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A simple experimental setup can be used to demonstrate the storage of macroscopic dust particles
in a “Paul trap.” The trap is operated at atmospheric pressure, which results in an efficient
“cooling” of the stored particles. Under these conditions, a single anthracene dust particle has
been confined for over 2 months. The device is well suited to show the formation of ordered
structures when a number of “cooled” species are trapped. Due to its overall simplicity, the setup

can be used in lectures, student laboratories, etc.

1. INTRODUCTION

Different concepts of trapping atomic particles nowa-
days allow one to perform experiments in which individual
species are quasipermanently kept at rest in free space.
These developments make feasible a number of conceptual-
ly new experiments with accuracies of data that are orders
of magnitude smaller than those obtained with convention-
al spectroscopic methods. A representative example is the
outstanding work by H. G. Dehmelt and his coworkers
(Umversny of Washington, Seattle) with respect to trap-
ping single electrons. The resulting structure of electronic
terms of such an electron confined in a “Penning trap”
(static magnetic field and static electric quadrupole field)
is ideally suited for high-precision measurements of the
electron g factor. These experiments currently provide the
most stringent tests on the concepts of quantum electrody-
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namics. In a recent paper appearing in this Journal, Deh-
melt briefly reviews features and perspectives of spectros-
copy with trapped particles.'

The purpose of this paper is to describe a simple setup to
demonstrate features of a “Paul trap,” i.e., trapping of
charged particles in ac—electric quadrupole fields. This
trap was developed by W. Paul (Universitit Bonn)? and
has proven to be a powerful method in storage and spec-
troscopy of ions. Fascinating new types of experiments
with this type of trap have been performed in recent years:
storage and detection of a single ion,* laser sideband “cool-
ing” of the motion,* and formation of ordered structures>®
of trapped atomic 1ons, studies with respect to “quantum
78 microwave® and laser spectroscopy'® with re-
sonances of very high-quality factors. Direct applications
of those experiments are expected to provide improved fre-
quency/time standards.'’
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This very exciting physics, which was given prominent
public attention by the decision of the Nobel prize commit-
tee in 1989, also can be expected to enter physics education
at universities. Successful curricula in physics should com-
prise—whenever possible—experimental demonstrations,
and we will give examples with respect to the “Paul trap”
below.

The first experiments of storing macroscopic charged
particles were performed by Straubel'> who trapped
charged oil drops in a simple ac quadrupole trap from a
ring and a large electrode that operated in air. Later,
Wuerker ez al.'* nicely demonstrated in many experiments
with aluminum dust particles the specific features of the
physics of a ““Paul trap.” However, the overall complexity
and the cost of such an apparatus does not allow reproduc-
tion of that setup for lecture demonstrations or for use by
inexperienced students as a laboratory exercise. The same
authors subsequently published experiments with a trap,
where the application of three-phase voltages connected to
opposite faces of a hollow cube produced electric fields of
cubic symmetry.'* Friker greatly simplified this approach
with respect to “injection” of charged particles, vacuum,
etc., so that such an experiment can be performed by stu-
dents in a laboratory.'> We have adapted Friker’s concepts
to the geometry of a “Paul trap” and have succeeded in
establishing a simple and low-cost setup, which makes pos-
sible fascinating demonstrations on the trapping of parti-
cles.

I1. PAUL TRAP

A brief introduction to the physics of particle confine-
ment in a “Paul trap™"® is helpful to a discussion of our
setup and experiment. A “Paul trap” (see Fig. 1) consists
of three electrodes: a ring electrode and two end caps. The
present setup uses the ring electrode kept at ground poten-
tial, with the end caps biased by an ac voltage of amplitude
V,. and angular frequency 2. A dc voltage ¥, also can be
applied in series across the end caps.

The electrode structure has axial symmetry with respect
to the z axis, and Fig. 2 shows a section in the z-r plane
(r?=x*+ ). With end caps and a ring electrode that
have shapes given by zZ2=z +r?/2 and
22 = (r*—r})/2, respectively, and adjusting r 2 = 2z3,
we obtain the potential distribution

Viz,r) = (V4 — V,. cos Q)
X (1/4z3) (222 + (r§ —r?)], (1)

end electrode

ring
electrode

end electrode

Fig. 1. Paul trap.
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Fig. 2. Electric field in Paul trap (section in z-r plane).

within the enclosed volume. Note that this result gives elec-
tric field components that vary linearly with their coordi-
nates:

V. =V, Ot
Ez= ——g__liz —_ ( de ac cos ) 2 (za)
oz z
and
aV (Vdc - Vac Ccos Qt)
E =——= r
ar 2z}
V, -V, O
_ W e €08 ) (2b)
ro

Thus the equations of motion of a particle with mass M and
charge Q in this field become

dz Q (V4 —V, cos ) 5

=0 (3a)
dt> M z
and
2 —_
d’r Q (V4o — V,. cos Q2) reo. (3b)
dt> M 2z%

For an ideal quadrupole potential [as in Eq. (1) ], the mo-
tions in z and r are independent, and both equations differ
only in the sign and size of their main factors. With

x=Qt/2

V.
az——2a,=4—Q--ﬁ—1—,
Mz
_ .0V 1
qz_—_zq’_z}l—l_zzo——a{' 4)

Equations (3a) and (3b) take the normal form of the
Mathieu differential equation,'®
d*u

dx?

4+ (@ —2g cos 2x)u =0. (5)

This type of equation generally is obtained for a periodic
variation of parameters in an oscillating system. These phe-
nomena of “parametric excitation”'’ can be demonstrated
nicely by a pendulum with an oscillating length or similar
setup. For most applications, a specification of the stability
of a solution of Eq. (5) is sufficient rather than a detailed
functional dependence. The two parameters in Eq. (5) de-
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Fig. 3. Section of stability plot. The shaded area represents configurations
of parameters a,q [ defined by Eq. (5) ] where the motion of an undamped
particle is unstable.

termine the stability of the solutions, so that an a-¢ stability
plot can be used to determine whether a system is stable
(e.g., trapping of particle) or unstable (loss of particle).

Figure 3 displays a small section of a stability plot in
which combinations of the parameters a and ¢ leading to
unstable solutions (no trapping) are marked by shaded
areas. In order to keep the setup as simple as possible, the
present experiments choose V. =0, i.e., a =0. In this
case, bound trajectories of particles are obtained for
g <0.908 (see Fig. 3). Equation (4) then gives for the spe-
cific charge

Q 0908 7

& < 2 V 929 (6a)

ac

where the upper limit is inversely proportional to the ac
voltage amplitude. It is important for our study that Q /M
for macroscopic particles is orders of magnitude smaller
than for atomic species. Therefore, the driving frequency Q
may be chosen to be rather low. Instead of using oscillators
providing high frequencies (MHz, GHz) we simply apply
voltages from a transformer connected to the line
(2 = 27 50 Hz in European countries). With V,. = 1500
V and 2z, = 11 mm our setup traps particles with

Q/M<9%x10~* C/kg. (6b)

It should be noted that a strong damping of particle motion
in our experiments increases the limits of stability as will be
outlined below. The motion of a particle in the trap can be
separated into an oscillation, (), with driving frequency
Q and an averaged secular motion Z(z).'*'® The position
along z is given by

z(t) = 6(@t) +z(1).

Inserting Eq. (6¢) in Eq. (5) (a2 = 0) and assuming that §
varies much faster than Z we obtain

d’z_d?* -

PR = 2¢,2(¢) cos(2x), (7)
so that

8(1) = — (q./2)Z(t) cos(Qe). (8)

Averaging over a period of the micromotion in Eq. (7)

809 Am. J. Phys., Vol. 59, No. 9, September 1991

yields the differential equation

dz_ _&; Q)

dx* 2
with the solution

Z(t) =z, cos(w,t) (10)
and i

@, = (q,/2'%) (Q/2). (11)
The secular motion proceeds in a quasipotential

QU = IMa2, (12)
with a depth at the center of the trap

=L 25 _ Ly, (13)

2 Q/M 8
T,0n <0.114¥,.. (14)

For efficient trapping of charged particles U,,,, should
be kept as large as possible, especially for operation of a
trap under atmospheric pressure. This is achieved simply
by large amplitudes V,.. However, since Eq. (6a) gives
Q /M inversely proportional to ¥, an increase of V,_ si-
multaneously reduces the upper limit of specific charges of
trapped particles. Thus the essential problem in the oper-
ation of this setup has been to establish a proper choice of
V.. (see also the experiment).

The action of an external force, F,, along z is described
by adding a term 4F,/mQ? to the right side of Eq. (9).
With this term a static force (gravitation, static electric
field) induces a shift in position from the center of the trap
approximated by

4F,

z

Zp = = i . (15)
mQ*(q*/2) ma?

Since the experiments are performed under atmospheric
pressure, the motion of the particles in the trap is strongly
damped by the surrounding air. Assuming a laminar air
stream, we add in Eq. (5) a term that accounts for friction
and that depends linearly on the velocity, b du/dx, with

b=97/pRQ, (16)

where R is the radius of a spheric particle with density p
and 7 is the viscosity of the medium (air). For anthracene
dust particles with 2R =30 um and p = 1.28 g/cm’, we
obtain, with % (air) = 1.8 X 107*P, b= 1.8.

In order to investigate some properties of such a strongly
damped system, we solved the Mathieu differential equa-
tion with a damping term by a numerical Runge-Kutta
method."? It is obvious that damping increases the range of
stability of the system described by the plot in Fig. 3. In Fig.
4 we display results from some numerical studies that show
that the maximum of the parameter ¢ for a stable motion,
Gmax» increases with the damping constant b. For typical
settings in the experiments, the limit of stability increases
from g¢,, =0908 (b=0, undamped motion) to
Gmax = 2.13 for b= 1.8, i.e,, damping enlarges here the
limits of stability by a factor of 2 [see Egs. (6a) and (6b)].
From Eq. (16) we find b~ R ~*so that the range of stabil-
ity for particles with the same specific charge but smaller
radii is further increased.

The effect of damping on the trajectory of a particle
within the trap volume is shown for the z coordinate in Fig.
5. In numerical calculations, we have added an external
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Fig. 4. Maximum of parameter g, g,,,,,, for obtaining bound motion in the
trap in dependence on damping constant b defined by Eq. (16).

constant force along z to account for the effect due to gravi-
tation on the motion of the particle. With ¢ = 0.8 and
g = 9.81 m/s’, we obtain a motion along z given by curve a
(note the beating between micro- and secular motion).
With finite damping (b = 1.8, curve b) the secular motion
is damped out quickly, and the trajectory is characterized
by a micromotion with clearly reduced amplitude. Inter-
pretation of the energy stored in the secular motion of a
bound particle as a temperature implies a “cooling” of the
particle. According to Eq. (8) we have for the amplitude of
the micromotion ¢,z/2, so that a compensation of the shift
along z due to gravity is expected to reduce this amplitude
further. This feature is demonstrated with curve c, where
the gravitational force is overcompensated by a static elec-
tric field to 10% of the original value. This reduction in
oscillation amplitude and some consequences of cooling
can be observed in experiments with our setup and are dis-
cussed in Sec. II1.

The energy dissipated during a period of the secular mo-
tion AE, compared to the energy stored in this motion, E,,
is given by the ratio

AE_ 9mp _ 70
E, pR%®, o,

(17)

S L L T T
A
a MAL AN D p
£
< V
N
_SA._ 4
a
b
-103 30 40 60 80 100

Qt

Fig. 5. Dependence of the z position of a particle on £t in a “Paul trap.”
The experimental parameters correspond to ¢ = 0.8, and the particle posi-
tion is shifted by the gravitational force. Curve a: No damping of the
particle motion (b = 0); curve b (open circles): Damping of the particle
motion (b = 1.8). Curve c: Same as b, but the gravitational force has been
overcompensated to 10% of its initial value by an electric field along z.
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which amounts to about 15 for our conditions. Thus the
secular motion of a single particle is strongly “cooled” to
possibly the limit of Brownian motion.

II1. EXPERIMENTAL SETUP AND RESULTS

The main goal of this investigation was to establish a
setup for demonstrating the operation of a “Paul trap” un-
der very simple conditions. Several direct consequences of
this approach are discussed in the following list.

(1) The trap may be operated under atmospheric pres-
sure, thereby eliminating the need for vacuum vessels and
pumps. In addition, operation under atmospheric pressure
makes possible the study of “cooling” phenomena in the
trap. Furthermore, results from our experiments clearly
demonstrate that such conditions do not inhibit long parti-
cle storage times at all. A single particle has been stored in
the trap for 2 months!

(2) The shape of the electrodes of the trap are kept as
simple as possible. Instead of using the “complicated”
shape as shown in Fig. 1, which results in a high-quality
quadrupole potential, we replaced the ring electrode by a
simple wire ring (e.g., NW16CF ring of a UHV setup) and
the end caps by small spheres (see below and Fig. 6). This
geometry still gives a useful trap potential, especially in the
center of the trap, and the relatively small size of the elec-
trodes allows good observation of processes within the trap
volume.

(3) The voltages applied to the electrodes of the trap are
available in any laboratory. We chose V. = 0 and genera-
ted the ac voltages with a high-voltage transformer that
was directly connected to the line. Our experiments used
V.. =~ 1500 V at the line frequency } = 27X 50 Hz.

(4) We used anthracene dust particles, which show effi-
cient fluorescence, when irradiated by uv light.'* In princi-
ple, however, almost any kind of dust is applicable. The
dust particles were charged up and “injected” into the trap
with a simple plastic syringe (available at any pharmacy).
We used a syringe of 10-mm o.d. and about 70-mm length
with a 1-mm opening for the injection needle (needle re-
moved). The syringe was filled with a small amount of dry
anthracene powder. The filling corresponded to about the
quantity of powder on the tip of a small screwdriver.
Charging of the particles proceeded via frictional electric-
ity in the syringe. The piston of the syringe was pulled back
from its end position by some millimeters, and the opening

Fig. 6. Most simple version of the experimental setup. The diameter of the
coin is 23 mm.
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of the syringe was directed, at a distance of about 10-20
mm from the ring, toward the center of the trap. Distance
and direction at the “injection” could be chosen within
wide limits. Then, by a quick push to the piston, the parti-
cles were accelerated toward the inner volume of the trap.

(5) The particles were detected by irradiation with light
from a filament lamp or a uv light source (fluorescence).
The trapped particles could be seen clearly with bare eyes.
For measurements of amplitudes, geometrical shifts, etc. a
simple microscope was helpful. For demonstrations in lec-
tures, etc. a videocamera operating in “macromode” of the
lens would provide a nice visualization of processes in the
trap.

A photograph of our simplest setup is shown in Fig. 6.
The ring electrode is a 3-mm wire ring with an inner diame-
ter 27, =~ 16 mm. The end cap electrodes, 8-mm-diam cop-
per spheres that are separated by 2z, ~ 11 mm, fulfill the
condition 7 3 ~2z. A sketch of the setup and the electrical
connections is given in Fig. 7 (upper part). The ring elec-
trode is kept at electrical ground and the two end electrodes
are connected to a high-voltage transformer operating with
a fixed voltage from the line (or with adjustable voltage
from a variable transformer).

An ac voltage of about 1500 V yields an efficient oper-
ation with respect to injection and trapping of anthracene
dust particles (Bayer 5H657, C,,H,,). This is consistent
with the discussion in Sec. II [Eqgs. (6b) and (14)]. It is
advantageous to provide “deep” trapping potentials. This
leads to more favorable particle capture during the injec-
tion cycle and reduces the perturbation due to the stream of
the surrounding air on trapped particles. However, oper-

O

Ve ~ 1500V
50Hz

. E

i

O_

d

Vinod S 200V
. 1-200Hz
oy, o

. _$ %ﬂ]
oscillator|
1

Fig. 7. Sketch of the experimental setups. The use of additional protective
high-Ohmic resistors between transformer and trap electrodes is recom-
mended.
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Fig. 8. A single anthracene particle in the trap. The trap is surrounded by a
transparent foil which is hit by the light beam at both sides. (bright spots).
The picture of the particle is slightly blurred by various effects.

ation at higher ac voltages also reduces the limit of specific
charge of the trapped species. For successful operation of
the trap, this limit has to be adapted to the specific charges
of particles as produced by our technique of injection. This
condition is fulfilled by a proper choice of V.. It should be
noted that early tests with our setup failed, because the
voltages were too high with respect to the specific charges
of the injected particles.

Figure 8 is a picture showing a single anthracene particle
confined in our trap. Any slight stream of air in the vicinity
of the trap—caused by the experimentalist or whatever—
can be a serious disturbance. However, these problems can
easily be overcome with a shield made out of, e.g., part of an
overhead projection foil. The two bright spots outside the
trap are light scattered by the protecting foil. The light
beam which illuminates the trapped particles is generated
by a filament lamp and focused by a lens ( f= 100 mm) to
the center of the trap without hitting the electrodes. Under
these conditions the particles in the trap can be observed
directly. Since the photograph required an exposure time
of about 1 s, the image of the particle is slightly blurred.

The gravitational force shifts the z position of the parti-
cle by z; = — g/@?, as about 2 mm in our setup. There-
fore, the particle is shifted below the center of trap where
the increasing electric field leads to an increase of the am-
plitude in its periodic motion. This results also from our
theoretical analysis as given above (see Fig. 5). The shift
due to gravity can be simply compensated by an electric
field along z which is obtained by biasing the end electrodes
with a voltage V, (see lower part of Fig. 7). We then find
for the z position

V.
I
o M2z, &

z

Zp = (18)
Variation of V, shifts particles along z in the trap, and it can
be demonstrated nicely that the amplitude of oscillation
reaches a minimum at the center of the trap and strongly
increases outside from that region. Most of our experi-
ments have indicated negative particle charges, because
particles have been lifted with the application of positive
voltages to the upper end electrode.

Varying V, and recording the shift Az, yields a simple
method to extract the specific charges of trapped particles.
We obtain from Eq. (18)
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Az, is obtained by observation normal to the z axis with a
small microscope. We find typical data AV, /Az.~100
V/mm so that Q/M=8X 10~* C/kg. This is about the
theoretical limit of stability for undamped particle motion.

When gravity is not compensated with voltage V,, a
gradual increase of specific charge Q /M is observed with
time. This increase, which also has been observed by Friker
in a hexapole trap,'? is attributed to collisions of the oscil-
lating particles with the molecules of the air. The stored
particle is lost after a time interval from hours up to a day,
because gradually Q /M increases to the limits of stability.

However, this storage-time limitation can be overcome
by keeping the particle in the center of the trap with
V, =150 V. Then any amplitude of oscillation is reduced to
~um, and Q /M is observed to be rather stable with time,
In Fig. 9 we have plotted the specific charge of a single
anthracene particle that was stored in our trap for 2
months! After that period the particle was still bound, but
the experiment was ceased, because we had to remove the
setup from the laboratory.

For an estimate of the mass and charge of a trapped
anthracene particle we assume a spherical shape and obtain
with the density p = 1.28 g/cm® and a diameter 2R =30
um M=19x10~" kg so that @~1.5X 10~ '* C. Then
confined particles carry about 10° units of elementary
charge.

In the setup shown-in the lower part of Fig. 7 we can
apply an additional ac voltage from an oscillator between
the end caps. With amplitudes of some 100 V and at fre-
quencies that scale with the driving frequency of the trap
(50 Hz), beating phenomena in the motion of trapped par-
ticles can be seen. This is a simple demonstration for visual-
izing the (fast) micromotion.

Particles trapped in the pseudopotential can be excited
with respect to the secular motion by the external ac vol-
tage at the end caps. They can be forced to oscillate along z
over a larger domain of the trap volume by increasing the
amplitude of the ac signal (take care that the particles do
not hit one of the end electrodes). A sudden turning off of
the ac amplitude results in an instantaneous stopping of the
particles. This clearly shows the strong damping of the mo-

(19)
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Fig. 9. Specific charge of a single anthracene particle that has been con-
fined for 2 months.
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Fig. 10. Two anthracene particles in the trap.

tion for operating at atmospheric pressure. As a conse-
quence, the resonance of the secular motion at @, ~27 X 18
Hz is so strongly broadened that it is only poorly resolved.

On the other hand, such a strong damping depletes most
of the kinetic energy of the particles (see Sec. 1), i.e., the
particles are “cooled” very efficiently. Then, for confine-
ment of more than one particle, the energies of interparticle
Coulomb interactions are much larger than the “thermal”
energies of individual particles. We then expect that the
Coulomb coupling parameter I’ = Q%/FkT>1, where
7° = 47N /3V (N = number of particles, and ¥ = volume
of system). Slattery et al. have found that for I' > 170 or-
dered structures are obtained.”® From the cooling limit of
Brownian motion we deduce for the experiment I" of about
10°, i.e., well above the threshold for crystallization. How-
ever, this number is expected to be reduced clearly by
“parasitic heating,” a transfer of kinetic energy from the
driven micromotion to the secular motion*'** via Cou-
lomb interaction and collisions with the air.

Those structures were first observed for macroscopic
particles.'>'* In recent years such a crystallization also has
been demonstrated with a small number of laser-cooled
ions.>® In Fig. 10 we display a stable arrangement of two
particles in our setup. Generation of a structure with more
particles is a question of the experimenter’s skill. Up to
several hundred particles have been stored in our setup.
Figure 11 shows as an example the structure obtained for
the confinement of about 30 particles.

Fig. 11. Stable structure which is observed for the storage of a larger
number of particles.
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IV, CONCLUSION

In conclusion, we have reported on a setup for demon-
strating the storage of macroscopic particles in a “Paul
trap.” The simplicity of the experiment allows direct appli-
cations in lectures, laboratories, etc. which demonstrate
features of the confinement of particles. Finally, we note
that we also have succeeded in establishing a “Paul-stor-
age-ring” by similar experimental procedures. In this ring,
the lining up of particles can be visualized nicely, a proper-
ty that one hopes will be achieved in future storage rings for
fast and cooled ions.
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A solution is presented to the following problem: Describe the motion of a tank car initially at rest
once an off-center drain opens. The tank car rolls without friction on a horizontal surface, and the
water flows out of the drain vertically in the rest frame of the car.

L INTRODUCTION

The motion of a leaky tank car is surprisingly complex.
We approach a solution in four steps: a brief introductory
discussion of the motion, a discussion of the forces that
cause the motion, a general analysis, and last, two detailed
examples. (This problem has appeared in recent years on
qualifying exams in Russia. )
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There are no external horizontal forces on the system of
tank car + water (including the water that has drained
out), so the momentum is conserved and the center of mass
(c.m.) of the whole system must remain fixed. As the water
drains out of the off-center hole the tank car initially moves
opposite to the direction of the drain to keep the c.m. fixed.
But if this motion persisted until all the water drained out,
then both the car and the fallen water would have momen-
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