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Abstract. Stark deceleration allows for precise control over the velocity of a
pulsed molecular beam and, by the nature of its limited phase-space acceptance,
reduces the energy width of the decelerated packet. We describe an alternate
method of operating a Stark decelerator that further reduces the energy spread
over the standard method of operation. In this alternate mode of operation, we
aggressively decelerate the molecular packet using a high phase angle. This
technique brings the molecular packet to the desired velocity before it reaches
the end of the decelerator; the remaining stages are then used to longitudinally
and transversely guide the packet to the detection/interaction region. The result
of the initial aggressive slowing is a reduction in the phase-space acceptance
of the decelerator and thus a narrowing of the velocity spread of the molecular
packet. In addition to the narrower energy spread, this method also results in
a velocity spread that is nearly independent of the final velocity. Using the
alternate deceleration technique, the energy resolution of molecular collision
measurements can be improved considerably.
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1. Introduction

Cold molecular beams created from supersonic jets have been used extensively to study
gas—phase reaction dynamics and molecular interactions [1]—[3]. Crossed molecular beams are
responsible for a large part of our understanding of bimolecular gas-phase reactions. In these
systems, molecular beams are created with temperatures as low as 1 K with only a few quantum
states occupied. This control over internal and external degrees of freedom is necessary to
explore the detailed nature of molecular collisions. One parameter that has not been under
precise control until recently is the mean velocity of the beam and thus the collision energy.
Typical molecular beams can be produced with mean speeds ranging from 300 to 2000 ms~!
in large incremental steps depending on the carrier gas used in the expansion. This coarse
speed control does not allow experimental studies of narrow collision resonances and
thresholds [4, 5]. More recently, crossed-molecular-beam experiments were built, in which
the relative angle between the beams could be adjusted to allow the collision energy to be
changed [6, 7]. These experiments, however, have an energy resolution that is limited by the
velocity spread in the initial beam, which is particularly poor at small collision energies.

With the advent of the Stark decelerator, we can now continuously tune the speed of a
pulsed molecular beam using time-varying inhomogeneous electric fields [8]. In addition, the
nature of the Stark decelerator allows the energy resolution of the beam to be increased greatly.
This control enables a new range of molecular collision experiments [9, 10]. Many groups
around the world have built experiments based around a Stark decelerator, all of which have
the same basic configuration [8, 11, 12]. In addition to the standard configuration, which we
use for this paper, there are also optical and magnetic analogs [13, 14] as well as alternating
gradient decelerators for decelerating high-field-seeking states [15, 16] as well as low-field-
seeking states [17]. We describe an alternate mode of operation of a typical decelerator that
optimizes the energy resolution for molecular collision experiments.

2. Standard Stark deceleration

The Stark deceleration process uses the interaction of an electric field with a molecule’s dipole
moment to decelerate a portion of a molecular beam. The pulsed beam of molecules is prepared
via supersonic expansion in the ground ro-vibrational state in either a ground or metastable
electronic state. After the beam is expanded fully, the molecules propagate into a region of
the vacuum system containing a series of high-voltage electrode pairs. The geometry of the
electrodes creates a maximum of the electric field in the longitudinal direction directly between
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Figure 1. Separatrix for the ND; molecule in our Stark decelerator. The
separatrix curve shows the boundary between the stable and the unstable phase
space for a variety of different slowing angles. Molecules within the separatrix
curve will be slowed and transported to the end of the decelerator. The separatrix

only takes into account the longitudinal dimension of the phase space.

an electrode pair. The molecules slated for deceleration are in a quantum state that increases in
energy with increasing electric field. As these molecules propagate into the increasing electric
field, longitudinal kinetic energy is converted to potential energy. If the molecules were allowed
to continue down the potential hill, they would regain the lost kinetic energy as they exited the
high electric field; however, before they begin to accelerate, the electric field is turned off nearly
instantaneously (< 100ns), thus removing energy from the molecules. We repeat this process
with successive stages of electrodes until the molecules have been slowed to the desired speed.
Transverse guidance of the molecules is achieved because the molecules are attracted to the
minimum of the electric field along the center of the decelerator. Successive electrode pairs
are orientated orthogonally to one another to guide the molecules equally in both transverse
dimensions.

The final velocity of the molecular packet is determined by the amount of energy removed
per slowing stage and the number of stages. The farther up the potential hill the molecules
travel before the field is switched, the more energy is removed from the packet. It is typical to
parameterize the position of the synchronous molecule when the field is switched in terms of a
phase angle, ¢ [18]. A phase angle of ¢y = 0° corresponds to no energy being removed from the
packet, whereas a phase angle of ¢y = 90° corresponds to the maximum possible energy being
removed. For a particular phase angle, there exists a phase-space acceptance of the decelerator
in both position and velocity. The acceptance of the decelerator is the phase-space volume that
will be stably slowed and transported to the end of the decelerator. This phase-stable volume can
be illustrated through the use of a separatrix (figure 1). Figure 1 shows the phase-stable portion
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Figure 2. Experimental set-up. It consists of a PZT-driven pulsed valve,
molecular beam skimmer, decelerator stages, linear time-of-flight mass
spectrometer (TOFMS) and a microchannel-plate ion detector. The decelerator
consists of 150 electrode pairs (not all are shown).

of the molecular beam decreases rapidly with increasing phase angle. Although large phase-
angle slowing reduces the total number of molecules in the packet, it also reduces the velocity
spread. We take advantage of this reduced velocity spread in our alternate slowing protocol to
produce tunable molecular beams with narrow energy spreads for collision studies.

We demonstrate the new slowing method with our experimental apparatus shown in
figure 2. It includes a pulsed valve that produces a beam of ND; molecules seeded in krypton.
The mean speed of the beam is 415ms~! with a longitudinal velocity width of 28%. After
the expansion, the beam enters a differentially pumped chamber containing a 149-stage Stark
decelerator operated at £12kV. At the exit of the decelerator, the molecules are ionized using a
focused beam from a pulsed dye laser operating around 317 nm via a 2 + 1 resonance enhanced
multi-photon ionization (REMPI) process. The ions are then accelerated towards a microchannel
plate detector by a Wiley—McLaren style TOFMS [19].

3. Alternate deceleration method

To develop efficient slowing protocols, we begin with three-dimensional (3D) Monte-Carlo
simulations to understand fully the phase-space dynamics of the deceleration process. Full 3D
simulations are required as the separatrix is only a 1D representation of the stable phase-space.
As pointed out in [20, 21], the transverse velocity and position dimensions modify the phase-
space acceptance of the decelerator.

This effect can be seen very clearly in our experiment for the case of bunching (¢ = 0°).
Figure 3 shows a TOF profile of the bunched molecular beam including the corresponding
simulations. From the plot of the occupied phase space, shown in figure 3(a), one can see that the
separatrix is not filled uniformly. There are features in the distribution that are considerably more
narrow than the characteristic length scale of the decelerator. Although our ionization—detection
scheme essentially integrates this distribution through the velocity dimension, we can still
probe this detailed structure experimentally in the position dimension. The structure within
experimental signal is elucidated by the simulated phase-space distribution and shows excellent
agreement with the 3D simulations. With this agreement, we are confident that our simulations
accurately predict the phase-space distribution and thus the energy spread within our slowed
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Figure 3. Bunching data. (a) Phase-space distribution for bunching (¢o = 0°).
(b) A time-of-flight (TOF) trace (blue) is shown with the results of a 3D Monte-
Carlo simulation (red). The horizontal axis for both (a) and (b) is the ToF to the
detection laser, which is 1.8 cm past the end of the decelerator.

molecular packet. This understanding is critical because we cannot measure the velocity
distribution of our molecular beam directly.

The standard method to run a Stark decelerator is to choose a phase angle such that the
molecular packet is at the desired velocity when it exits the last stage of the decelerator. With this
method, the energy width of the slowed packet can be relatively large for high mean velocities
as it is determined by the phase angle and thus depends on the final velocity. For the method we
propose, a large phase angle is chosen (¢y = 80° in our case), and the number of slowing stages
is chosen to decelerate to the final velocity. Once the molecular packet has reached the desired
velocity, the decelerator is operated in bunching (¢y = 0°) mode to guide the packet to the end
of the decelerator while maintaining the desired velocity. Figure 4 illustrates the difference
between the standard and alternate methods. In figure 4(a), the time the molecules spend in a
stage of the decelerator as they propagate is plotted for several different final velocities. In the
standard method, the molecules are slowed progressively for the entire 149 stages at a different
phase angle depending on the desired final velocity. The time spent in a stage increases as the
molecules are decelerated. With the alternate slowing technique, the molecules always follow
the same trajectory until they reach the desired velocity at which point the switching time of the
decelerator remains constant indicating a constant velocity.

One advantage of the alternate slowing protocol is the increased time between the arrival
of the slowed packet and the unslowed beam. This is important for two reasons. Firstly,
for relatively large velocities, the slowed packet will ride on a background of the unslowed
molecules, thus increasing the energy spread. This effect can be seen in figure 5(b) where a
packet slowed to 200 ms~! with the standard protocol has not separated completely from the
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Figure 4. Deceleration schemes using both the standard and alternate methods.
(a) The timing sequence to decelerate a packet of ND3; molecules from 415 ms™!
to various velocities is shown with the time duration of each stage of deceleration
plotted against the stage number. (b) A schematic representation of the two
deceleration schemes decelerating from 415 to 200 m s~ . In the standard method
of slowing, all 149 stages of the decelerator are used to decelerate the molecules
at a constant 46° phase angle. In the alternate method of slowing, a high phase
angle is chosen to aggressively slow the molecules using only the first 97 stages.
The remaining stages are then operated at 0° phase angle to longitudinally and
transversely guide the molecules to the interaction/detection region.

unslowed beam. For this case, the unslowed molecules cannot be distinguished from the slowed
packet. This overlap is undesirable for collision experiments in which collision energy plays a
role. Secondly, it is advantageous to have sufficient time between the unslowed beam and the
decelerated molecules to insert another collision reactant into the path. In the case of collisions
between trapped atoms or molecules and a slowed beam of molecules, the trapped reactant can
be moved into position after the unslowed beam has gone by, thus reducing unwanted collisions
with the unslowed beam. An example of this increased separation is shown in figure 5, where we
slow a portion of the molecular beam to 200 ms~' using both the standard slowing technique
and the alternate method. Here, we see the arrival time between the unslowed beam and the
slowed packet has increased by 0.5 ms. This increase in time is given by
2
po = L VimW 0
2 Vf a, Vf dg
where V; and V; are the initial and final velocities of the packet, respectively, a, and a; are
the accelerations of the synchronous molecule in the alternate and standard modes, and L is
the length of the decelerator. This equation assumes a constant average acceleration during the
slowing process that can be determined from the potential created by the electrodes [22].
Another advantage of operating in the alternate mode is the increase in energy resolution
for collision experiments. For standard slowing, the velocity spread of the slowed packet
increases for increasing velocity, as can be seen in figure 6. In addition to the large velocity
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Figure 5. TOF traces comparing alternate and standard techniques. (a) TOF
traces showing the arrival time of the decelerated peaks using both the standard
and alternate methods of slowing. The traces shown are for a molecular beam that
is decelerated from an initial speed of 415ms~! to a final speed of 200 ms~".
Using the alternate deceleration method, the decelerated peak arrives 515 us
later than the analogous peak using the standard method. The data for both the
standard and alternate methods are taken at 10 Hz, using a 15mJ laser pulse
focused with a 50 cm lens. Each point is averaged using 10 shots corresponding
to a data acquisition of approximately one point/second. The results from a 3D
Monte-Carlo simulation are also shown (lower curves). (b) Expanded time axis
is shown for clarity.

spread, the distribution is far from Gaussian, as expected, leading to difficulty in characterizing
the width for extracting parameters of collision measurements. The corresponding histograms
for the alternate method are shown in red in figure 6(b). Here, the velocity widths are
considerably less, and the distributions are nearer to Gaussians. Because the initial phase-space
acceptance is independent of final velocity, the velocity width for the alternate method remains
almost constant as the velocity is changed (figure 7(a)). For our experimental parameters, we see
a reduction in the velocity spread of up to a factor of ~ 5. It is useful to look at the improvement
to the spread in terms of energy. The energy width of the packet as a function of final velocity
for both methods is shown in figure 7(b). The decrease in energy spread of the molecular packet
decelerated using the alternate method allows more precise determination of energy-dependent
collisional cross-sections. However, this gain comes at a cost to molecular number and thus is
not optimal for all types of experiments.

4. Phase-space rotation
Realizing a large decrease in energy spread of a molecular packet using our alternate method

comes with one caveat. After the molecules are decelerated to the desired velocity, they are
transported to the end of the decelerator under bunching conditions. While in the bunching
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Figure 6. (a) The phase-space distributions at the end of the decelerator with
(b) the corresponding velocity histograms. The distributions for the alternate
method (red) are offset from the distributions for the standard method (blue)
for clarity. The plots in (b) represent a histogram of velocities taken with a
I mm x 1 mm horizontal cut through the molecular packet in the transverse
direction.

stages, the molecular packet undergoes rotations in phase space. Through this rotation, the
phase-space distribution will oscillate between having a wide velocity spread with a narrow
position spread and having a narrow velocity spread with a wide position spread. Therefore,
it is critical to control this rotation such that the phase-space has a narrow velocity spread at
the detection/interaction region. We accomplish this phase rotation by varying the timing of
the bunching in such a way as to change the rate of rotation without affecting the velocity of
the packet. Phase-space rotation has also been demonstrated using additional electrodes with a
different geometry [23] as well as using decelerator stages [24]. However, unlike in [24], we do
not free-flight the molecules, but rather use a combination of bunching harmonics to efficiently
transport the molecules to the end of the decelerator with the proper rotation.

Bunching can occur at harmonics of the fundamental bunching frequency while still
maintaining phase stability [25]. First harmonic bunching occurs when the potential on the
electrodes is switched every time the synchronous molecule crosses ¢y =0° (i.e. directly
between two electrode pairs). For third harmonic bunching, the potential is switched at every
third stage. Bunching harmonics can be parameterized by a single parameter, .S, which labels
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Figure 7. (a) The velocity widths and (b) corresponding energy widths of
molecular packets for the standard and alternate deceleration methods. For
standard slowing, there is a strong correlation between the phase angle (i.e. final
velocity) and the energy width of the decelerated packet. In the alternate slowing
method, however, the same phase angle is used for all final velocities. Therefore,
there is considerably less correlation, and the velocity width is effectively
constant as a function of final velocity.

the harmonic order. The phase-space rotation frequency depends on the order of the bunching
harmonic. The frequency of the rotation to first order is given by

w, AFE @)
V= =1/ a7
2 47 Smi?

where AE is the maximum possible amount of Stark energy lost in a stage, m is the mass of
the molecule, and / is the separation between the electrodes in the decelerator [25]. Under our
experimental conditions, the frequency of rotation for S = 1 bunching is ~ 1.4 kHz. Using both
§'=1 and S = 3 bunching harmonics, we can manipulate the amount of rotation. The number
of rotations the packet will undergo is given by

N —vt[n (1_L)+”_T] 3)
rot — V1t1 1 \/g ﬁ )

where ¢, is the time for an S = 1 bunching stage, n, is the number of S = 1 stages, and nr is the
total number of physical stages used for bunching. Figure 8 shows the rotation in phase space
of a packet decelerated to 200ms~! as it is bunched through the remainder of the slower. In
this case, we use 37 § = 1 stages and 5 § = 3 stages, which results in a narrow velocity spread.
The phase-space distribution undergoes just over 1.5 rotations and thus maintains the narrow
velocity width created by our alternate slowing method. Figure 6 shows a tail of phase-stable
molecules rotating around the packet in phase space. Although these molecules have a different
velocity from the main packet, they contribute only a very small fraction to the total number of
detected molecules, typically of the order of 1%.

There is a finite range of rotations accessible with a particular decelerator design and final
velocity. The maximum number of rotations is achieved by using only S = 1 stages, and the
minimum is achieved by using only S =3 stages. This range is shown in figure 9. For most
velocities, we can access any rotation angle.
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Figure 8. Phase-space rotations of the molecular packet during a bunching
sequence. Each image is a snapshot of the phase-space distribution after a single
bunching stage. The S = 1 stages are shown in black, and the S = 3 stages are in
red. Oscillations in phase space of the packet during the bunching sequence leads
to alternating broadening and narrowing of the velocity distribution as the packet
traverses the remainder of the decelerator. The frequency of the oscillations (and
hence the total number of oscillations) can be manipulated by an appropriate
application of S =1 and 3 bunching. In this example, the molecular packet is
decelerated using the first 97 stages of the decelerator to 200 ms~!. The desired
rotation is achieved by 37 S = 1 bunching stages and 5 § = 3 stages.
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Figure 9. Calculated range over which the total number of rotations can be
manipulated as a function of the final velocity for a decelerator of fixed length.
The shaded region represents the accessible rotations.
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In conclusion, we have developed a new protocol to run a Stark decelerator to achieve
narrow energy spreads over a large range in velocities. We reduce the energy spreads by up to a
factor of approximately five over traditional methods. These high-energy-resolution beams will
enhance a variety of cold-molecule collision experiments using Stark decelerators.

Acknowledgments

This work was supported by NSF, AFOSR, Petroleum Research Fund and the Alfred P Sloan
Foundation.

References

[1] Scoles G 1988 Atomic and Molecular Beam Methods (New York: Oxford University Press)
[2] Macdonald R G and Kopin L 1989 State-to-state integral cross sections for the inelastic scattering of
CH(X 2IT) + He: rotational rainbow and orbital alignment J. Chem. Phys. 91 821
[3] Skodje R T, Skouteris D, Manolopoulos D E, Lee S-H, Dong F and Liu K 2000 Resonance-mediated chemical
reaction: f+hd — hf +d Phys. Rev. Lett. 85 1206-9
[4] Hudson E R, Ticknor C, Sawyer B C, Taatjes C A, Lewandowski H J, Bochinski J R, Bohn J L and Ye
J 2006 Production of cold formaldehyde molecules for study and control of chemical reaction dynamics
with hydroxyl radicals Phys. Rev. A 73 063404
[5] Lara M, Bohn J L, Potter D E, Soldan P and Hutson J M 2007 Cold collisions between OH and Rb: the
field-free case Phys. Rev. A 75 012704
[6] Hall G, Liu K, McAuliffe M J, Giese C F and Gentry W R 1983 Pulsed molecular beam study of state-to-
state vibrational excitation in He+I, collisions: energy dependence of the v = 0 — 1 cross section J. Chem.
Phys. 78 52601
[7] Sonnenfroh D M, MacDonald R G and Liu K 1991 A crossed-beam study of the state-resolved integral cross
sections for the inelastic scattering of OH(X I1-2) with CO and N, J. Chem. Phys. 94 6508—18
[8] Bethlem H L, Berden G and Meijer G 1999 Decelerating neutral dipolar molecules Phys. Rev. Lett. 83
1558-61
[9] Gilijamse J J, Hoekstra S, van de Meerakker S Y T, Goenenboom G C and Meijer G 2006 Near-threshold
inelastic collisions using molecular beams with a tunable velocity Science 313 1617-8
[10] Sawyer B C, Stuhl B K, Wang D, Yeo M and Ye J 2008 Molecular beam collisions with a magnetically
trapped target Phys. Rev. Lett. 101 203203
[11] Bochinski J R, Hudson E R, Lewandowski H J, Meijer G and Ye J 2003 Phase space manipulation of cold
free radical OH molecules Phys. Rev. Lett. 91 243001
[12] Bucicov O, Nowak M, Jung S, Meijer G and Tiemann E 2008 Cold SO, molecules by Stark deceleration
Eur. Phys. J. D 43 463-9
[13] Barker P F and Shneider M N 2002 Slowing molecules by optical microlinear deceleration Phys. Rev. A 66
065402
[14] Narevicius E, Parthey C G, Libson A, Narevicius J, Chavez I, Even U and Raizen M G 2007 An atomic
coilgun: using pulsed magnetic fields to slow a supersonic beam New J. Phys. 9 358
[15] Bethlem HL, van Roi A J A, Jongma R T and Meijer G 2002 Alternate gradient focusing and deceleration of
a molecular beam Phys. Rev. Lett. 88 133003
[16] Tarbutt M R, Bethlem H L, Hudson J J, Ryabov V L, Ryzhov V A, Sauer B E, Meijer G and Hinds E A
2004 Slowing heavy, ground-state molecules using an alternating gradient decelerator Phys. Rev. Lett. 92
173002
[17] Wohlfart K, Filsinger F, Gratz F, Kupper J and Meijer G 2008 Stark deceleration of OH radicals in low-field-
seeking and high-field-seeking quantum states Phys. Rev. A 78 033421

New Journal of Physics 11 (2009) 055031 (http://www.njp.org/)



12 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[18] Bethlem H L, Crompvoets F M H, Jongma R T, van de Meerakker S Y T and Meijer G 2002 Deceleration
and trapping of ammonia using time-varying electric fields Phys. Rev. A 65 053416

[19] Wiley W C and McLaren I H 1955 Time-of-flight mass spectrometer with improved resolution Rev. Sci.
Instrum. 26 1150-7

[20] Scharfenberg L, Haak H, Meijer G and van de Meerakker S Y T 2009 Operation of a Stark decelerator with
optimum acceptance Phys. Rev. A 79 023410

[21] Sawyer B C, Stuhl B K, Lev B L, Ye J and Hudson E R 2008 Mitigation of loss within a molecular Stark
decelerator Eur. Phys. J. D 48 197-209

[22] Gubbels K, Meijer G and Friedrich B 2006 Analytic wave model of Stark deceleration Phys. Rev. A 73 063406

[23] Crompvoets F M H, Jongma R T, Bethlem H L, van Roij A J A and Meijer G 2002 Longitudinal focusing and
cooling of a molecular beam Phys. Rev. Lett. 89 093004

[24] van Veldhoven J, Kiipper J, Bethlem H L, Sartakov B, van Roij A J A and Meijer G 2004 Decelerated
molecular beams for high-resolution spectroscopy Eur. Phys. J. D 31 337-49

[25] van de Meerakker S Y T, Vanhaecke N, Bethlem H L and Meijer G 2005 Higher-order resonances in a Stark
decelerator Phys. Rev. A 71 053409

New Journal of Physics 11 (2009) 055031 (http://www.njp.org/)



