Newtonian Labs

‐ Electrodynamic Ion Traps ‐
Guide to Experiments

Figure 1. A view of the Electrodynamic Ion Traps instrument with the Ring Trap.

I. Introduction
The goal of this Guide is to give an overview of some
of the observations and experiments that can be
performed using the Newtonian Labs Electrodynamic
Ion Traps (EIT) instrument. For information about
the hardware itself, please see our Instrument
Description document. And for a more detailed
discussion of the underlying physics, please see our
Ion Trap Physics document.
You will see below that the experiments come in
many levels, from basic observations to more
involved quantitative measurements.
With a

spectrum of possibilities, the instructor may choose
a set of experiments that are appropriate for a given
group of students. There are numerous avenues for
student‐led research as well, including numerical
modeling of trap dynamics, for more advanced
students.

II. Experiments using the Ring Trap
We start our discussion with the Ring Trap, as this is
the most basic of the three traps, and it works well
for introducing the trap dynamics and micromotion.
For hardware information about the Ring Trap,
please see our Instrument Description document.

Basic trap dynamics
The first experiment is simply to load particles into
the trap and observe their behavior. This is
accomplished by turning up the high voltage,
charging the tip of the Teflon “wand” by rubbing it
with cloth, picking up some particles, and letting
them be drawn into the trap. (To see this process in
action, please take a look at some of our online
videos at NewtonianLabs.com.)

Once students are comfortable with loading
particles, the built‐in High‐Definition video+still
camera gives a better view of the trapped particles,
which are displayed in real time on the HD color
video monitor. The two images on this page show
examples of particles confined in the Ring Trap.

Figure 1 (previous page) shows a photo of the main
EIT chassis with the Ring Trap, as one would see it
sitting in front of the instrument. Note that the
particles are illuminated by laser light, making them
easily visible to the naked eye. A closer look quickly
reveals that even individual 25‐micron‐diameter
trapped particles are visible to the naked eye, as the
laser illumination is quite bright.
Figure 3. Eight particles in the trap.

We suggest letting students examine the ion traps by
direct visual observation at first, as this brings home
the reality of the trapping phenomenon. Students
can vary the trapping voltages, and the wand can be
used to “poke a stick” at the trapped ions, observing
how they respond. Ion traps, especially those with
many trapped particles, are quite dynamical and
fascinating to watch. Just observing the trap loading
and subsequent particle dynamics is quite engaging,
so this simple exercise gets the lab session off to an
excellent start.

The trapped particles oscillate at 60 Hz, and these
long‐exposure photographs (longer than 1/60th of a
second) show tracks that delineate the paths of each
particle. The particles all have like charges, so their
mutual repulsion keeps them apart, while at the
same time trapping forces push the particles toward
the trap center. The resulting lattice‐like structure is
called a Coulomb crystal.

Stroboscopic observations of the particle
micromotion
The laser illuminating the trapped particles can be
turned on and off electronically, and the instrument
provides a pulsed signal for this purpose. By strobing
the laser near 60 Hz, the micromotion can be viewed
at a much lower frequency. For example, if the laser
is strobed at 59 Hz, then the trapped ion cloud will
appear to expand and contract at 1 Hz. This
stroboscopic view makes it much easier to
understand the basic dynamics of the micromotion.
(To view this phenomenon live, please see some of
our online videos.)

Figure 2. A collection of particles held in the Ring Trap.
The inner diameter of the ring is 16 mm.

Observation of a Coulomb crystal

Effects from changing trapping potential

The stroboscopic feature can also be used to
“freeze” the particle micromotion, giving one a
better view of a Coulomb crystal:

After trapping a collection of ions, one can raise or
lower the trapping potential by adjusting HV‐AC, the
applied AC voltage. At higher voltages, the particles
are more tightly confined near the trap center. At
lower voltages, the cloud increases in size and sags
because of gravity.

PicoNewton gravitational forces
It is straightforward to trap a single particle in the
Ring Trap, typically by loading a larger number and
then expelling all but one by lowering and increasing
HV‐AC. A single particle can then be trapped
indefinitely:

Figure 4. A stroboscopic view of a Coulomb crystal.

To produce this photo, the laser was pulsed on
briefly every 1/60th of a second, effectively
"freezing" the 60‐Hz micromotion of the particles.
Because the particles have like charges and repel
one another, they self‐assembled into a lattice‐like
pattern. The pattern only approximately resembles a
hexagonal lattice for a number of reasons: 1) the
trap is three‐dimensional and the trapping forces
push the particles toward the trap center; 2) the
photograph projects the 3D pattern onto a 2D
image, and 3) the particles do not all have identical
charges. Residual micromotion blurs the particle
images somewhat, and the ions in this photo are
pulled downward, away from the trap center, by
gravity.

Effects from static electric fields
Static electric fields can be applied using the HV‐DC
adjust, and one can observe how these static fields
displace the trapped particles. It is also instructive to
charge up the Teflon or Nylon wands (by rubbing
with a cloth) and literally poke them at a cloud of
trapped particles. The electric fields around the
wands displace the particles, and it is quickly
discovered that the two wands pick up charges of
opposite signs.

Figure 5. A single trapped particle, without DC fields
(left), and with DC fields balancing gravity (right, with
arrow).

As can be seen in this pair of photos, in the
absence of an applied static (DC) field, gravity
pulls the particle downward until the AC
trapping forces provide an equal upward force.
The particle comes to rest below the trap
center, and at that position it exhibits some
micromotion (left image above). Alternatively,
one can provide a DC field so that the qE force
balances the gravitational force. The particle
then behaves as if it were in a zero‐gravity
environment ‐‐ the trapping forces push the
particle to the center of the trap, where there is
essentially no remaining micromotion (right
image above, with an arrow pointing to the
ion).

With gravity balanced, one can turn the AC
fields off and watch the particle slowly drift
away from the trap center (the drift caused by
residual stray fields or air currents), often taking
several seconds to leave the trapping region.
If one assumes that the particles are about 25
microns in diameter (this is measured below),
then it is straightforward to show that the
gravitational and qE forces are some tens of
picoNewtons. Although these are extremely
small forces, their effects are easily seen in this
apparatus.

Figure 6. A large cloud of trapped ions.

The triboelectric series
If the Teflon wand is used to load the Ring Trap, then
the trapped particles are negatively charged, as can
be verified by observing how they respond to static
electric fields. If the Nylon wand is used instead,
then the particles are positively charged. These two
materials are at opposite ends of the trioboelectric
series, and this is a good opportunity to describe this
oft‐overlooked area of physics
Triboelectric phenomena are complicated and not
terribly well understood, but they are enormously
important nevertheless.
Photocopying, laser
printing, and powder coating (a type of solvent‐free
painting widely used in manufacturing) are all huge
industries that rely on triboelectric effects. It is
useful to point out, especially to students
considering their future employment possibilities,
that there is much left to figure out in physics, even
in very old fields like triboelectricity.

Large particle clouds
With high AC trapping voltages, one can trap many
hundreds of particles in large clouds, as shown in
these images:

Figure 7. An even larger cloud.

Strobing the laser illustrates the coherent
micromotion of the particles, causing the entire
cloud to “breathe” in and out. The particle motions
are not in sync because of particle interactions;
rather the micromotion of each particle is
determined by the electric fields as a function of
time, and the fields are in phase across the entire
trap.

Visualizing the electric field geometry
Viewing a large cloud from the plane of the ring
gives one a nice view of the quadrupolar electric
field geometry:

drifting out the ends of the trap, but these forces are
relatively weak.

Creating a linear Coulomb crystal
With the Linear Trap it is straightforward to create
the most basic 1D realization of a Coulomb crystal:

Figure 8. A view of a large ion cloud from the plane of the
ring. The particle micromotion traces the quadrupolar
electric field geometry.

Strobing the laser with this edge‐on view shows the
particles “sloshing” up and down, again giving one
an excellent demonstration of the electric field
geometry
and
the
synchronized
particle
micromotion.
The Ring Trap was designed to provide a variety of
simple, quick, qualitative experiments aimed at
students who are seeing this physics, and this
apparatus, for the first time. Varying the AC and DC
voltages, the ring orientation, the number of
trapped particles, the laser strobe, and other
parameters, allows an excellent initial exploration of
the ion trapping phenomenon. Examining the trap
loading, particle charging, micromotion, trap
behaviors, etc., all help one obtain an intuitive
understanding of the trap dynamics, and help one
understand
the
connection
between
the
mathematics and the observations.

II. Experiments using the Linear
Trap
With the Linear Trap, students can explore the same
ion trapping physics in a different geometry. Here
the AC trapping forces are confined to two
dimensions, leaving the axial direction largely free of
trapping forces. Teflon endcaps keep particles from

Figure 9. Starting with a cloud of trapped ions (top), one
can create a linear Coulomb crystal (bottom). In this
crystal the particle spacing is a bit less than one
millimeter.

In the top image above, the particles have a range of
different q/m values, so gravity pulls them to
different positions in the trap (plus they separate
due to their mutual repulsion). The DC fields are set
so gravity is balanced for ions in the middle of the
cloud. Reducing the AC voltage causes particles with
lower‐than‐average q/m to fall down, while those
with higher‐than‐average q/m are pulled up. Letting
this process winnow down the number, one selects
particles with a narrow range of q/m values. Turning
the AC voltage back up, the result is a collection of
nearly equally spaced particles (lower image) – a
nearly ideal linear Coulomb crystal.

Observation of extended particle orbits
With the AC trapping voltages low, particles in the
Linear Trap are typically stably trapped, as shown in
the previous set of images. Turning the AC voltage
up, however, often produces elongated particle
orbits, as seen here:

they are an excellent demonstration of the richness
of the ion trapping phenomenon.

A lesson in mass spectroscopy
Dynamical instabilities like the one producing
extended orbits in the Linear Trap are central in the
largest single application of ion trapping technology
– chemical mass spectroscopy. Observing this
behavior in the Linear Trap can thus lead one to a
enlightening discussion of how mass spectroscopy is
done.
In one variation of ion‐trap mass spectroscopy, a
beam of ionized molecules is sent down the axis of a
linear trap, much like the Linear Trap in the EIT
apparatus (except operating in vacuum and at higher
frequencies). Heavy molecules are stably confined in
two dimensions by the trap electrodes, so they
travel along the axis of the trap axis essentially
unimpeded. These heavy molecules thus traverse
the trap and enter a detector that measures the
charged‐particle current.

Figure 10. At low voltages (top image), the trapped
particles are stable. At higher voltages (lower image),
some particles exhibit extended orbits, seen edge‐on in
the main photo. The inset image shows a typical orbit
seen face‐on.

The camera shows these orbits edge‐on, but looking
from a more oblique angle (by eye) reveals that the
orbits are somewhat diamond shaped. The orbits
arise from an instability in the particle motion, and a
detailed explanation of the origin of these orbits is
given in our Ion Trap Physics document.
How much time should be spent explaining these
orbits is up to the instructor. The full explanation is
quite lengthy, even at a qualitative level, and delving
into the mathematics of these orbits is still more
involved. Even without a full understanding,
however, the orbits are fascinating to watch, and

Lighter molecules, on the other hand, are driven into
extended orbits, similar to the extended orbits seen
in the Linear Trap. In the absence of air damping,
however, the extended orbits are completely
unstable, causing the particles to spiral outward.
The orbital instability thus causes these lighter
molecules to be ejected from the beam. The linear
trap geometry can thus distinguish between heavy
and light molecules.
In a mass spectrometer of this type, the AC trapping
voltage is varied in amplitude as a function of time,
and the beam current is simultaneously measured.
By analyzing the beam current as a function of the
trapping voltage, one can extract the mass
distribution of molecules. This information is then
typically used to determine the chemical nature of
the molecules in the beam, given other inputs as to
what molecules are likely present and their
respective masses.
In physics, one popular application of this technology
is the helium vacuum leak detector. Helium gas is
directed at various spots on a vacuum chamber from

the outside, and if a vacuum pump detects any
helium gas inside the chamber, this locates a leak.

The Trapnado
The Linear Trap provides a spectacular example of
collective particle behavior in ion traps, in a
phenomenon we are calling The Trapnado. Starting
with a large cloud of trapped particles, one simply
turns up the AC voltage to witness the particles
coalescing into a tight knot, bound together in spite
of the repulsive forces arising from their like charges:

pushing air radially outward. This fan effect also
results in a lower pressure region at the center of
the rotating particle cloud, and this low pressure
pulls air in along the rotation axis. These axial air
currents then pull particles into the whirling cloud.
With more particles in the cloud, the air currents
increase, thus pulling even more particles into the
cloud.
The positive feedback causes a rapid
transition to the Trapnado state. In real time, one
can see particles being drawn into the Trapnado
from either side, along the axis of the trap.
To our knowledge, a full mathematical model of this
collective behavior has not been realized.
Nevertheless, the Trapnado is readily seen in the
Linear Trap, often inspiring interesting discussions
about the nature of its fascinating behavior.

III. Experiments using the Single‐
Particle Trap
The Single Particle Trap (SPT) was designed with
quantitative measurements in mind. For example,
the top and bottom plates of the SPT produce quite
uniform static electric fields that can be accurately
determined from the applied DC voltage. The
integral microscope gives a good view of the trapped
particles, which are illuminated either from the side
by laser light, or from behind using an LED. The
microscope can be used to directly measure particle
sizes while they are trapped.

Measuring q/m

Figure 11. The transition from a cloud of ions in the
Linear Trap (top) to the Trapnado (bottom).

Producing a Trapnado is straightforward; explaining
it is less so. In a nutshell, raising the AC voltage
produces many elongated particle orbits. The orbital
motion of these particles generates a fan‐like effect,

One of the most basic quantitative experiments
using the SPT is to measure q/m, the charge‐to‐mass
ratio of individual particles. One simply loads a
single particle into the trap and then adjusts the DC
voltage to balance gravity. This results in a single
particle resting at the center of the trap, with no
micromotion. The force balance between electric
and gravitational forces means that qE = mg, giving
q/m = g/E, where g is the gravitational acceleration
and E is derived from the applied DC voltage and the
spacing between the top and bottom plates of the
SPT.

Measuring q
After measuring q/m for an individual trapped
particle, one can then measure the size of the same
particle directly on the video monitor, since the 25‐
micron‐diameter particles are well resolved by the
microscope. A plastic ruler held up to the monitor
suffices for this measurement. Following this, a rod
of known size is inserted into the SPT to calibrate the
image scale. The particle density is about 500 kg/m3
(roughly half that of water), so with a diameter
measurement the particle mass can be determined.
Combining this with q/m gives q, the particle charge.
A typical particle has a mass of 4 nanograms with a
charge of about 105 electron charges. Both q/m and
m can be measured quickly, allowing students to
examine many particles. Particle masses vary by
perhaps 30 percent (diameters by 10 percent), while
charges vary by perhaps a factor of two from particle
to particle. Students can also examine how q varies
with loading parameters, for example.

Particle discharging effects
Since individual particles can be trapped indefinitely
in the SPT, one can examine how rapidly particles
discharge (or charge). To date we have observed
some discharge effects for negatively charged
particles (over timescales of days), but we do not yet
understand the discharge mechanisms. Charging
and discharging effects remain an area for continued
research.

Figure 12. A composite image showing the particle
micromotion as the DC voltage is varied, with constant
trapping parameters (constant AC fields).

When the DC voltage is varied, the particle position
and micromotion change, as shown in the above
Figure. The mean particle position changes linearly
with applied DC voltage, indicating a Hooke’s Law
type trapping potential. The amplitude of the
micromotion also varies linearly with applied DC
voltage.

Quantitative measurements of particle
dynamics and micromotion (Advanced)
A single trapped particle in the SPT is stable for many
hours or even days, allowing a range of quantitative
measurements. After measuring q/m and m, one
can also record the particle micromotion as a
function of the applied AC and DC fields. The DC
fields apply a known external static force on a
trapped particle, while the AC fields generate the
trapping potential. From these parameters, the
particle micromotion can be calculated, and these
calculations can be compared with measurements.

Figure 13. Another composite image showing the particle
micromotion as the trapping (AC) voltage is changed. The
DC voltage was zero, so the only external static force was
from gravity. The first and last images were taken with
gravity balanced, and these indicate the geometrical
center of the trap.

Changing the AC voltage gives a more interesting
quadratic behavior shown in the Figure above, which
again can be compared with theory. Note that the
trap Is stable only as long as the top of the
micromotion remains below the trap center. When
the micromotion crosses the center position (above
4.8 kV for the particle in this example), the motion
switches to an extended orbit that goes both above
and below the centerline.
Using data like these, one can analyze the
micromotion to determine the particle damping
constant, and from this the particle radius (via
Stokes damping). This project is somewhat more
involved than the more rapid experiments described
above, and it would be quite suitable for a term
project for an advanced student.

Video observations of micromotion and
extended particle orbits (Advanced)
By strobing the laser and capturing a video of the
particle motion, one can measure the particle
position as a function of time during its orbit. This is
especially interesting for extended orbits in the SPT,
and one example is shown in the Figure below.

The extended orbits are fairly straightforward to
understand at a qualitative level, although not
without some effort examining the different forces
involved. (See our Ion Trap Physics document for a
detailed discussion.) The particle motion z(t) is
nearly confined to the r = 0 axis of the SPT, so to a
good approximation this is mathematically a one‐
dimensional problem. A quantitative understanding
requires computer simulation, and again this project
is well suited for advanced students looking for an
interesting challenge.

A broad educational tool
If one focuses attention on the more qualitative
experiments and physical explanations, plus
measuring q/m and m in the SPT, then the
Electrodynamic Ion Traps instrument is well suited
for the Freshman Lab. In this venue, these engaging
experiments can inspire a new‐found interest in the
physics major. On the other hand, a focus more on
quantitative experiments and theory is well suited
for advanced physics majors. For any audience,
however, electrodynamic ion trapping is a
fascinating phenomenon and an excellent tool for
teaching.

Figure 14. The graph on the left shows the measured position of a trapped particle (relative to trap center) as a
function of time, as the particle executed an extended orbit. These data were obtained by analyzing a video taken
when the laser was strobed. The image on the right shows a longer exposure, zoomed in on the center of the trap.
The brighter regions show where the particle slowed during its orbit.

