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Stopping Supersonic Beams with a Series of Pulsed Electromagnetic Coils: An Atomic Coilgun
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We report the stopping of an atomic beam, using a series of pulsed electromagnetic coils. We use a
supersonic beam of metastable neon created in a gas discharge as a monochromatic source of paramag-
netic atoms. A series of coils is fired in a timed sequence to bring the atoms to near rest, where they are
detected on a microchannel plate. Applications to fundamental problems in physics and chemistry are

discussed.
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In this Letter, we report the stopping of a supersonic
beam using a scalable method applicable to any paramag-
netic atom or molecule. We were originally inspired by a
method of macroscopic velocity control, the coilgun,
where a ferromagnetic projectile is accelerated and
launched by passing through a sequence of electromag-
netic coils, which generate large pulsed magnetic fields
with fast switching times. The University of Texas Center
for Electromechanics, Sandia National Laboratories, and
others have used a coilgun to accelerate and decelerate
macroscopic samples, routinely achieving speeds of hun-
dreds of meters per second [1]. The idea is to use the
coilgun method to decelerate free paramagnetic atoms in
a beam, instead of firing a bulk projectile [2]. The same
approach has been independently pursued [3,4].

Shrinking the size of the projectile to the size of a single
atom has several advantages. First, our solenoids can be
miniaturized, allowing us to create high magnetic fields in
a small volume with relatively low currents running
through the solenoid windings. Furthermore, any atom
that has a permanent magnetic moment can be slowed by
the atomic coilgun. Most elements have unpaired electrons
and a permanent magnetic moment in their ground state. In
addition, our method is equally applicable to paramagnetic
molecules.

The paramagnetic atoms we slow are cooled in a super-
sonic expansion, which produces high flux, cold atomic
and molecular beams by adiabatic expansion of high pres-
sure gas through a small aperture into vacuum. The tem-
peratures one can reach are in the range of several tens of
millikelvin [5]. The enthalpy of the gas is converted into
kinetic energy leading to high beam velocities, ranging
from a few hundred to a few thousand meters per second,
depending on the carrier gas mass and the source tempera-
ture. Atoms can be entrained into a supersonic beam by
laser ablation or passing the beam through a vapor cell.
Several methods have been used to slow supersonic beams;
these include mechanical approaches such as spinning the
source [6], reflection off a receding wall [7], and crossed
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beam collisions [8]. Atoms and molecules have been
cooled via collisions with a cold background gas [9].
Supersonic molecular beams have also been slowed via
interactions with pulsed laser fields [10] as well as with
pulsed electric fields [11-14].

In a previous experiment, we demonstrated slowing of
metastable neon from 460 m/s to 400 m/s in an 18 stage
atomic coilgun [15]. Here we present results showing full
control over the velocity of a supersonic beam of meta-
stable neon with a 64 stage slower apparatus.

The principle of operation of the atomic coilgun is based
on the Zeeman effect, in analogy to the pulsed electric field
decelerator’s use of the Stark effect [11-14]. We use the
term ‘“‘atomic coilgun” to avoid confusion with the
Zeeman slower used to slow alkali atoms in cold atom
experiments [16]. In a magnetic field the atom’s energy
levels split into high-field and low-field seeking states. The
low-field seekers gain potential energy as they move into
the high magnetic field region at the center of an electro-
magnetic coil. When the atom reaches the top of the
magnetic ‘“hill,” the magnetic field is suddenly switched
off. Because of conservation of energy, the kinetic energy
an atom loses is equal to the Zeeman energy shift,

AE = gupmyB, (D

where g is the Landé factor, wp is the Bohr magneton, m,
is the projection of the total angular momentum on the
quantization axis, and B is the magnetic field. The same
process can be repeated in another coil, gradually reducing
the kinetic energy of an atom until it is brought to rest in the
laboratory frame.

We generate the high magnetic fields needed for efficient
beam deceleration with electromagnetic coils having 30
copper windings (0.5 mm wire diameter) and a bore of
3 mm. Each solenoid is encased between two Permendur
disks (10.2 mm diameter, 3 mm thickness) and surrounded
by a magnetic steel tube (inner diameter 10.2 mm, outer
diameter 17.8 mm, length 9.6 mm). This is a minor modi-
fication of our previous 18 stage prototype coil design and
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is similar to the solenoid used in our pulsed valve. An
increase in the current passing through each of the coils
from 400 A in our prototype apparatus to the 750 A
currently used increases the magnetic field strength.

We characterize the resulting magnetic field and the
switching profile using the Faraday effect [17]. Magneto-
optical materials rotate the polarization of light by an
amount proportional to the magnetic field parallel to the
light. We insert a terbium gallium garnet (TGG) crystal
into the bore of our coil and monitor the rotation of a
linearly polarized HeNe laser beam, which we focus tightly
(spot size 80 wm) into the TGG crystal as we pulse the
current in our coil. Using different length TGG crystals, we
calculate a peak field of 5.2 £ 0.2 T in the center of the
coil. The switching profile follows an initial exponential
rise with a time constant of 19 us. When we switch off the
current, the magnetic field falls linearly to 20% of its peak
value in 6 ws. After this linear falloff the field decays
exponentially with a time constant of 17 us due to eddy
currents induced in the Permendur disks by the rapidly
changing field. The effect of eddy currents is partially
reduced by a current counterpulse.

An important consideration of the current driver design
is its scalability since a large number of stages are needed
to slow species with small magnetic moment to mass
ratios. Although it is possible to switch current pulses in
each channel with a high power insulated-gate bipolar
transistor (IGBT), this solution is not practical due to the
accumulating costs. In our setup we use only 8 IGBTs [18]
to independently control the discharge of the drive capaci-
tor of each of the 64 channels. Each IGBT switches cur-
rents in 8 coils, while every coil in the set of 8 is isolated
from one another with an inexpensive thyristor. We can
easily expand our setup by adding more coils to every
IGBT driver set.

We now describe our full apparatus as shown in Fig. 1.
The supersonic beam of neon is created using an Even-
Lavie supersonic nozzle [19,20]. This valve is capable of
pulses as short as 10 us FWHM and produces intensities
of 10%* atoms/ (srs). Since it is advantageous to start with
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FIG. 1 (color online). A descriptive drawing of our apparatus.
Objects are to scale, but the distances between them are not.

a slow beam, we cool the nozzle to 77 K. We use meta-
stable neon because it has a magnetic moment, is simple to
produce in a supersonic beam, and allows for easy and
efficient detection. To produce metastable atoms, we apply
a pulsed dc discharge between plates mounted 5 mm from
the exit of the nozzle. We find that a discharge pulse of
2.6 us produces a beam with a mean velocity of 446.5 =
2.5 m/s with a standard deviation of 14.8 + 0.2 m/s. This
corresponds to a temperature of 525 £ 10 mK. The dis-
charge produces metastable neon atoms in the 2p33s!
electronic configuration, and we time our coil pulses to
slow the 3P, m; = 2 state. This state has a magnetic mo-
ment of 3up in both the low-field Zeeman and high-field
Paschen-Back regimes.

From the discharge, our beam travels to a 5 mm diame-
ter, 50 mm long conical skimmer, which is mounted
300 mm from the exit of the nozzle. The center of the first
coil is located 250 mm from the skimmer base. The coilgun
consists of 64 individually triggered solenoids, all mounted
on a monolithic aluminum support structure. This support
serves both to align the coils and to provide a heat sink for
the thermal energy generated in the coils by the pulsed
current. We water-cool this aluminum support to keep our
coils at a constant temperature. The solenoids are spaced
14 mm apart (center to center) giving an overall length of
900 mm for the slowing apparatus. Following the coils, the
beam then propagates to a microchannel plate (MCP),
which we use for detection [21]. The MCP is mounted
on a translation stage, allowing a direct means of measur-
ing the speed of different components of the beam. The
distance between the center of the last coil and the MCP
can be varied between 40 mm and 90 mm. By mounting the
MCP close to the exit of the slower, we lose very little flux
due to angular divergence of the slow beam.

By varying the pulse sequence timing, we can control
the final velocity and flux of the resulting beam. We use a
field programmable gate array [22] to control the coil
switching with a time resolution of 100 ns. To create a
timing sequence for the coils, we numerically simulate the
trajectory of an atom traveling through our apparatus, and
from this trajectory we calculate the switching times. The
simulation uses magnetic fields whose spatial character-
istics are calculated by finite element analysis, and a time
profile obtained using the Faraday rotation measurement.
One variable we adjust when generating the timing se-
quence is the position of an atom relative to a coil when
we switch it off. We refer to this position as a phase angle
following the convention used in the Stark decelerator [14],
where 90° refers to switching the coil off when the atom is
centered in the coil being switched, and 0° refers to switch-
ing when the atom is exactly between the coil to be
switched and the previous coil. By changing the phase of
a timing sequence, we are varying the amplitude of the
magnetic field that an atom experiences when we switch
the coil off. If we switch at a lower phase, the atom
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experiences a lower field and is slowed less in each coil.
However, the advantage of going to a lower phase is that
one gains a larger region of phase stability, which leads to a
greater number of slowed atoms.

We now present results of slowing with phases between
36° and 44°. We slow the atoms from 446.5 * 2.5 m/s to
speeds as low as 55.8 = 4.7 m/s, which represents a re-
moval of more than 98% of the kinetic energy. Atoms can
be stopped with a slightly higher phase and will be trapped
at the exit of the slower in future experiments. In Figs. 2
and 3 we show slowing results for different phase angles,
where the results are divided between high and low beam
velocities. The time-of-flight profile of the slowed beam
has a structure that depends on the slowing phase. The
anharmonicity of the magnetic potential causes the atoms
to oscillate with different frequencies longitudinally in the
slower, according to simulations. Thus the velocity distri-
bution of the slowed peak will not be uniform, which is
reflected in the features of the arrival time signal. Bethlem
et al. have investigated this phenomenon in the Stark
decelerator [14].

The slower has efficiencies ranging from 2.0% to 11.9%
of the incident beam, depending on the final velocity. We
determine the efficiency of our slowing apparatus by com-
paring the area under each slow peak to the geometrically
scaled area under the reference beam; i.e., we normalize to
the expected intensity of the reference beam at the entrance
of the slowing apparatus. Note that the discharge does not
selectively create atoms in the state we slow; the meta-
stable population is distributed among the two long-lived
excited states, °P, and *P,. We only slow the m; =2
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FIG. 2 (color online). Time-of-flight measurements recorded
with the MCP detector for different phases along with a refer-
ence beam (a). Each curve is an average over 20 shots at a
repetition rate of 0.075 Hz. The slowed curves show only the
slowed portion of the beam for clarity. Beam velocities are
(a) 446.5 m/s, (b) 222 m/s, (c) 184.7 m/s, (d) 142.7 m/s, and
(e) 109.9 m/s. Full results are summarized in Table 1.

projection of the 3P, state, and the measured efficiencies
do not take this into account. For example, if the projection
states of * P, neon are uniformly populated, the 2% slowing
efficiency corresponds to 10% efficiency relative to the
number of m; = 2 atoms. These results are summarized
in Table L.

In summary, we demonstrate the operation of a scalable
64 stage atomic coilgun with peak magnetic field values
reaching 5.2 T in each deceleration coil. Full control over
the velocity of a metastable neon supersonic beam is
shown, starting from the initial 447 m/s down to
55.8 m/s, by tuning the phase angle. The atomic coilgun
is a robust method, as it guides low-field seekers through-
out the stopping process. The method can naturally bring
the atoms or molecules to rest inside a magnetic trap
located in a room-temperature chamber with excellent
optical access. The atomic coilgun is ultimately simple,
with small coils driven by discharging capacitors to pro-
duce the required magnetic fields.

Further development of magnetic stopping, including
the adiabatic deceleration of trapped atoms [2] will be
investigated. We will examine methods of transferring
the preslowed atoms to a static magnetic trap, with the
goal of obtaining the high phase space densities provided
by the supersonic beam itself. Magnetically trapped atoms
or molecules can be further cooled to near the single
photon recoil limit using a method presented in [23]

We predict that the general nature of this method will
open many new directions in physics and chemistry. One
immediate goal in our group will be toward trapping of
atomic hydrogen isotopes, H, D, and T. The prospects for
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FIG. 3 (color online). Time-of-flight measurements recorded
with the MCP detector for different phases along with a refer-
ence beam (a). Each curve is an average over 20 shots at a
repetition rate of 0.075 Hz. The slowed curves show only the
slowed portion of the beam for clarity. Beam velocities are
(a) 446.5 m/s, (f) 84.1 m/s, (g) 70.3 m/s, and (h) 55.8 m/s.
Full results are summarized in Table 1.
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TABLE 1. Final velocities (v ), temperatures (T), and efficien-
cies of the beams shown in Figs. 2 and 3.

vy [m/s] T [mK] Efficiency [%]

(a) 446.5 = 2.5 525 £ 10 oee

(b) 222 + 11 108 = 22 11.9 £ 0.5
(©) 184.7 = 7.6 184 = 39 9.6 = 0.4
(d 142.7 = 9.1 117 £ 32 72*+03
(e) 109.9 =54 147 + 34 5.5+02
®) 84.1 £ 3.1 79 £ 20 4.1+02
(2) 70.3 =74 92 £ 57 29 *0.1
(h) 55.8 £ 4.7 106 = 59 20=*=0.1

precision measurement of beta decay and determination of
the neutrino rest mass with trapped atomic tritium look
very promising. This will be discussed in a future
publication.

The application of our method to trapping of molecular
radicals is very interesting. A magnetic slower could si-
multaneously trap several species, which opens the door to
a new regime of cold chemistry.

Possible technological applications include stopping
magnetic atoms such as iron, nickel, and cobalt for con-
trolled deposition of magnetic quantum dots and magnetic
storage. Another possible application would be in molecu-
lar beam epitaxy where the supersonic beam, together with
magnetic control, could possibly reduce the use of toxic
elements.

This work is supported by the Army Research Office,
the R.A. Welch Foundation, the Sid W. Richardson
Foundation, and the U.S. National Science Foundation
Physics Frontier Center.

*raizen @physics.utexas.edu
[1] R.E. Hebner (private communication).
[2] E. Narevicius, C.G. Parthey, A. Libson, M.F. Riedel,
U. Even, and M. G. Raizen, New J. Phys. 9, 96 (2007).

(3]
(4]
(3]
(6]
[71

(8]
(91
[10]
[11]

[12]

[13]

[14]

093003-4

N. Vanhaecke, U. Meier, M. Andrist, B. H. Meier, and
F. Merkt, Phys. Rev. A 75, 031402(R) (2007).

S.D. Hogan, D. Sprecher, M. Andrist, N. Vanhaecke, and
F. Merkt, Phys. Rev. A 76, 023412 (2007).

R. Campargue, Atom and Molecular Beams: The State of
the Art 2000 (Springer, Berlin, 2001).

M. Gupta and D. Herschbach, J. Phys. Chem. A 105, 1626
(2001).

E. Narevicius, A. Libson, M.F. Riedel, C.G. Parthey,
I. Chavez, U. Even, and M. G. Raizen, Phys. Rev. Lett.
98, 103201 (2007).

M. S. Elioff, J.J. Valentini, and D. W. Chandler, Science
302, 1940 (2003).

J.M. Doyle, B. Friedrich, J. Kim, and D. Patterson, Phys.
Rev. A 52, R2515 (1995).

R. Fulton, A.I. Bishop, and P.F. Barker, Phys. Rev. Lett.
93, 243004 (2004).

H.L. Bethlem, G. Berden, and G. Meijer, Phys. Rev. Lett.
83, 1558 (1999).

S.Y.T. van de Meerakker, P. H. M. Smeets, N. Vanhaecke,
R.T. Jongma, and G. Meijer, Phys. Rev. Lett. 94, 023004
(2005).

B.C. Sawyer, B.L. Lev, E.R. Hudson, B.K. Stuhl,
M. Lara, J.L. Bohn, and J. Ye, Phys. Rev. Lett. 98,
253002 (2007).

H.L. Bethlem, G. Berden, A.J.A. van Roij, F.M.H.
Crompvoets, and G. Meijer, Phys. Rev. Lett. 84, 5744
(2000).

E. Narevicius, C.G. Parthey, A. Libson, J. Narevicius,
I. Chavez, U. Even, and M. G. Raizen, New J. Phys. 9,
358 (2007).

W.D. Phillips and H. Metcalf, Phys. Rev. Lett. 48, 596
(1982).

G. A. Massey, D.C. Erickson, and R. A. Kadlec, Appl.
Opt. 14, 2712 (1975).

Powerex CM200YD-24A.

U. Even, J. Jortner, D. Noy, and N. Lavie, J. Chem. Phys.
112, 8068 (2000).

U. Even, M. Hillenkamp, and S. Keinan, J. Chem. Phys.
118, 8699 (2003).

El Mul Technologies Ltd.

DS-KIT-3SLC400-G Xilinx Spartan-3 XC3S400 LC
Evaluation Kit, Avnet, Inc.

G.N. Price, S.T. Bannerman, K. Viering, E. Narevicius,
and M. G. Raizen, Phys. Rev. Lett. 100, 093004 (2008).



