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Instabilities in the Penning trap 

P. Paasche et al.: Instabilities of an electron cloud in a Penning trap 185

Fig. 3. Damping signal from a stored electron cloud.

Fig. 4. Excitation spectrum of motional frequencies of the
electron cloud.

3 Measurements and results

We measured the motional resonances of the electrons
by applying an additional r.f-field capacitively coupled
to the ring electrode using it as antenna, and sweeping
the frequency of this field. The electrons become excited
whenever the frequency coincides with one of the motional
modes. Some of the electrons leave the trap and the mo-
tional resonances appear as minima in the detection sig-
nal. Figure 4 shows such a spectrum which contains the
fundamental oscillation frequencies ω− (magnetron), ωz

(axial), and ω+ (perturbed cyclotron) as well as some lin-
ear combinations or multiples of these frequencies. The
number of observed combinations depends on the ampli-
tude of the applied r.f-field. Identification of the pure cy-
clotron frequency, ωc, enables us to determine the mag-
netic field accurately, in the trapping region.

We also measured the number of trapped electrons (in
relative units) for a given trapping potential and a fixed
magnetic field and averaged over a few detection signals
to reduce the statistical scatter of the signal height. The
amplitude of the signal was stable within a few percent.
The trapping voltage was incremented by a small amount
and a new value of the signal height recorded. The lowest
trapping voltage in our experiment was 10 V, and was the

voltage at which the electron’s axial frequency ωz equals
the resonance frequency of the tank circuit. The maximum
trapping voltage is decided by the maximum allowed value
for stable confinement for a given magnetic field. This is
derived from the condition that the term under the root
appearing in equations (3, 4) must be positive:

ωc
2 ≥ 2ωz

2 (5)

from which it follows that

Vmax =
q

2m
d2B2. (6)

Data were taken at different values of the magnetic field
and for different storage times, ranging from 10 ms to sev-
eral seconds. When we plot the measured electron number
for a fixed magnetic field and a fixed storage time as func-
tion of the trapping voltage we observed a reduction of the
electron number at some discrete points for small values
of V . They became more pronounced at higher voltages
until finally no electrons could be detected at all. Figure 5
shows an example for B = 3.2 mT and storage times up to
3 600 ms between electron creation and detection. Similar
studies were conducted for different values of the B-field.
Generally, no electrons could be observed when the trap-
ping voltage exceeded about half the value calculated from
the stability criterion (Eq. (6)). More and broader minima
in the detection signal appeared for longer storage times.
At storage times of a few seconds they were extremely
broad indicating that stable storage of electrons was im-
possible at these storage times.

4 Discussion

The experimental results can be displayed in a general way
when we normalize the trapping voltage to the calculated
voltage limit at each magnetic field as in Figure 6. Then it
is seen that the instabilities occur always at certain frac-
tions of the normalized voltage. These positions are given
by a simple relation between the motional frequencies of
the electrons:

nzωz + n+ω+ + n−ω− = 0 (7)

where nz , n+, n− are integers. Figure 6 indicates the po-
sitions of these instabilities for a few sets of integers. In
order to predict the sets of integers (nz, n+, n−) where
storage instabilities occur, we follow an analysis as sug-
gested by Kretzschmar [26]. By rewriting (7), using (3)
and (4), we obtain,

(n+ + n−)ωc + 2nzωz = (n− − n+)
!

ωc
2 − 2ωz

2. (8)

Squaring this on both sides, leads to a linear relation be-
tween ωz and ωc:

ωz = Kωc (9)

Werth group 2003 

You can see resonances 
with an external drive at  
integer combinations of 
trap oscillation 
frequencies in the 
Penning trap 
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Instabilities in the Penning trap 

Werth group 2003 

186 The European Physical Journal D

Fig. 5. Detected electron number (in arbitrary units) as a
function of the storage potential. Data were taken at a fixed
magnetic field (3.2 mT) and for different storage times.

where K is a proportionality constant related to the inte-
gers and is given by

K =
B ±

√
B2 − AC

A
(10)

A = 2(n+ − n−)2 + 4nz
2 (11)

B = −2(n+ + n−)nz (12)
C = 4n+n−. (13)

The upper limit is given by Kmax = 1/
√

2 and represents
the stability limit. Figure 7 shows plots for representative
values of K obtained from the integer triplets we have
recorded in our measurements. Motional instabilities thus
may occur, at frequencies that satisfy equation (9) for any
particular value of K. The predictions and the experimen-
tally observed instabilities agree on the 1% level which is
the uncertainty of the measured voltages at which they
occur.

The appearance of instabilities is explained by consid-
ering the expansion of the trapping potential in a series of
spherical harmonics Pn(cos θ) [12]:

Φ =
∞!

n=0

cn

" r

r0

#n
Pn(cos θ) (14)

n = 2 gives the ideal quadrupole potential and non-zero
coefficients cn indicate the existence of perturbing poten-
tials of order n, which are time-independent and are at-
tributed to imperfections in the shapes of the electrodes,
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Fig. 6. Stored electron number (in arbitrary units) for different
magnetic fields as a function of the trapping voltage. The volt-
age is normalized to the stability limit given by equation (6).
The storage time is fixed to 600 ms.

misalignments or space charge effects in the trapping re-
gion. In his work, Kretzschmar [13,14] applies perturba-
tion theory formulated in terms of action-angle variables,
for determining the shifts in the characteristic frequen-
cies in a perturbed orbit, for perturbations that are time-
independent as well as time-dependent. For static per-
turbations, as in our case, perturbative singularities are
shown to occur when the frequencies satisfy equation (7).
The details of these calculations may be found in these
references and are not elaborated here. In this context
it should be mentioned here that the method of Birkhoff
normal forms can also be applied [27] in predicting these
instabilities.

In addition to theoretically predicting these instabili-
ties, an expansion of the potential in a Fourier series [13]
reveals the restriction on the integers in equation (7):

|n+| + |n−| + |nz| ≤ n. (15)

From the above equation, it is clear that for a given set
of integers that satisfies equation (7), we can assume the
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misalignments or space charge effects in the trapping re-
gion. In his work, Kretzschmar [13,14] applies perturba-
tion theory formulated in terms of action-angle variables,
for determining the shifts in the characteristic frequen-
cies in a perturbed orbit, for perturbations that are time-
independent as well as time-dependent. For static per-
turbations, as in our case, perturbative singularities are
shown to occur when the frequencies satisfy equation (7).
The details of these calculations may be found in these
references and are not elaborated here. In this context
it should be mentioned here that the method of Birkhoff
normal forms can also be applied [27] in predicting these
instabilities.

In addition to theoretically predicting these instabili-
ties, an expansion of the potential in a Fourier series [13]
reveals the restriction on the integers in equation (7):

|n+| + |n−| + |nz| ≤ n. (15)

From the above equation, it is clear that for a given set
of integers that satisfies equation (7), we can assume the

Motion instabilities 
occur in the Penning 
trap in the same way 
as RF traps 
 
They occur when there 
are integer relations 
between oscillation 
frequencies 



Slide 5 

Richard Thompson 
Les Houches 2015 

7.  The Rotating Frame 

•  It turns out that much of the physics of the Penning 
trap is simplified if we move to a frame rotating at half 
the cyclotron frequency. 
•  The centripetal force (−mω2r) gives rise to a force that gives a 

confining potential in this frame 
•  This overcomes the negative radial potential in the lab frame 

leading to a net confining potential 
•  The Coriolis force (−2ω∧v)	 gives rise to a force 

perpendicular to the velocity of a particle that cancels out the 
force due to the magnetic field 

•  Therefore in this frame there is effectively no magnetic field 

•  As a result, the radial motion in this frame 
reduces to standard two-dimensional SHM 
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Equations of motion 

•  The original radial equations of motion were 

    or                                                    with u=x+iy 
•  The transformation to a frame rotating at ωc/2 gives 

    or 
    with  
•  This is just SHM in a potential well at frequency ω1  

!!x +ωc !y − (ω z
2 / 2)x = 0

!!y −ωc !x − (ω z
2 / 2)y = 0

!!u− iωc !u− (ω z
2 / 2)u = 0

!!u+ (ωc
2 / 4−ω z

2 / 2)u = 0
!!u+ω1

2u = 0

ω1
2 =ωc

2 / 4−ω z
2 / 2
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Oscillation frequencies for small crystals 

Axial 
Cyclotron 
Radial (rot frame) 
Mod cyclotron 
Magnetron 

Trap voltage 

Fr
eq

ue
nc

y 

ωc 

ωm 

ωz 

ω1 

ω’c 

radial axial 

•  ω1 is the oscillation 
frequency in the rotating 
frame 

•  It reduces as the trap 
voltage is increased 

•  It becomes zero at the 
point where the trap 
becomes unstable 
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Oscillation frequencies in the two frames 

•  In the frame rotating at ωc/2 the 
potential is a 2D harmonic potential 
well of frequency ω1.  

•  We take the two normal modes to be  
•  clockwise rotation (ω1)  
•  anti-clockwise rotation (−ω1)  

•  When these are transformed back to 
the lab frame they become 
•  Cyclotron motion (ωc/2+ω1) 
•  Magnetron motion (ωc/2−ω1) 
•  Now both clockwise 

ω1 

−ω1 

ω1 
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How does the motion transform? 

•  The motion is much 
simpler to describe in the 
rotating frame (RF) 

•  Why do we usually end 
up with rm>rc? 
•  A particle at rest in the lab 

frame will be moving at 
−ωc/2 in the rotating 
frame so las a larger 
magnetron component 

RF LAB 
Pure cyclotron 

Pure magnetron 

Equal cyclotron 
and magnetron 

Cyclotron bigger 
than magnetron 

Cyclotron smaller  
than magnetron 
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Can we visualise the motion? 

•  Yes we can!   
•  But in order to do so we need a 

2D simple harmonic potential  
•  A wok makes an excellent potential 

well  
•  A ball bearing is an excellent model of 

an ion 
•  But the motion of a ball bearing in a 

wok is not very interesting 

•  We need to simulate the effect of 
the magnetic field 
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Can we visualise the motion? 
•  In order to simulate the effect of the magnetic field we 

need to view the 2D simple harmonic potential from a 
rotating frame 
•  Solution:  use a rotating camera 
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Centre of mass and relative motion of two ions  

•  The motion of two 
ions appears very 
complicated 

 
•  But actually it’s very 

simple if you separate 
it into centre of mass 
and relative motions 

•  In the same way, 
things simplify in the 
rotating frame! 

      

274

Fig. 3a–d. Two-ion motion before and af-
ter separation into centre of mass and rela-
tive coordinates. a and b show the motion
of each of the two ions in the laboratory
frame; c shows the motion of the centre of
mass of the two-ion system; and d shows
the relative motion of the two ions. Note
that the form of the motion in c and d is
similar, but the frequencies are shifted for
the relative motion due to the effect of the
Coulomb interaction

Since we are considering the relative motion only, if one ion
is at position r then the other is at −r. If the rotation is at an
angular frequency ωr (which, as we shall see, can take any
value from 0 to ±ω1), then there is an outward centrifugal
force on each ion ofmω2rr and also an electrostatic repulsion
of e2/(4πϵ0(2r)2). Countering this is an inward force due to
the potential of mω21r. Therefore in equilibrium we have
mω21r = mω2rr + e2/(16πϵ0r2) (16)
giving
ω2r = ω21 − e2/(16πϵ0r3m) (17)
This is an exact equation for ωr when the rotation is the
only type of motion present. If the rotation is in the positive
sense, then the motion in the laboratory frame is the modified
cyclotron motion with a shifted frequency of ωc/2 + ωr; if
it is in the negative sense, then the laboratory frame has a
shifted magnetron frequency of ωc/2 − ωr. Note that both
of these shifted frequencies move towards the value ωc/2
from their original values. This is as expected for space
charge shifts of large clouds (see [6]). Note also that the
minimum separation of the ions (when ωr = 0) is given
by r3min = e2/(16πϵ0mω21) and, as expected, is reduced by
increasing the value of ω1.
The most general form of the motion in the rotating

frame is now that of a vector of length r0 rotating at a
frequency ωr with a small amplitude “vibrational” motion
superimposed at a frequency ωv . In the limit of large sep-
aration (ωr → ω1), this small amplitude vibrational motion

Fig. 4. Parameters of the motion for two “crystallised” ions in the rotating
frame

must be a circle (in the opposite sense to the main rotation;
see Sect. 2.2), whereas in the limit of the minimum separa-
tion (ωr → 0) it must be a one-dimensional oscillation along
the radius vector. Therefore we represent it in the general
case as an ellipse with major axis 2r1 along the rotating vec-
tor (of length r0) and with minor axis 2r2 perpendicular to
the r0 vector. This small amplitude rotational motion is at

Ion 1 Ion 2 

COM Relative 
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2 ions in the rotating frame 

•  Large separation: 
•  ωR ~ ω1  in RF 
•  ωR ~ ωm  in LAB 
 

•  Medium separation 
•  ωR < ω1 in RF 
•  ωR > ωm  in LAB 

•  Small separation: 
•  No rotation 
•  ωR =0 in RF 
•  ωR  ωc/2 in RF  
•  Brillouin Flow 
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Many ions in the rotating frame 

•  A plasma is easy to picture in 
a potential well and in the 
absence of the magnetic field 

•  If the plasma is not rotating in 
the rotating frame, it will sit at 
the bottom of the potential 
and have the maximum 
density 
•  Brillouin flow! 

•  If it rotates in the rotating 
frame, centrifugal force will 
force the particles out and the 
density will drop 
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Many ions in the rotating frame 
•  A plasma is easy to picture in a 

potential well and in the absence of the 
magnetic field 

•  If the plasma is not rotating in the 
rotating frame 
•  Frequency of the confining potential is ω1 so 

density is  

•  If it rotates at ωR‘ in the rotating frame: 
                    ω1

2 è ω1
2  − ωR‘2  

•  Rearranging: 
 
     as we had before 

n =mωc
2ε0 / 2e

2 ωR‘  

n = 2ε0mωR (ωc −ωR ) / e
2
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8.  Cooling in the rotating frame 

•  We will now look again at cooling in the Penning trap 
as viewed from the rotating frame 

•  We will find this gives us new insights into how 
cooling works 
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Effect of a buffer gas in the rotating frame 

•  A buffer gas gives a uniform 
damping force in the lab frame 

•  In the rotating frame this damping 
force is rotating at −ωc/2 
•  This looks like a whirlpool 

•  It creates a torque that rotates a 
single ion in the negative sense at 
−ω1 and accelerates it outwards 
•  This corresponds to increasing 

magnetron radius 

•  This is why buffer gas damping 
increases the magnetron radius 
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Effect of laser cooling in the rotating frame 

•  A uniform cooling laser beam 
also  gives a uniform damping 
force in the lab frame 

•  In the rotating frame this damping 
force is rotating at −ωc/2 
•  This looks like a whirlpool 

•  It creates a torque that rotates a 
single ion in the negative sense at 
−ω1 and accelerates it outwards 
•  This corresponds to increasing 

magnetron radius 

•  This is why a uniform laser beam 
increases the magnetron radius 
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Effect of laser cooling in the rotating frame 

•  A laser beam offset from the 
centre of the trap gives a rotating 
damping force in the lab frame 
•  The rotation speed of the damping (say 
ωL) is proportional to the slope of laser 
intensity across the trap centre 

•  In the rotating frame this damping 
force is rotating at −ωc/2+ωL    
•  This still looks like a whirlpool but if it 

rotates at a speed between −ω1 and 
+ω1 it will cool the motion 

•  This is why an offset laser beam 
cools the magnetron radius 
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Effect of laser cooling in the rotating frame 

•  For a Coulomb crystal, the rotating 
damping force in the rotating 
frame will drag the crystal till they 
both rotate at the same frequency 

•  We can therefore control the 
density and shape of the crystal by 
changing the laser parameters 

 
•  We match our simulations to the 

observed crystal configuration, 
and that determines the rotation 
frequency 

Images of 15-ion crystals 
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Rotation of the crystal  

•  Comparison of experimental images 
with simulations yields the effective 
radial potential seen by the crystal 

•  From this we can determine the 
rotation frequency in the lab frame (ω) 

•  We find that ω is determined only by 
the parameters of the laser cooling 
beam 
•  Independent of trap parameters, 

the crystal conformation and the 
number of ions (for small crystals) 

•  Measured values of ω are consistent 
with known laser parameters  Plot of the effective radial 

potential seen by the crystal as 
a function of axial frequency 

potential in this frame gives an harmonic oscillation frequency of

o1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
O2=4"o2

z=2
q

. In the rotating frame, the ions therefore
behave as if they are in a 3D potential well with no magnetic field.
Note that unlike in RF traps, no pseudopotential approximation
is required in this treatment and the trap potential automatically
has exact cylindrical symmetry. If the ion crystal has the highest
possible density (Brillouin flow27), it will be stationary in this
frame and it will be rotating in the laboratory frame at O/2. If,
however, the crystal is not stationary in the rotating frame, its
observed angular rotation frequency (Orot) will not equal O/2 and
the density will be lower. In the rotating frame, this drop in
density can simply be seen as the consequence of an outward
(centrifugal) force on each ion arising from its orbit of the trap
centre. This approach also leads to the above expression
(equation 1) linking n0 to Orot.

If O
0

rot is the angular frequency at which the crystal is rotating
in the rotating frame, then we can relate this to the observed
angular rotation frequency in the laboratory frame Orot through

Orot ¼ O=2"O
0

rot: ð2Þ

This assumes that OrotoO/2, which is true for all the experiments
reported here. The effective harmonic trap frequency in the
crystal frame, that is, the frame in which the crystal is stationary,
is given by

o2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2

1"O
0 2
rot

q
: ð3Þ

Our simulations take into account this effective reduction in
radial confinement arising from any rotation of the crystal in the
frame that is itself rotating at O/2 with respect to the laboratory.
We find that there is good agreement between the simulated and
the observed configurations when we take this rotation into
account. For example, we find in our simulations that the first
onset of the zigzag shape of the ion string comes at a lower value
of applied voltage than would be expected, based on the effective
potential in the rotating frame. Figure 4 is a plot of the measured
values of oz=

ffiffiffi
2
p" #

=ðO=2Þ at which the linear-to-zigzag transition
occurs, for strings of different numbers of ions. The laser
parameters remained approximately the same for all the data
presented in Fig. 4. It is clear from the plot that these zigzag
crystals are neither stationary in the laboratory frame nor in the

rotating frame. A theoretical analysis of the effect of the laser
cooling beam on the crystal, based on the ideas presented in
ref. 35, shows that the actual value of the rotation frequency in the
laboratory frame is dependent on the laser-cooling parameters
and can be estimated in our trap to be anywhere within the range
35–280 kHz (that is, Orot¼ (0.1–0.8)%O/2), depending on the
saturation, offset and detuning of the laser beams. This analysis
only applies in the limit that the radius of the crystal is less than
the radial laser beam waist (B30 mm).

Figure 3 shows images of the crystals obtained for a wide range
of applied endcap voltages (which set the value of oz). Comparing
each image with simulations, it is possible to arrive at value of o2
for each value of oz. Combining equation 3 with the definition of
o1 gives

2
O

$ %2

o2
2þ

o2
z

2

& '
¼ 1" O

0

rot

O=2

 !2

ð4Þ

which is the equation of a circle of radius
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" O

0

rot=ðO=2Þ
( )2

q
.

Figure 5 is a plot of o2/(O/2) versus oz=
ffiffiffi
2
p" #

=ðO=2Þ for all the
15-ion crystal images obtained over the full range of applied
voltages. For weak axial confinement, the rotation frequency of
the crystal in the laboratory frame is BO/4. However, when
oz=

ffiffiffi
2
p" #

=ðO=2Þ\0.4, it can be seen that it increases. At this
point, the crystal radius is B20 mm.

As Orot changes, the density of the crystal should adjust
according to equation 1. Estimates of the density of the crystal are
consistent with the rotation frequency derived by comparison of
images of crystals with simulations. For a crystal having a radius
less than the laser beam waist, the equilibrium rotation rate is
determined mainly by the laser parameters (saturation, offset
and detuning) and is approximately independent of crystal shape
and size.
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Figure 4 | Transition from linear to zigzag structure. Plot of the measured

values of oz=
ffiffiffi
2
p" #

=ðO=2Þ at the onset of a zigzag structure for different

lengths of chain. The solid lines follow theoretical predictions calculated for
different values of the rotation frequency of the crystal. The best fit
suggests that these crystals were rotating at B0.34%O/2 in the
laboratory frame or 0.66%O/2 in the rotating frame.
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Figure 5 | Determination of the radial trapping frequency. Plot of the
radial trapping frequency in the crystal frame against the axial trapping
frequency. The data are derived by comparison of experimental images with
simulations. The error bars are derived from how accurately the radial trap
frequency can be determined by comparison with the computer

simulations. Lines of constant O
0

rot are shown for comparison. For the
chosen scaling, these lines are circular arcs.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3571 ARTICLE
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& 2013 Macmillan Publishers Limited. All rights reserved.
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9.  Axialisation 

•  Axialisation is a technique for cooling the magnetron 
motion 

•  It requires two things: 
•  Coupling of the magnetron motion to another motion in the trap 
•  A damping mechanism for the second motion 

•  When set up properly, it results in cooling of both motions 
at the same time 

•  BEWARE:  It also goes by other names: 
•  Sideband cooling [not to be confused with optical sideband cooling] 
•  Magnetron centering 
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Coupling of motions 

•  In general two oscillators are coupled 
by excitation at their difference 
frequency to exchange energy 
•  e.g. a laser driving an atomic transition 

•  We can couple the magnetron and 
cyclotron motions by excitation at 
their sum frequency  
•  This is because of the negative energy of 

the magnetron motion  
•  The sum frequency is just the cyclotron 

frequency ωc = ω’c + ωm  

•  We can also think of it in terms of 
quantum mechanical levels 
•  ωc drives nc to nc+1 and nm to nm−1 

nc nm 

2 

1 

0 
0 

0 

0 

6 

6 

6 
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Quantum mechanical picture 964 H F Powell et al

Excitation at = + by
axialization drive Cooling of cyclotron motion via

laser cooling

0

1

2

3

nc

0
1
2
nm

Figure 1. Motional energy levels of an ion in the Penning trap (not to scale). Note that the cyclotron
energy is positive but that of the magnetron motion is negative. The solid bold upward arrow shows
transitions driven by the axialization drive at ωc = ω′

c + ωm , and the downward dashed arrow
represents the effect of a cycle of laser cooling reducing the quantum number of the cyclotron
motion. In our experiments, ω′

c and ωm are typically 2π × 600 and 2π × 30 kHz respectively.

Note that with laser cooling the values of the damping coefficients can be varied by changing
the laser frequency and position [5]. The axialization process was previously demonstrated
with buffer-gas cooling where the relative damping rates are fixed and do not vary with the
amplitude of the motion. The appearance of the stable orbit is therefore a feature unique to
laser cooling.

3. Demonstration of axialization

Our set-up consists of a Penning trap with an internal diameter of 10 mm located between the
pole pieces of an electromagnet generating a field of roughly 1 T [16]. The ring electrode
is split into four segments for application of the quadrupole axialization drive. The trapped
magnesium ions are Doppler cooled with laser radiation tuned close to the resonance line
at 280 nm. The natural linewidth of this transition is 43 MHz (giving a theoretical Doppler
limit of 1 mK) so the motional sidebands are not resolved (all the ion oscillation frequencies
are less than 1 MHz). The fluorescence is detected by a photomultiplier which feeds pulses
to a multichannel scaler (MCS) (to measure the fluorescence rate) or to a time to amplitude
converter (TAC) and multichannel analyser (MCA) (for photon correlation studies). Some
of the light can be imaged with a magnification of ∼1 onto an ICCD having a pixel size of
13 µm. If the fluorescence signal is monitored by the photo-multiplier, an increase is observed
immediately when the axialization drive is applied, as the size of the cloud is reduced and the
ions are cooled more strongly [17].

The ICCD images show an immediate reduction in the size of an ion cloud when the
axialization drive is turned on, showing that compression of the cloud has been achieved. It
is then possible to optimize the conditions to improve the axialization, which further reduces
the size of the cloud. Figure 3 shows an image of an optimized single ion. The measured
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Damping 

Damping can be provided by a number of means: 
•  Buffer gas – used in mass spectrometry experiments 

•  Especially Fourier Transform ICR (ion cyclotron resonance) 
•  Gives a well controlled damping force on all particles 

•  Resistive cooling 
•  Also used widely 

•  Laser cooling 
•  Damping force is only applied to ions located in the laser beam and 

this is not ideal 
•  Ions are much better localised when axialisation applied 
•  Laser beam can be directed through trap centre as offset is no 

longer required 
•  Note that the magnetron can also be coupled to the axial motion using 

excitation at  ωz − ωm  (needs different field symmetry) 
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Effect of the coupling 

•  The coupling causes energy exchange at a rate δ 
between the two modes of motion 

•  If the modes are damped at rates γc  and γm then   

•  The condition for axialisation to work is  

Even so the cyclotron motion is minimized considerably
more efficiently than the magnetron orbit. This is due to the
relatively small gradient of laser intensity across the center
of the trap [7].

The motional frequencies of trapped ions can be probed
by measuring the response of the ion cloud to a small
oscillating drive voltage applied to the trap electrodes. In
a laser cooled system the changing shape of the ion cloud
as a result of resonant driving is reflected in the fluores-
cence intensity emitted by the ions. By scanning a range of
drive frequencies close to one of the ion motional frequen-
cies a dip or peak will be observed in the fluorescence at
the resonant frequency. Drive voltages can be applied to the
trap electrodes in a number of configurations, which offer
different ways of manipulating and detecting the cloud
oscillations.

Of interest here is a scheme termed azimuthal quadru-
polar excitation: axialization. This requires that the ring
electrode be split radially into four electrically isolated
segments each of which is supplied with an oscillating
voltage of frequency, !c. A phase difference of ! is
introduced between the supplies to adjacent segments.
The quadrupole field allows energy to be coupled between
the modified cyclotron and magnetron motions [8]. With
the additional presence of suitable damping, the radius of
the magnetron motion decays, leaving the ions axialized.
In this state the ion cloud becomes insensitive to the laser
beam position which can now be moved to the trap center
for the most efficient ion confinement.

An alternative technique for increasing the density of ion
cloud plasmas in a Penning trap is the ‘‘rotating wall,’’
where the cloud rotation frequency (!r ! !c=2 for maxi-
mum plasma density) is locked to an external drive [14].
Sympathetic cooling can also be used to reach low tem-
peratures and compress an ion cloud [15]. Our method is
particularly well suited to small clouds and especially
single ions for use in quantum information processing.

The equations of motion for our system are [16,17]

_rrc ! "rm " #crc; _rrm ! ""rc " #mrm; (1)

where rc and rm are the radii of the cyclotron and the
magnetron orbits, respectively, #c and #m are the corre-
sponding damping coefficients, and " is the coupling con-
stant of the axializing drive. Assuming that rc and rm
evolve as exp#"!t$, we obtain an expression for the damp-
ing coefficient !:

! ! %##c & #m$ '
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

##c & #m$2 " 4##c#m & "2$
q

(=2:
(2)

Consideration of this expression leads to the following four
distinguishable conditions: (i) If #c ! #m ! 0 the system
oscillates between pure cyclotron and pure magnetron
motion with no reduction in energy. (ii) If either #c or
#m is large and positive (with the other one small) such that

"2 > "#c#m, then rc; rm ! 0 as t ! 1. (iii) If "2 !
"#c#m with #c > " > 0;#m < 0, then we obtain a stable
orbit such that rm=rc ! #c=" ! j"=#mj. (iv) If "2 <
"#c#m, then the orbit expands until condition (iii) is
met. Axialization occurs only when condition (ii) is met.
The final set of conditions embodies the main difference
between buffer gas cooled and laser cooled systems. With
buffer gas cooling, the damping coefficients have a fixed
ratio and are constant for a given buffer gas pressure. With
laser cooling, the ratio of the two damping rates (and even
their signs) can be varied by changing the laser frequency
and/or position. In addition, both damping rates reduce if
the motion of the ions takes them outside the laser beam.
Therefore the stable orbit mentioned above can be
achieved only in the case of laser cooling [17].

The experiments were carried out using magnesium ions
which can be laser cooled using the 2S1=2 ! 2P3=2 transi-
tion at 280 nm. The light is provided by a stabilized,
frequency doubled dye laser pumped by an Ar& laser
working on a single line at 514 nm. The trap is described
in Ref. [18]. Laser light passes through the trap via holes
cut into the ring electrode, and light from the ions emerges
from a hole also cut in the ring. The fluorescence signal is
focused into a photomultiplier tube and photon counts are
recorded using a multichannel scaler. In some investiga-
tions the counts from the photomultiplier were sent to a
time to amplitude converter so that photon-photon corre-
lations could be analyzed [19]. To image using the intensi-
fied charge-coupled device (ICCD) camera, some light is
picked off and focused onto the camera array with a
magnification of )1. In this experiment the exposure
time for each image is 10 s.

To produce an axialized cloud the trap is initially loaded
with a small number of ions. With the 280 nm laser
frequency detuned by approximately 400 MHz the cyclo-
tron drive is applied at a peak to peak amplitude of 0.4 V. If
the signal is monitored by the photomultiplier, an increase
in fluorescence is observed. This increase in the count rate
is immediate and can be explained by the cloud becoming
more dense when the drive is applied: its Doppler width
and radial extent being reduced by the drive field.
Maximum signal and full axialization are achieved when
the laser frequency approaches resonance and the beam is
central within the trap.

When the drive frequency is scanned from below to
above the cyclotron frequency, a resonance peak can be
observed in the ion fluorescence. It was found that the
width of the cyclotron resonance depends upon the position
of the laser beam. Figure 1 shows the cyclotron resonance
for a single ion (confirmed by monitoring quantum jumps).
Initially (trace 1) when the laser beam is in its usual
position for laser cooling, the resonance is broad: 20 kHz
(FWHM). Once the beam position is moved to the center
of the trap (trace 2) the resonance narrows: <200 Hz
(FWHM). Reduction of the resonance width occurs be-
cause, with the laser beam centered, the magnetron motion
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cence intensity emitted by the ions. By scanning a range of
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cies a dip or peak will be observed in the fluorescence at
the resonant frequency. Drive voltages can be applied to the
trap electrodes in a number of configurations, which offer
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polar excitation: axialization. This requires that the ring
electrode be split radially into four electrically isolated
segments each of which is supplied with an oscillating
voltage of frequency, !c. A phase difference of ! is
introduced between the supplies to adjacent segments.
The quadrupole field allows energy to be coupled between
the modified cyclotron and magnetron motions [8]. With
the additional presence of suitable damping, the radius of
the magnetron motion decays, leaving the ions axialized.
In this state the ion cloud becomes insensitive to the laser
beam position which can now be moved to the trap center
for the most efficient ion confinement.

An alternative technique for increasing the density of ion
cloud plasmas in a Penning trap is the ‘‘rotating wall,’’
where the cloud rotation frequency (!r ! !c=2 for maxi-
mum plasma density) is locked to an external drive [14].
Sympathetic cooling can also be used to reach low tem-
peratures and compress an ion cloud [15]. Our method is
particularly well suited to small clouds and especially
single ions for use in quantum information processing.

The equations of motion for our system are [16,17]
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where rc and rm are the radii of the cyclotron and the
magnetron orbits, respectively, #c and #m are the corre-
sponding damping coefficients, and " is the coupling con-
stant of the axializing drive. Assuming that rc and rm
evolve as exp#"!t$, we obtain an expression for the damp-
ing coefficient !:
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Consideration of this expression leads to the following four
distinguishable conditions: (i) If #c ! #m ! 0 the system
oscillates between pure cyclotron and pure magnetron
motion with no reduction in energy. (ii) If either #c or
#m is large and positive (with the other one small) such that
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"#c#m with #c > " > 0;#m < 0, then we obtain a stable
orbit such that rm=rc ! #c=" ! j"=#mj. (iv) If "2 <
"#c#m, then the orbit expands until condition (iii) is
met. Axialization occurs only when condition (ii) is met.
The final set of conditions embodies the main difference
between buffer gas cooled and laser cooled systems. With
buffer gas cooling, the damping coefficients have a fixed
ratio and are constant for a given buffer gas pressure. With
laser cooling, the ratio of the two damping rates (and even
their signs) can be varied by changing the laser frequency
and/or position. In addition, both damping rates reduce if
the motion of the ions takes them outside the laser beam.
Therefore the stable orbit mentioned above can be
achieved only in the case of laser cooling [17].

The experiments were carried out using magnesium ions
which can be laser cooled using the 2S1=2 ! 2P3=2 transi-
tion at 280 nm. The light is provided by a stabilized,
frequency doubled dye laser pumped by an Ar& laser
working on a single line at 514 nm. The trap is described
in Ref. [18]. Laser light passes through the trap via holes
cut into the ring electrode, and light from the ions emerges
from a hole also cut in the ring. The fluorescence signal is
focused into a photomultiplier tube and photon counts are
recorded using a multichannel scaler. In some investiga-
tions the counts from the photomultiplier were sent to a
time to amplitude converter so that photon-photon corre-
lations could be analyzed [19]. To image using the intensi-
fied charge-coupled device (ICCD) camera, some light is
picked off and focused onto the camera array with a
magnification of )1. In this experiment the exposure
time for each image is 10 s.

To produce an axialized cloud the trap is initially loaded
with a small number of ions. With the 280 nm laser
frequency detuned by approximately 400 MHz the cyclo-
tron drive is applied at a peak to peak amplitude of 0.4 V. If
the signal is monitored by the photomultiplier, an increase
in fluorescence is observed. This increase in the count rate
is immediate and can be explained by the cloud becoming
more dense when the drive is applied: its Doppler width
and radial extent being reduced by the drive field.
Maximum signal and full axialization are achieved when
the laser frequency approaches resonance and the beam is
central within the trap.

When the drive frequency is scanned from below to
above the cyclotron frequency, a resonance peak can be
observed in the ion fluorescence. It was found that the
width of the cyclotron resonance depends upon the position
of the laser beam. Figure 1 shows the cyclotron resonance
for a single ion (confirmed by monitoring quantum jumps).
Initially (trace 1) when the laser beam is in its usual
position for laser cooling, the resonance is broad: 20 kHz
(FWHM). Once the beam position is moved to the center
of the trap (trace 2) the resonance narrows: <200 Hz
(FWHM). Reduction of the resonance width occurs be-
cause, with the laser beam centered, the magnetron motion
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Simulation of axialisation 

•  With coupling alone, the orbital energy exchanges 
between magnetron and cyclotron motion 

•  With damping as well, the amplitude of both motions 
decreases 
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How do we apply the field? 

•  With axialisation we apply a radial quadrupole 
field at ωc   
•  We need four segments (minimum) to apply a 

radial quadrupole field  
•  e.g. by splitting the ring electrode into 4 segments 
•  This allowed us to get our first well localised 

single ion images  
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Results of axialisation experiments 

•  Equivalent to two coupled and damped simple 
harmonic oscillators 

•  There is therefore an “avoided crossing” close to 
resonance 

Effect of quadrupole drive 
with cyclotron damping 
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Rotating frame picture 
•  For axialisation we apply an oscillating quadrupole field at ωc. 
•  This can be decomposed into two counter-rotating 

quadrupoles at frequency ωc/2 
•  One of them is therefore stationary in the rotating frame 
•  It “squeezes” the potential  
•  The potential in this frame is no longer cylindrically symmetrical  
•  The normal modes are now linear oscillations parallel and 

perpendicular to the axis of the squeeze 
•  If the initial condition is circular motion in  
   one direction this sets both normal modes in 
   motion and this gives beats between them 
•  The particle oscillates between clockwise  
   (cyclotron) and counterclockwise   
   (magnetron) rotation 
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Use of oscillating field to force alignment 

•  With a small number of cold ions this can be 
sued to force the particles to line up along 
the “soft” axis  

ω1 splits into 
two modes: 
 ωa < ω1  
 ωb > ω1   

ωa 

ωb 
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Relation to the Rotating Wall 

•  Axialisation is the application of an oscillating 
quadrupole at ωc 
•  It can be decomposed into rotating quadrupoles at ωc/2 
•  In general axialisation is used as a resonant process in a 

single (or few) particle system to couple the centre of mass 
frequencies 

•  The Rotating Wall is the application of a rotating 
quadrupole at some frequency ωR  
•  It’s used to force a plasma of many particles to rotate at ωR 

•  (it is often also used with a rotating dipole) 

•  If ωR = ωc/2 then then we have Brillouin flow and the 
techniques are (nearly) equivalent 
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Rotating (dipole) wall results at Imperial  

•  Image of plasma 
shows compression is 
achieved 

•  Control over full range 
of plasma rotation 
frequency 

•  We can also drive 
plasma resonances 

» Diagnostic for plasma 
parameters 

Also extensive 
work at NIST  
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Conclusion   

•  Penning traps are really good for a wide 
variety of experiments in different fields 
of physics 

•  Thanks for listening! 

error. The primary estimate of the error is ±0.3 resulted partly from the di�culty to address each

ion to a single pixel in the camera. This value is expected, as the Zemax simulation reports the

added imaging system to magnify the images by about 3.6 ± 0.1 times, and the original part has a

magnification of 3.0± 0.1, giving a prediction of about 11 times magnification.

7.2 Ion Cloud, Multiple Ions and Single Ion

A cloud of ions (more than 20) was captured, shown in Figure 7.2. This is generally the right image

seen before a stage of only a few ions is achieved in the experiment.

Figure 7.2: An ion cloud consisting of over 20 ions. This image contains 175⇥ 175 pixels.

Figure 7.3: Images of four, two, and single ion in the axial direction.

By turning o↵ the trap voltage for a short time (within 5 seconds) while running the experiment, some

ions in the cloud will escape from the trap due to the Coulomb repulsion, resulting in less ions staying
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