!®¢!
m (sz)2
T=—""—"— 3
8In2-kg’ )

where m is the mass of the molecule, Av, is the translational
velocity spread of the molecular packet, and T is the corre-
sponding translational temperature. However, the initial speed
of the synchronous molecule determined by the switching se-
quence is always the same 333 m/s, which is a little different
from the central velocity of 338 m/s. A hexapole 53.5 mm
downstream the nozzle of the pulse valve is used to trans-
versely focus the incident beams. Constant voltages of £7.5
kV are applied to the electrodes of the hexapole when the de-
celerator is operated in the deceleration or bunching mode, re-
sulting in an enhancement of the signals by a factor of 1.5.
In Fig. 4, these observed TOF profiles are shown when the
decelerator is operated at ¢p = 0°,10°,20°,30°,40°,45°, and
48.36°, resulting in a packet of NH3 molecules with a final ve-
locity of 333 m/s, 301 m/s, 266 m/s, 218 m/s, 154 m/s, 98 m/s,
and 18 m/s, respectively. Only the segment of the TOF profiles
that contains the synchronous decelerated molecules is shown.
For comparison, the TOF profile observed in guiding mode is
also shown. As the synchronous phase angle is increased, the
final speed of the slow packet decreases, and the packet ar-
rives at a later time. The intensity of the peak also decreases
mainly due to two reasons. First, the longitudinal phase-space
acceptance decreases when the synchronous phase angle be-
comes larger, and thus the number of decelerated molecules
decreases. Second, the slower the molecules, the more they
spread out as they fly from the exit of the decelerator to the
detection area. We finally obtain a decelerated packet of NH3
molecules with a center velocity of 18 m/s, removing 99.7%
of the kinetic energy, which is slow enough to be trapped in an
electrostatic trap, and a spread FWHM of 8.9 m/s, correspond-
ing to a translational temperature of 29.2 mK, as shown in the
inset of Fig. 4.

333 m/s, ¢p=0°

gmdlrf 301 m/s, ¢p = 10°
- <L/ 1266 m /s, o — 20°

218 m/s, ¢y = 30°

154 m/s, ¢o = 40° /
98 m/s, go = 45° e e
\’\I lm/s 0 =45 D18 m/s, o= 48.36

Signal intensity

X

i 1 i
4 8 12
Time of flight/ms

Fig. 4. Experimental TOF signals of NH3 versus the synchronous phase
angle. The inset shows the decelerated packet for ¢y = 48.36°, to-
gether with the velocity spread and the corresponding temperature of
the packet.

¢o=0°
zt
a ¢o = 10°
[}
i .
= ¢o = 20
E
oo ¢o = 30°
@ bo = 40°
¢ = 45° .
= 48.36
| [ g e
1 " 1 "
4 8 12

Time of flight/ms

Fig. 5. Calculated TOF signals of NH3 by three-dimensional Monte
Carlo simulation when the decelerator is operated in the normal mode.

MC trajectory simulation can help us to understand the
behavior of the Stark deceleration process.!?%34% The TOF
profiles obtained by 3D MC trajectory simulations of the ex-
periments are shown in Fig. 5, which are in good agreement
with the experimental profiles shown in Fig. 4, except that the
decelerated peaks in the calculated results are more intensity
than those in the experimental data, compared to the respective
guiding peaks, which results from the non-ideal conditions in
the experiments concerning the actual voltages applied and the
structural deviation of the decelerator. In these simulations,
the initial molecular beams have Gaussian distributions in both
spatial and velocity coordinates.

—— guiding

uidin
sudimg o =5355°

x1/4

Signal intensity

16 20 24 28 32

24 m/s

X8\

1 1
4 8 12
Time of flight/ms

Fig. 6. Experimental TOF signals of NH3 when the decelerator is oper-
ated in the deceleration-bunch mode. The inset is the zoom-in of the de-
celerated packet, together with the velocity spread and the correspond-
ing temperature of the packet.

Figure 6 shows the TOF profiles of NH3 in |J,KM) =
|L,—1) state exiting the decelerator under the deceleration-
bunch mode operation. The experimental conditions are the
same as the normal mode. We first decelerate the initial beam
using 157 stages of the decelerator in the normal mode with a
phase angle ¢y = 53.55° to 24 m/s, and then bunch the slow
beam using the remaining 22 stages in the bunching mode,
leading to the velocity spread as narrow as 2.8 m/s, corre-
sponding to a longitudinal temperature of just 2.9 mK which
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is ten times lower than that of the packet obtained in the nor-
mal mode. 3D MC trajectory calculations for the experiments
in this mode are also performed and agree with the observed
data, as shown in Fig. 7.

- guiding : iuliil;13g550
x1/4 0= o
>
i
B
=1
38
=l
=
=
.0
n
(725[) == 5355°
X8/,
1 L 1 L 1
4 8 12

Time of flight/ms

Fig. 7. Calculated TOF signals of NH3 by 3D Monte Carlo simulation
when the decelerator is operated in the deceleration-bunch mode.

4. Conclusion

We experimentally slowed supersonic beams of NHj
molecules using our 179-stage Stark decelerator in two differ-
ent operation modes, the normal mode and the deceleration-
bunch mode. Starting from an initial speed of 333 m/s, the
pulse beam of NH3 molecules seeded in xenon was slowed
down to 18 m/s in the normal mode with a synchronous phase
angle ¢ = 48.36°, resulting in a slow packet with a velocity
spread of 8.9 m/s, corresponding to a longitudinal temperature
of 29.2 mK. Besides, the supersonic beam of NH3; was also
decelerated to 24 m/s in the deceleration-bunch mode with a
phase angle ¢y = 53.55° in slowing stages, leading to a colder
decelerated packet with a narrower velocity spread of 2.8 m/s,
corresponding to a temperature of 2.9 mK, lower than that of
the packet obtained in the normal mode by 10 times. 3D MC
trajectory simulations have also been performed and the sim-
ulated TOF profiles are in good agreement with the observed
ones.

These Stark decelerated cold molecules of NHj
can subsequently be trapped in electrostatic traps for

cold collision
[55

some promising applications such as

experiments, 8! high-resolution spectroscopy,®> and preci-

36571 Several potential improvements can

sion measurements. !
be made in the experiments. The voltage difference between
the electrodes of the decelerator can be increased using the
method of high-voltage conditioning with glow discharge of
nitrogen and helium, and then the decelerator can be operated
at higher voltages in the experiments, leading to more kinetic
energy loss per stage. Besides, if the pulse valve is replaced
by another one that can be operated down to liquid nitro-
gen temperatures, the valve can be cooled to a temperature

much lower than room temperature such as 200 K, resulting in

smaller initial central velocity of the molecular beam, which
will also lead to the increase in the number of slow molecules.
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