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The long standing goal of chemical physics is finding a convenient method to create slow and

cold beams intense enough to observe chemical reactions in the temperature range of a few

Kelvin. We present an extensive numerical analysis of our moving magnetic trap decelerator

showing that a 3D confinement throughout the deceleration process enables deceleration of

almost all paramagnetic particles within the original supersonic expansion to stopping velocities.

We show that the phase space region containing the decelerating species is larger by two orders of

magnitude as compared to other available deceleration methods.

1. Introduction

Since the advent of laser cooling two decades ago the search to

further increase the species available for cold research has

expanded. The research in the field of chemical physics would

benefit greatly from being able to work with molecules and

atoms that have a complex internal structure. Another

important necessity is that of attaining high enough densities

of the species in order to observe collisions leading to chemical

reactions at low temperatures.

Several avenues of research have been undertaken; among

them sympathetic cooling of atoms by collisions with laser

cooled atoms has been shown.1,2 Other methods take advantage

of laser cooling for the creation of cold molecules from the

ultra-cold precursors, via photoassociation3,4 or Feshbach

resonances.5,6 Ultracold chemistry with molecules formed via

Feshbach resonance has been demonstrated recently.7 A

remarkable progress has been shown with the buffer gas

cooling method8 which uses sympathetic cooling of the target

species by collisions with cryogenically cooled helium. This

method has already been used to create a meta-stable helium BEC

by evaporative cooling without prior cooling with laser based

methods.9 Another direction reaches ultra-cold temperatures by

single photon cooling,10,11 also performed on an already cool

particle ensemble. The single photon cooling technique could

be extended to many atoms and molecules that are currently

inaccessible by laser cooling, if an efficient and general way to

produce a variety of cold ensembles could be found.

A convenient starting point for the preparation of cold and

trapped samples in the range of sub-Kelvin temperature is an

atomic and molecular beam formed by supersonic expansion.12

Unfortunately the mean velocity of a supersonic beam can

range from hundreds to thousands of metres per second.

Several methods have been devised to control the center of

mass velocity through the interaction with external fields,

either electrostatic, as in the case of polar molecules, taking

advantage of the Stark effect,13 or with magnetic fields, and the

Zeeman effect,10,14 operating on paramagnetic atoms and

molecules. AC Stark effect based deceleration has been shown

by Barker et al.15 and finally, Chandler et al.16 demonstrated

how molecules treated as ‘‘billiard balls’’ can be stopped by

elastic collisions. An essential necessity for research utilizing

cold beams is the efficient deceleration of the beam which

includes both the number of particles and number density.

Several works have already shown that the deceleration of beams

is possible with dynamical confinement only. These methods

perform very well at higher final velocities where longitudinal

and transverse degrees of freedom can be decoupled.17 The

decoupling breaks down at low velocities causing a reduction

in the number of decelerated particles.

A solution to stop supersonic beams without any radial

losses is to first trap them in a three-dimensional trap and then

decelerate the trap along with the confined beam. This idea has

been suggested for Zeeman effect based deceleration18 and was

implemented in Stark effect based decelerators involving both

microscopic and macroscopic moving electrostatic traps.19–21

In this report we focus on the operational principle and present

a numerical analysis of a moving magnetic trap decelerator that

was recently used to stop a beam of metastable neon.22 We will

first present necessary experimental details pertaining to the

design of our decelerator, followed by introducing a simple

model explaining a qualitative behavior and finish with

numerical results showing an improvement of over two orders

of magnitude in the number of decelerated particles over

existing supersonic beam decelerators.
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2. Moving effective magnetic potential

Many atoms and molecular radicals are paramagnetic and

hence can be confined in a quadrupole magnetic trap. Such a

trap consists of two coils with currents running in opposite

directions, known as an anti-Helmholtz pair. The quadrupole

trap has a zero magnetic field in the center from where it

increases linearly in all directions. A paramagnetic species

will exhibit Zeeman splitting in the presence of a magnetic

field. The Zeeman sublevels are divided into two groups with

particles in high-field-seeking states minimizing their energy

in a high magnetic field region; thereby they are expelled

from the trap leaving behind only the low-field-seeking

species trapped in the region of lower magnetic field near

the center of the trap. Since the particles in our experiment

are not stationary but travel at a high mean velocity we need

to create a moving magnetic trap with a velocity that

matches the center of mass velocity of the atomic or

molecular beam.

A co-moving three dimensional magnetic confinement is

obtained by switching a series of spatially overlapping quadrupole

magnetic traps and activating them in a temporally overlapping

pulse sequence. Each trap consists of two coils in an

anti-Helmholtz configuration and is axially shifted from the

next trap by half the coil-to-coil distance. The inspiration for

this idea comes from an experiment performed by Greiner

et al.23 where a moving magnetic trap has been used to

transport a cloud of laser cooled atoms over macroscopic

distances with an acceleration value on the order of 1 m s�2.

However, in our experiment we desire to magnetically trap and

decelerate supersonic beams with starting mean velocities of

about 500 m s�1 to a full stop along a distance of 1 m,

requiring a much higher deceleration of B100 000 m s�2.

In order to understand the details of magnetic trap potential

translation consider two adjacent and spatially overlapping

quadrupole pairs. We drive each trap with a half sine shape

current pulse with a pulse width of t/2. The delay time between

the two pulses is t/4 (Fig. 1A), where t is the full sine period.

Let us start at a time when the current flowing through the first

pair reaches its maximum, and there is no current flowing

through the second pair. At that point in time another current

pulse is sent through the second pair, thereby we reach a state

where the current decreases in the first pair and increases in the

adjacent one. After t/4 the current through the first pair drops

to zero, at the same time reaching its maximum in the second

pair. During the overlap time the magnetic potential minimum

moves over a distance equal to the center-to-center spacing

between two adjacent pairs. Assuming an initial beam velocity

of about 500 m s�1 and a spacing of 5 mm between traps we

calculate that pulses as short as 20 ms are required.

The quadrupole trap coil geometry is dictated by the

characteristic dimensions of a supersonic beam. Since we are

using a pulsed source, typical dimensions of an expanding

beam some distance from the source orifice are on the order of

5�5�5 mm. In order to create a trapping region with similar

dimensions we constructed our quadrupole trap from two coils

with a bore diameter of 10.2 mm and a center to center distance

of 10.4 mm. The traps in our setup are not symmetrical; one coil

(front) has 16 windings whereas the second coil (back) has 8,

both of a 0.46 mm diameter copper wire (Fig. 1B). We measure

the time and position dependence of the magnetic field during

trap translation using the Faraday effect.24 We insert a 1 mm

thick terbium gallium garnet crystal, mounted on a translation

stage, into the bore of our coils, and monitor the rotation of a

linearly polarized 532 nm laser beam (spot size 100 mm) as we

pulse currents through the coils. A peak pulsed current of

Fig. 1 (A) Time sequence between two overlapping quadrupole traps. Each pulse behaves as a half sine-wave with a duration of 24 ms. (B) Two
quadrupole traps spaced by 5.2 mm. (C) Magnetic field measurement. Black solid lines are the snapshots of the axial magnetic field as measured

during the magnetic trap movement. The contour plots represent the magnetic fields as calculated by finite element simulation.
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500 A creates a magnetic field of 1 T magnitude at the front

barrier and 0.4 T magnitude at the back (Fig. 1C).

Keeping the same overlap time between any two consecutive

pulses, as discussed above, corresponds to a translation of the

magnetic trap with a constant velocity. In order to decelerate

the trap, we gradually increase the overlap time, which

requires increasing both the pulse duration and pulse-to-pulse

time difference. In our experimental implementation we form

current pulses with an electronic driver based on an LCR

circuit and change the time constant by tuning the circuit

inductance.22

The motion of decelerated particles in a co-moving trap can

be treated in a non-inertial frame of reference by adding a

fictitious force. This force is equal to the mass of the particle

multiplied by the deceleration value and acts in the propagation

direction and to a first approximation is a time-independent

conservative force. This force generates a scalar potential

which can be expressed in units of magnetic field gradient

(T m�1). The additional potential tilts the magnetic field

potential in the co-moving frame in such a manner that it

lowers the front barrier and increases the back one. Fig. 2

illustrates the tilted longitudinal potential due to deceleration,

for several deceleration values. In the case of metastable neon

deceleration with 83 000 m s�2 the fictitious force ‘‘adds’’ a

negative 90 T m�1 tilt to the 160 T m�1 of the initial magnetic

potential (Fig. 2, red line), reducing the height of the front

barrier to 0.25 T which is equivalent to a trap depth of

750 mK.

3. Experiment

3.1 Apparatus

Our co-moving trap decelerator apparatus is shown schematically

in Fig. 3. We create a supersonic beam of metastable neon using

the Even–Lavie25 supersonic valve cooled down to 74 K; the

valve is cooled in order to reduce the initial beam velocity.

A dielectric barrier discharge,26 mounted near the orifice of the

valve, excites the neon atoms to the long lived 3P2 state. This

state has two low field seeking states which can be trapped and

decelerated, mJ = 2 and mJ = 1, with mass to magnetic

moment ratios of B7 amu mB�1 and B14 amu mB�1

(where mB is the Bohr magneton), respectively. A conical

skimmer with a 4 mm diameter is placed 15 cm from the valve.

The deceleration begins 14 cm after the skimmer. The decelerator

consists of 213 overlapping quadrupole traps extending over

114 cm. The last 161 traps are encased in Permendur, a material

with high saturation magnetization, which increases the magnetic

field by 20%. As the atoms exit the deceleration region, they

propagate freely 1.4 cm until reaching a micro channel plate

(MCP) detector. The detector is mounted on a moving stage

capable of a 5.2 cm axial translation.

3.2 Results

We decelerate a supersonic beam of meta-stable neon from an

initial velocity of 429.7 � 6.0 m s�1 (trace (a) in Fig. 4) to eight

different final velocities. The standard deviation of the initial

beam is 11.2 m s�1 corresponding to a temperature of 302 mK

in the moving frame of reference. In Fig. 4 we present eight

decelerated peaks (traces c–j), and a guided peak (no

deceleration—trace (b)).

The guided beam peak intensity (b) is larger compared to

the intensity of the free flight beam (a). This is a direct result of

Fig. 2 Magnetic potential along the longitudinal direction in the lab

frame (black), in the co-moving frame with deceleration of 28 km s�2

(green) and with deceleration of 83 km s�2 (red).
Fig. 3 Schematics of our experimental apparatus, objects are to scale,

however the distances between them are not.

Fig. 4 Time of flight measurements of supersonic beam decelerations

of metastable neon from an initial velocity of 429.7 � 6.0 m s�1

(a) to final velocities: guiding at 432.3 � 3.6 (b), 352.5 � 4.2 m s�1 (c),

298.6 � 2.2 m s�1 (d), 249.2 � 1.6 m s�1 (e), 199.4 � 1.2 m s�1 (f),

148.4 � 0.8 m s�1 (g). Inset: lower final velocities: 97.9 � 1.0 m s�1 (h),

76.0 � 1.6 m s�1 (i), 53.8 � 1.1 m s�1 (j).
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the three dimensional confinement, leading to a higher number

of atoms reaching the detector in a shorter time. Another

interesting observation is that the area of the peak that

corresponds to 352 m s�1 (c) is larger than the one of the

guided beam (b). This is attributed to the change in the

dimensions of the trap as a function of the deceleration value.

Additional, comprehensive analysis of these results and

computer simulations can be found in our previous report.22

4. Decelerator acceptance

4.1 Effective potential models

In order to characterize our decelerator performance we have

developed a simple effective potential model that provides us

with a qualitative understanding of the deceleration process.

We then confirm the validity of our model by comparing the

obtained results with numerical 3D trajectory calculations.

We start by introducing our model. The static picture that

we presented in the previous section is not sufficient. Our

simulations and measurements show that the co-moving

magnetic potential minimum position oscillates during

deceleration. The oscillations, which occur during the transfer

between two adjacent coils, are intrinsic to the use of

overlapping half-sine waves that create an effective moving

potential. Additionally, the potential shape (mostly in the

radial direction) changes during the propagation as well

(Fig. 1C). Since the oscillation frequency is much higher

compared to the characteristic frequency of the trapped

particles movement inside the quadrupole trap (100 KHz

and 1 KHz, respectively) we can treat our problem as motion

in a time averaged effective potential with a rapidly oscillating

field.27 The rapidly oscillating force does not depend on the

position (a quadrupole potential), as such the contribution of

the rapidly oscillating field vanishes in the first approximation.

We estimated the acceptance of the decelerator, which is

defined as a region in the phase space at the decelerator

entrance from which particles are guided to the last trap of

the decelerator, using the time averaged effective fields. We

approximate the volume of the stable part of the phase space

by multiplying the areas inside the separatrices calculated

using two assumptions: (1) we treat all degrees of freedom

independently within a one dimensional (1D) model. (2) We

assume that longitudinal and transverse degrees of freedom

are fully mixed and calculated the separatrix using the average

trap depth of the 3D magnetic potential (Fig. 5).

In Fig. 6 (dashed lines) we present the upper limits of the 6D

trap volume calculated for both separatrix models at eight

different deceleration values (our calculation presents the

upper limit since we approximate the 6D volume by the

product of two dimensional phase space areas calculated

independently for each coordinate and conjugate momentum).

The variations in the separatrix volumes are a consequence of

the distortion in the trap potential geometry due to the

fictitious force. As mentioned before, during deceleration the

longitudinal potential tilts as a function of the deceleration

value in a manner that lowers the front barrier and raises the

back barrier; as a result the volume of the trap changes. The

lowest volumes are calculated at decelerations of 80 000 m s�2

and 10 000 m s�2, where the trap is highly asymmetrical. In the

first case the front barrier is lower than the back due to a large

fictitious force, while for the second case the back barrier is

lower because of the asymmetric trap configuration. The

maximal trap volume is obtained at the deceleration value of

40 000 m s�2, where the trap is symmetric. We expect that the

numerically calculated acceptance should be bound by the two

dashed curves presented in Fig. 6. For short deceleration times

(compared with the characteristic frequency of a particle

motion in the trap) the behavior should approach the 1D

Fig. 5 1D curves of the effective potential in the longitudinal (A) and the transverse (B) directions. The blue dashed line is the barrier height

potential in 1D for each direction (decoupled model). The red dashed line represents the lowest barrier of the magnetic potential in 3D (coupled

model). Both potentials are obtained for a deceleration value of 50 000 m s�2.

Fig. 6 6D phase space volumes as a function of the deceleration

value, calculated for the 1D and 3D models (squares and circles

respectively) and the 6D acceptance as a function of deceleration to

a final velocity of 200 m s�1 (triangles). Inset: acceptance for decelera-

tion to 200 m s�1 and 50 m s�1 (triangles and squares respectively).
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case. For longer deceleration times particles have more time to

explore the phase space and the actual acceptance should

approach the quasi-3D case.

4.2 Trajectory calculations

In order to confirm our expectations we have calculated the

acceptance of our decelerator using Monte-Carlo simulations

without any free parameters. In the simulations 250 000

metastable neon atoms are uniformly distributed at the

entrance of the co-moving trap decelerator over a 6D cylinder

with a phase space volume of 5.4 � 108 mm3 m3 s�3. We

choose only a single state with the projection of the total

angular momentum mj = 2 and mean forward velocity of

430 m s�1. We performed simulations for two final velocities,

200 m s�1 and 50 m s�1, each final velocity was obtained using

eight different deceleration values ranging from 10 000 m s�2

to 80 000 m s�2. We used magnetic field values that were

calculated using a finite element calculation for the coils with

no Permendur shells.

We vary the decelerator length in order to achieve different

deceleration values. By changing the length we also change the

time needed for deceleration. At low deceleration values the

slowing process is relatively long compared to the characteristic

trapped particle oscillation period, for example at 10 000 m s�2

the atoms need 23 ms to travel a 7.24 m long decelerator. As

expected trapped particles have enough time to explore the

phase space, and the probability of a particle trajectory finding

the lowest magnetic field barrier in 3D increases. This behavior

is clearly seen in Fig. 6 as the calculated acceptance at low

deceleration values approaches the acceptance estimated using

the 3D model. The same phenomenon can be clearly seen in

the particle’s phase space distributions shown in Fig. 7

(top figures) where atoms are contained within the inner

separatrix (red dotted line) calculated by the 3D model. When

we increase the deceleration value, particles have less time to

explore the phase space and the acceptance increases and

approaches the acceptance calculated using the 1D model.

Again, our assumption is supported by the phase space

distribution pictures given in Fig. 7 (bottom figures), where

atoms are contained in the outer separatrix calculated by the

1D model. The maximum calculated acceptance of our

decelerator is 2 � 107 mm3 m3 s�3 and is obtained for a

deceleration value of 50000 m s�2 (2.9 ms deceleration time).

For comparison, the maximum acceptance of the Stark decelerator

is 3 � 104 mm3 m3 s�3 at a velocity of 50 m s�1.17

We characterized the performance of our decelerator

simulating the slowing of metastable neon with a mass to

magnetic moment ratio of B7 amu mB�1 (mj = 2 state).

Species with higher ratios, for example O, OH, NH and

O2 (B8 amu mB�1, B8.5 amu mB�1, B7.5 amu mB�1 and

16 amu mB�1 respectively), will have a lower potential barrier

in the decelerating frame of reference and will need a longer

deceleration length.

An important feature of our decelerator is that in principle

the acceptance has no dependence on the final velocity but only

Fig. 7 Longitudinal and transverse phase space distributions obtained from decelerations to a final velocity of 200 m s�1 at two different

deceleration values. In each figure the outer blue separatrix was calculated using the 1D model and the inner red separatrix using the 3D model. At

the deceleration of 10 km s�2 (23 ms time of flight) the probability to find a trajectory out of the trap is high and the atoms converge into the inner

separatrix. However at deceleration of 80 km s�2 (4.7 ms time of flight) the atoms may be confined in only one dimension and hence all the outer

separatrices are filled.
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on the deceleration value. This comes from the fact that the

effective magnetic potential depends only on the deceleration

value, so for a given deceleration the acceptance should be the

same regardless of the final velocity. In the inset (Fig. 6) we can

see that the acceptance behaves in the same way for two

different final velocities, i.e. 200 m s�1 and 50 m s�1. Both

final velocities converge to the inner and outer separatrices at

lower and higher deceleration values (respectively) and both

curves reach maximum acceptance at a deceleration value of

50 000 m s�2. The observed small difference (B15%) is due to

a longer deceleration time (4.7 ms) needed to decelerate to

50 m s�1 final velocity.

Another important parameter that should be used in order

to characterize decelerator performance is the phase space

volume that shows no loss due to heating or parametric

amplification (resonance) induced processes. We numerically

found that the number density of particles slowed with the

50 000 m s�2 deceleration is conserved within the phase space

volume of 2.43 mm3 � 243 m3 s�3, centered around the trap

minimum.

5. Conclusions

The measure of success in deceleration of supersonic beams

can be estimated using acceptance and the emittance numbers

of the source. If the acceptance of our decelerating trap is

equal or larger compared to the phase space volume of our

source (at the location of the decelerator entrance), the

number of particles that can be decelerated will only be limited

by the fraction of low field seeking states within the overall

distribution among Zeeman sublevels. It is also important to

verify that the volume of the stable region of the phase space

does not suffer from losses that occur during the deceleration

process. Two of the possible loss mechanisms are trap geometry

changes and magnetic field minimum oscillations around the

average value. It is easy to estimate the emittance of our

supersonic source. Let us assume a velocity spread of

20 m s�1 (in all directions) and the spatial dimensions of our

beam to be 5�5�5 mm (mean velocity 500 m s�1, 8 cm from

the valve orifice). In such a configuration the emittance is

B8 � 106 mm3 m3 s�3, smaller than the optimal acceptance of

our decelerator, 2 � 107 mm3 m3 s�3. As we have also shown

numerically, the decelerated particle number density is

conserved throughout the deceleration process. And finally, the

decelerated particle number does not strongly depend on the final

velocity. This is in contrast to the operation of decelerators that

rely on dynamical trapping only. As was shown by Scharfenberg

et al.17 the high order Stark decelerator has a critical velocity

(B100 m s�1), where decoupling between the longitudinal to

transverse degrees of freedom breaks down, leading to reduced

acceptance at lower velocities. Hence the advantage of a ‘‘true’’

3D confinement is in applications that require bright beams at

low trapping velocities. We expect that two decelerated beams

can be used in a classical crossed beam experiment or

alternatively two supersonic beams can be merged using a strong

quadrupole confinement available in our configuration.
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