
Ground state cooling and coherent 
control of ions in a Penning trap 

Richard Thompson 
QOLS Group 
Imperial College London 

www.imperial.ac.uk/ion-trapping  



Richard Thompson 
TCP 2018 

2 

People involved in this work 

•  PhD students:  Ollie Corfield, Jake Lishman (theory), Manoj Joshi 
(now at Innsbruck), Vincent Jarlaud, Pavel Hrmo (now at Innsbruck) 

•  Masters student:  Will Schiela 
•  Staff:   Richard Thompson, Florian Mintert (theory),                    

Danny Segal (1960-2015) 



Richard Thompson 
TCP 2018 

3 

Outline of the talk 

•  Laser cooling in the Penning trap 
•  Effect of a large Lamb-Dicke parameter 

•  Sideband cooling of a single ion 
•  Coherent superpositions of motional 

states 
•  Coherent control with a bichromatic 

beam  
•  Coherent manipulation of the motion in 

high-n states 
•  Sideband cooling of two-ion ‘crystals’ 
•  Sideband cooling of the radial motion 
•  Summary 
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Doppler cooling of calcium in a Penning trap 

•  In the magnetic field of the Penning trap   
we obtain large Zeeman splittings 

•  We require 10 laser frequencies (4 lasers) 
for Doppler cooling 

•  Need special techniques for radial cooling 
•  We can create and control 1, 2, and 3-D 

Coulomb crystals 

Dynamics of laser-cooled Ca+ ions in a Penning trap with a rotating wall 1109

Fig. 3 Schematic view of the setup. The Penning trap is located inside
a superconducting magnet. The cooling laser beams are overlapped and
enter the open bore from below. The fluorescence light is collected ra-
dially and reflected down to a CCD camera via an imaging fibre bundle

a cloud of up to a diameter of 3 mm to be imaged with rela-
tively low loss of light at the periphery of the field of view.

Figure 3 shows a schematic diagram of the setup. The
ions are laser cooled on the 2S1/2 to 2P1/2 transition by two
blue lasers near 397 nm. The level scheme of a Ca+ ion in
an external magnetic field of B = 1.75 T is shown in Fig. 4.
The lifetime of the 2P1/2 state is 6.8 ns [30]. Due to the
lambda-like level scheme, shelving to the 2D3/2 state occurs
and needs to be avoided by repumping into the 2P1/2 state
by four red lasers around 866 nm. Due to the presence of
the strong magnetic field, mixing occurs between states in
the two P levels and also between states in the two D lev-
els [31]. This leads to quantum jumps from the P1/2 into
the D5/2 state which otherwise would not occur. In experi-
ments with single Ca+ ions in a different Penning trap at 1 T,
we have seen that amplified spontaneous emission (ASE)
around 854 nm in the 866 nm laser beams serves to repump
population back into the P1/2 state so that the overall effect
on the fluorescence per ion is to lower it approximately by a
factor of 2.

6 Results

We have used the fluorescence from ion clouds to record
images on a CCD camera indicating their density, size and

Fig. 4 Level scheme of a Ca+ ion in an external magnetic field of
B = 1.75 T. Not to scale

shape. After subtracting background laser scatter and iso-
lating the fluorescence from the ions, the number of counts
per pixel for a set exposure time on each image is converted
to incident photons per second per pixel by taking into ac-
count the exposure time (∼1 s), photon detection efficiency
(0.134) and gain (9223) of the CCD camera. Where line
profiles are measured, an average over several neighbouring
line profiles is taken in order to reduce noise. Where fluores-
cence is integrated over a cloud, only the region inside the
full width at half maximum of counts is summed. The total
count in this region is then divided by the corresponding area
to give a scaled fluorescence intensity in units of incident
photons per second per mm squared. This procedure helps
to avoid problems that arise when the fluorescence level is
small compared to the background laser scatter.

We have recorded images under various conditions by
varying the amplitude and frequency of the rotating wall
drive and the trapping potential. Generally, the rotating wall
drive increases the ion number density and thus the bright-
ness of the image. Figure 5 shows two examples of the
fluorescence from an ion cloud as observed on the CCD
camera, with the rotating wall frequency far away from
(ω = 2π · 80 kHz, upper frame) and close to the Brillouin
limit (ω = ωc/2 = 2π · 335 kHz, lower frame). Also shown
in the bottom frame is a comparison of the corresponding
radial profiles.

729nm 

 The 729 nm transition     
is the qubit transition 

Low axial potential High axial potential 

  String   Zigzag    Diamond  Offset   Square 
                                         Square 
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Optical Sideband cooling: “trapped” motional states 
•  The Lamb-Dicke parameter η 

determines the strength of the  
motional sidebands 
      η = x0(2π/λ) ~ 0.2 for our trap                                                
[x0 is size of g.s. wavefunction] 

•  The strength of each motional 
sideband depends on η 
•  Quantum equivalent to the sidebands 

seen in classical frequency modulation 
•  For our low trap frequencies we expect 

the first red sideband to have zero 
strength around n=80  

•  Cooling on the first red sideband (R1) 
will only be efficient for n<80 

•  Around 20% of the population is at 
n>80 at the Doppler limit (〈n〉=47) 

 Population 
evolution when 
cooling on R1 
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J. Goodwin

Introduction

Background

Ion trap basics
Laser cooling
basics

Penning trap
laser cooling

Doppler cooling
Sideband cooling
Population
trapping
Heating rate
Coherent
manipulation

Cooling small
crystals

Population
trapping in 2D

Outlook

Population trapping
Characteristic signature of population trapped at high n when
attempting ground state cooling:

Small first red sideband, significant excitation on higher order red and
blue sidebands
Solution: Cool alternately on first and second red sidebands, to
prevent population becoming trapped

  Spectrum showing population in trapped state 

•  After sideband cooling on the first red sideband (R1): 
•  most of the population is in n=0   

»  this gives the strong asymmetry between R1 and B1  
•  but some is trapped around n=80 

» This gives the higher order sidebands in the spectrum       

R1 
Carrier 

B1 
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Clearing out the “trapped” motional states 

•  Cooling on the first red sideband (R1) 
will only be effective for n<80 

•  To pump the trapped population we 
need to drive the 2nd red sideband 
(R2) first 
•  R2 is strong right up to n=140 but does 

not give effective cooling at low n 
•  The procedure is then 

•  R1 (10 ms) 
•  R2 (5 ms) 
•  R1 (5 ms) at reduced power 

R1 
R2 R3 
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Axial sideband cooling with multiple stages 

Cooling sequence is R1 (10ms), R2 (5ms), R1 (5ms, reduced power) 
 

〈n〉 ~ (R1 amplitude) / (B1 amplitude) 
 

Motional ground state occupation is >98%; heating rate <1 phonon/s 

Red sideband (R1) Blue sideband (B1) 

Absence of red 
sideband indicates that 
ion is in the ground 
vibrational state. 
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Superpositions of motional states 

•  π/2 pulse on the carrier (C) 
•  π pulse on 1st red sideband (R1) 
•  Wait time T 
•  π pulse on 1st red sideband (R1) 
•  π/2 pulse on the carrier (C) 
•  Measure gound state population 

2D5/2
 

2S1/2
 

C 

R1 
(a) (b)
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Figure VIII.11: Probability of excitation as a function of the delay between the
first two and last two pulses for (a) a 0-1 superposition of and (b) a 0-2 superposition
of. With an initial fixed delay of 50ms for (c) a 0-1 superposition and (d) a 0-2
superposition.

(a) (b)

Figure VIII.12: Normalised visibility as a function of time for (a) a 0-1 super-
position and (b) a 0-2 superposition. The visibility is measured over small ranges
(around 20ms) considered punctual. The data points are fitted with equation 234;
the coherence times are T

1
c = 77(2)ms for �n = 1 and T

2
c = 59(3)ms for �n = 2.

165

      Motional coherence 
times up to ~1s 
observed 

      Motional Ramsey 
fringes after 50ms 
wait time 
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“Triple slit” using motional states 

•  “2/3 π” pulse on the carrier (C) 
•  π/2 pulse on 1st red sideband (R1) 
•  π pulse on 2nd red sideband (R2) 
•  Wait time T 
•  Reverse the pulse sequence 
•  Measure gound state population 

2D5/2
 

2S1/2
 

C 

R1 R2 

CHAPTER 6. COOLING AND COHERENCE - SINGLE ION AXIAL MODE 129

(a) Tw = 1 ms

(b) Tw = 10 ms

(c) Tw = 20 ms
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(d) Tw = 30 ms

(e) Tw = 50 ms

Figure 6.30: An interleaved set of interference measurements of the |g0i+ |g1i+ |g2i superpo-
sition taken at ⌫z= 124 kHz with a short time scan added to the Tw wait time.
The blue data are all taken with Tw = 0 to provide a reference for the initial
phase conditions during the experiment, whereas the gold data have the wait
time listed in the captions.

      Motional interference fringes after wait 
times T=0 (blue) and T=30ms (gold) 

     This is analogous to an optical 
triple slit and can be used to 
study higher order coherence 

     Time (µs) 
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Optimal control techniques for “triple slit” 

•  We can use optimal control techniques to design efficient protocols using 
carrier and first order sidebands only: 
•  4 pulses to prepare the motional state |ψ〉 = |0〉+|1〉+|2〉 
•  5 pulses to map |ψ〉 to the ground electronic state |g〉  

•  This will allow us to unambiguously demonstrate 3-coherence effects  
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Free-precession time ⌧ ( s)

Figure 4.5: An observed three-coherent interference pattern (blue dots) overlaid with the best-
fit model (green) of Eq. (4.10) with fit parameters given in Tab. 4.3 under ‘Fit 1.’ A second
fit (red) is shown where the amplitudes were allowed to vary linearly with time, yielding the fit
parameters under ‘Fit 2’ in Tab. 4.3. The perfect pattern with full contrast (orange, dashed) is
given by Eq. (4.9). The horizontal dash-dotted line indicates the threshold value of 2/3 required
to conclude three-coherence.

~!z between |0i and |1i and between |1i and |2i, as well as 2~!z between |0i and |2i. This

feature is not su�cient to identify three-coherence, of course, as the two-coherent mixed state

given in Eq. (4.3) also has this property.

In practice, the measured interference pattern will not exhibit full contrast due to imperfect

operations. For instance, errors in timing or pulse intensity may produce uneven superpositions,

variable initial phase conditions, or non-negligible population of the excited atomic state. Shot-

to-shot variations in the control parameters will cause the measured pattern to be that of a

mixed state encoding such classical statistics. We therefore fit to the model

ePe(⌧) =
1

9
(c

3

+ c
4

cos(!z⌧ + �
1

) + c
2

cos(2!z⌧ + �
2

)) (4.10)

to allow for variations in the amplitudes and phases. An observed interference pattern fit to

this model is shown in Fig. 4.5. Also shown is a fit in which the constants ci were allowed to

vary linearly with time. As the total state preparation, free precession, and probe time is much

less than the optical coherence time of a few milliseconds, we expect such time variations in the

amplitudes to be due to long-term drifts in the control parameters over the course of a roughly

30–60 minute spectrum acquisition period. The resulting fit parameters are given in Tab. 4.3.

It is tempting to conclude based on the height of the initial interference peak that our state

46

 Preliminary 
data 
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Sideband heating on the blue sideband 

•  Sideband cooling on R1 drives 
us towards n=0 

•  After cooling to the ground state, 
we can also drive the ion on B1 
back towards higher n states 

•  This prepares an incoherent 
spread of population around the 
first minimum with Δn ~ 10 

•  After sideband heating the 
spectrum shows a distinctive 
minimum for first order 
sidebands 

8
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FIG. 8: A histogram plot of the population after
sideband heating on the blue sideband, where time is
varied from 0ms to 12ms. It can be seen that the
population moves towards the first zero of the blue

sideband (i.e. n = 172 at 420 kHz).

accumulated to a single phonon state. Nevertheless, the
shrinking of population in sideband heating is unachiev-
able unless around the point of blue sideband minima.
These dark states are only achieved due to the e↵ect of
large L-D parameter.

In order to verify it we also perform an experiment with
a ground state cooled trapped calcium ion in a Penning
trap. For optimised sideband heating laser parameters
and after a fixed sideband heating time, a spectrum is
recorded and can be seen in figure 9. The experiment is
performed at 420 kHz motional frequency and the laser
parameters are set to be the same as those used in the
simulation. We expect that the population would accu-
mulate near to the first blue sideband minimum point
(i.e. n ⇠ 172). This can be identified as the first red
and first blue sideband in the spectrum. As expected,
the excitation for first blue and first red sideband is seen
to be lower than that of the other sidebands. We also fit
the spectrum and find out a mean phonon number (n̄)
and spread in the population around the mean phonon
number �n, which come to be n̄ = xxxx and the spread
�n = yyyy. The experimental findings are found to be
in good agreement with the simulation.

C. Sideband cooling of a two-ion Coulomb crystal

Sideband cooling of multiple ions is relatively harder
than a single ion due to the presence of the multiple
modes. In order to achieve ground state cooling of all
the modes, both motional modes are needed to be cooled
simultaneously. We restrict our studies along the axial
direction only, hence the calculation needs to deal with
two motional modes (i.e. in-phase and out-of-phase mo-

FIG. 9: Spectrum after sideband heating near to the
first minimum of the blue sideband at n = 160.

tions). In this section we will study cooling dynamics
through a 2D rate equation, where excitation on a re-
spective sideband will be to dealt with a carrier excita-
tion on the other sideband. To give an idea of popula-
tion after Doppler cooling we simulation population in
2D, where each dimension corresponds to either of the
motional modes. A simulated histogram of the popula-
tion as a function of in-phase and out-of-phase motional
mode is shown in figure ??. In this particular plot we
assume that the out-of-phase motional frequency is

p
3

times bigger than the in-phase motional frequency, which
matches to a two ion chain situation. Assuming that the
Doppler temperature for both modes is same, due to the
di↵erence in motional frequency we find di↵erent in mean
phonon number for both of the modes.

1. Two-ion chain

A two-ion-chain in a Penning trap can only be obtained
at a low axial trapping frequency. Increasing the axial
frequency above a certain value flips to a planar orien-
tation. As we already know from a single ion case that
at a low axial frequency the system lies outside the L-
D regime, hence we expect to have population trapping
during sideband cooling. In this case also we avoid the
population trapping by cooling on the higher order side-
bands.
To understand the cooling dynamics of a two ion chain

we show contour plots of sideband strengths as a func-
tion of Fock state number at !z = 162 kHz. In this
particular case where the L-D parameter is fairly large
(⌘COM = 0.17 and ⌘COM = 0.13), we expect to have a
large fraction of population beyond the first minimum of
the red sideband for both of the motional modes [31]. In
order to bring all the population to the motional ground
state, one has to target higher order sidebands, repeat-
edly. A combined sideband contour plot of first, second
and third red sideband of COM mode along with the
first and second red sidebands of the breathing mode are
shown in figure 10 A-E. Due to a smaller value of the
L-D parameter for the breathing mode (i.e. 1/31/4 times

See Joshi et al  https://arxiv.org/abs/1809.02848 
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Spectrum of ions in the trapped state 

•  Here we have driven the ion on B1 after sideband cooling in 
order to drive the population into the first minimum around n=80 

B1 

Carrier 

R1 

9
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FIG. 11: Spectrum taken with a 65 µs probe time and
Rabi frequency ⌦0 = 2⇡ ⇥ 16.5 kHz after sideband

heating for 10 ms, showing an ion prepared near to the
first minimum of the blue sideband at n = 163. Note the
near absence of the first order red and blue sidebands.

where excitation on a sideband of one motion will be as-
sociated with a carrier excitation on the other motion.

1. Two-ion chain

A two-ion chain in a Penning trap can only be ob-
tained at a low axial trapping frequency. Increasing the
axial frequency above a certain value flips the crystal to a
planar orientation. We already know from the single-ion
case that at a low axial frequency the system lies outside
the L-D regime, hence we expect to observe population
trapping during sideband cooling of the chain. In this
case we can also avoid the population trapping by cool-
ing on higher order sideband.

To understand the cooling dynamics of a two ion chain
we show contour plots of sideband strengths as a function
of Fock state number at !z = 2⇡⇥ 162 kHz (which gives
!B =

p
3!z = 2⇡ ⇥ 281 kHz). In this particular case

where the L-D parameter is fairly large (⌘COM = 0.17
and ⌘B = 0.13), we expect to have a large fraction of
the population beyond the first minimum of the red side-
band for both of the motional modes [33]. In order to
bring all the population to the motional ground state,
one has to target higher order sidebands repeatedly. A
combined sideband contour plot of the first, second and
third red sidebands of the COMmode along with the first
red sideband of the breathing mode are shown in figure
12 (a–c). Due to a smaller value of the L-D parameter
for the breathing mode (i.e. 1/31/4 times smaller than
the COM mode), we expect to have less di�culty for the
breathing mode than the COM mode. We therefore find
that the population can be taken to the ground state
by targeting the first and second order breathing mode
sidebands, whereas for the COM case we need the first,
second and third order sidebands.

The combined e↵ect of all these five sidebands is shown
in figure 12 (d). Note that the combined plot still has
darker areas, which correspond to the carrier excitation
being a minimum for both of the motional modes. This
will lead to population trapping. In order to avoid popu-
lation trapping in such regions one needs to target inter-
modulation sidebands. A plot showing one of these inter-
modulation sidebands (i.e. the 2nd COM red sideband of
the first breathing mode red sideband) is shown in figure
12 (e). The overlap of all the sidebands mentioned above
is finally shown in figure 12 (f). It is clear that the above
mentioned sequence will bring all the population to the
ground state.

FIG. 12: Strength of various sidebands as a function of
phonon number for a two-ion string at 162 kHz COM
mode frequency. Starting from top, sideband strengths
of (a) first red sideband of COM, (b) sum of first three
COM red sidebands, (c) first breathing red sideband,
(d) sum of first three COM and two breathing red

sidebands, (e) first red breathing sideband of second red
COM sideband and (f) sum of (e) and (d).

Apart from population trapping, in the two-ion case we
also observe heating on one mode while carrying out side-
band cooling on the other mode. This is mainly caused by
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Coherence in highly excited motional states 
•  After sideband heating the 

population is centred in a narrow 
range of n around a minimum  

•  The strengths of other sidebands 
are fairly constant across the 
distribution 

•  Therefore we can see coherent 
behaviour 

•  We can study the optical and 
motional coherence for high n states 
by using  π/2 pulses to create 
coherent superpositions of motional 
states 

Rabi oscillations on 4th red SB at minimum of R2 
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Preparation of superposition of high-n  states 

•  A π/2 carrier pulse creates a coherent superposition of |g,n〉 and 
|e,n〉 

n n+3 n−3 

|g〉 

|e〉 
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Preparation of superposition of high-n  states 

•  A π/2 carrier pulse creates a coherent superposition of |g,n〉 and 
|e,n〉 

•  A π/2 B3 pulse then creates a coherent superposition of |g,n〉,           
|g,n−3〉, |e,n〉 and |e,n+3〉 

•  Period of free evolution T 
•  Probe the coherence with a second pair of pulses on B3 and 

carrier (with variable phases) 
•  Measured interference is (nearly) independent of n 

n n+3 n−3 

|g〉 

|e〉 
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Coherence measurements 

•  At small T we see fringe 
visibility ~1 

•  After 1 ms the optical 
coherence is lost and the 
visibility drops to ~0.5 

•  Motional coherence is 
preserved out to ~100 ms 
for Δn=3 
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Sideband cooling of 2-ion crystals 

•  Two ions can arrange themselves 
along the axis or in the radial plane 

•  In each case there are two axial 
oscillation modes 

•  Axial crystal: 
•  Centre of Mass at ωz  
•  Breathing Mode at √3 ωz  

•  Radial crystal: 
•  Centre of Mass at ωz  
•  Tilt mode slightly lower than ωz 
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Axial 
crystal 

Radial 
crystal 

 Note that the ions are 
imaged from the side 
and the radial crystal is 
rotating due to the 
magnetic field 
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Trapped motional states in 2D 
•  There are two independent axial modes 

•  Each motion has its own Lamb-Dicke 
parameter 

•  The strength of each sideband depends 
on both quantum numbers 

•  We have to use a combination of 
several different sidebands of each 
motion 

•  But there are still regions that are never 
pumped by pure centre of mass 
sidebands or pure breathing mode 
sidebands 
•  We have to use “sidebands of sidebands” 

in the cooling sequence Breathing mode quantum number 

C
en
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e 
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qu
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Strength of 1st Red sideband of COM 
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Sideband cooling of two ions in axial crystal 

•  We have cooled both modes of the two-ion axial crystal  
•  COM at ωz and  breathing mode at √3 ωz  

•  The final mean quantum numbers are nCOM=0.3 and nB=0.07 
•  Heating rates are also low 

•  Similar results for a radial crystal 

C
ar
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see Stutter et al. JMO 65 549 (2017) 
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Radial spectrum at low potential 

•  The radial motion in the 
Penning trap has two modes 

•  The fast cyclotron motion 
gives rise to sidebands at 
~700 kHz 
•  The ~4 MHz FWHM 

corresponds to a cyclotron 
temperature of ~7 mK 

•  Each cyclotron sideband has 
structure due to the slower 
magnetron motion  
•  The width indicates a 

magnetron temperature          
of ~40 µK 

•  but individual sidebands are 
not resolved here 

GroundStateCooling inaPenningTrap
J. F. GOODWIN, G. STUTTER, D. M. SEGAL AND R. C. THOMPSON
Blackett Laboratory, Imperial College London, London, SW7 2AZ, UK

INTRODUCTION
We report on ground state cooling of the axial mo-
tion of single calcium ions in a Penning trap.

• Penning trap: only static magnetic and elec-
tric fields needed (no micromotion)

• Motion parallel to the magnetic field (‘axial’)
is simple harmonic

• Motion perpendicular to the magnetic field
(‘radial’) is superposition of fast ‘(modified)
cyclotron’ and slow ‘magnetron’ modes

• Mode frequencies are limited by the mag-
netic field strength

• Trap geometry and lack of micromotion lends
itself to the study of 2D and 3D ion Coulomb
crystals.

SPECTRAP

Oven

B

Ring
electrode

Endcap
electrode

Schematic of SPECTRAP
electrodes and cooling
beams.

• Stacked, cylindri-
cal electrodes, in-
side radius 1 cm

• Ring split into 4
segments for axi-
alisation drive

• Axial and radial
Doppler cooling
beams,

• Fluorescence col-
lection through
ring to PMT or
camera.

SIDEBAND COOLING
• First demonstration of optical sideband cool-
ing in a Penning trap.

• Cool on S1/2,+1/2 → D5/2,−1/2 transition,
broadened by detuned 854 nm laser.
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Spectroscopy of (a) red and (b) blue sidebands after side-
band cooling. n̄ = 0.01+0

−0.01
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Rabi oscillations on carrier after sideband cooling
Ω0/2π = 40 kHz
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(a) Red and (b) blue sidebands immediately after side-
band cooling (red) and following a 100 ms delay (blue).

• No red sideband is observed after 100ms de-
lay → heating rate ˙̄n < 0.3 phonon/s. Scaled
spectral noise ωSE(ω) < 2× 10−9V 2/m2.
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Scan over carrier after sideband cooling, tpulse ≈ 20π/Ω.
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OUTLOOK
• We have cooled
the axial motion of
an ion in a Pen-
ning trap to its
ground state for
the first time.

• The large trap
provides an ex-
tremely low heat-
ing rate - we have
constrained this
to less than 0.3
phonons/s

• We plan to side-
band cool the ra-
dial motion of a
single ion, and the
transverse modes
of small, planar ion
Coulomb Crystals.

CALCIUM-40 IONS

S1/2

P1/2

P3/2

D5/2

D3/2397 nm

729 nm

866 nm

854 nm

Energy level diagram for 40Ca+, including Zeeman spilt-
tings at B=1.84T.

• Large Zeeman splitting (10’s of GHz)
• j-state mixing (must repump D5/2)
• Narrow, electric quadrupole transition at
729 nm for spectroscopy and sideband cool-
ing.

DOPPLER COOLING

!

!!!

!
!

!

!

!

!

!

!

!

!
!!
!

!

!

!

!
!

!

!!

!!
!

!

!
!

!

!

!

!

!

!

!

!

!

!
!
!

!

!
!

!

!

!

!

!
!

!

!

!
!

!

!

!

!

!

!
!!

!!

!!

!

!
!
!

!

!!

!
!

!

!

!!

!
!!

!

!

!!!

!

!

!

!

!
!
!

!

!

!
!
!

!
!
!!
!

!

!

!!

!1000 !500 0 500 1000
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Laser Detuning From Carrier !kHz"

Ex
cit
at
io
n
Pr
ob
ab
ilit
y

Axial spectrum. Tz = 700µK, n̄z ∼ 36
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Radial motion in 
the Penning trap 
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Problems for radial cooling 

•  Need to cool two modes at the same time 
•  We have gained experience of this with ion crystals 

•  The magnetron sidebands are unresolved 
•  Increase trap voltage to raise magnetron frequency 

•  The magnetron energy is negative 
•  Cool on the blue sidebands of magnetron motion, not red 

•  The initial quantum number of magnetron motion is very large 
(n up to 1000 in some cases after Doppler cooling) 
•  Use the axialisation technique to couple to cyclotron motion 
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Axialisation 

•  This technique is used in the mass spectrometry field to couple the 
magnetron motion to the cyclotron motion for cooling 

•  We have adapted it for use with optical sideband cooling 
•  The ion is driven by an oscillating radial quadrupole field at ωc=eB/M      

Classically: 
 
     The field creates a coupled 

oscillator system so there is a 
continuous transfer of energy 
between the two modes.  
Damping of both comes from 
the strong cyclotron cooling.  
Eventually rm≈rc  

Quantum mechanically: 
 
     The field drives transitions 

where Δnm=−1 and Δnc=+1.  
The Doppler cooling 
continuously drives nc to lower 
values.  Eventually nm≈nc 
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Sideband cooled radial spectrum 

•  The carrier is very strong to bring out the other sidebands  
•  The asymmetry in cyclotron sidebands indicates nc=0.07±0.03 
•  The (reversed) asymmetry in the magnetron sidebands 

indicates nm=0.40±0.06 
•  Weak second-order sidebands can also be seen 
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Summary 
•  We have cooled the axial motion of single 

ions and small Coulomb crystals to the 
ground state in a Penning trap  

•  Coherent processes can be observed at high 
motional quantum numbers for single ions  

•  We have performed the first sideband cooling 
of the radial motion of an ion 

•  These results demonstrate excellent  
quantum control of ions in a Penning trap 
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    Thank you for 
your attention! 
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Bichromatic drive 

•  Simultaneous driving on the first Red and Blue sidebands (R1 and 
B1) is equivalent to the position operator x ~ a + a+  

•  After time t this generates the displacement operator: 
 D(α) = exp(αa – α*a+)  with  |α| = ηΩt/z0 

•  So we can generate a coherent state using a bichromatic drive 

Rabi oscillations on B1 after a 150µs bichromatic pulse.  The fitted value of α is 1.73 
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Heating rate comparison 

•  Comparison  

J. Goodwin

Introduction

Background

Ion trap basics
Laser cooling
basics

Penning trap
laser cooling

Doppler cooling
Sideband cooling
Population
trapping
Heating rate
Coherent
manipulation

Cooling small
crystals

Population
trapping in 2D

Outlook

Heating rate in context
• Lowest heating rate reported in any trap to date, expected due
to large distance (⇠ 1 cm) to electrodes

• Dominant sources of noise and associated 1/d↵ scalings vary
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Rabi oscillations 

•  We can see Rabi oscillations for ground-state cooled ions  
•  The carrier Rabi frequency is up to 60 kHz and the coherence time is ~0.8 ms 

•  Spin-echo techniques can be used to increase coherence time to a few ms 
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Ramsey interference with two-ion crystal 

•  The observation of Ramsey fringes confirms coherent 
behaviour of the system 

Ramsey interference pattern 
after 140µs delay between two 
π/2 pulses 
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Heating rate results 

•  The heating rate averages at around 0.4 phonons/second and is 
roughly independent of frequency 
•  Probably limited by technical noise  

•  The heating rate is expected to be low because 
•  The trap is very large (radius 10 mm) 
•  The trapping fields are static and there is no micromotion 
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Goodwin et al. PRL 2016 
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Two-ion axial crystal after Doppler cooling 

•  The spectrum is complicated because each sideband of one 
motion has a complete set of sidebands due to the other motion 

•  The overall width corresponds to the Doppler limit of ~ 0.5 mK 
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Axial sideband cooling of two-ion radial crystal 

•  The ions are both in the radial plane 
•  We see artifacts due to the rotational motion in the radial plane 
•  The two axial modes frequencies cannot be resolved in this plot 

•  This makes the cooling process more straightforward as both cool together 
•  We also have cooling results for up to 10-ion radial crystals 
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Cooling effect of the sequence of sidebands 

•  This shows the combined effect 
of a sequence of 5 different 
sidebands including one 
“sideband of a sideband” 

•  Every region of the plane is now 
addressed by at least one of the 
sidebands effectively 

•  We cycle through this sequence 
of sidebands many times to 
complete the cooling process 
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Proportion of population above mimimum 
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Ramsey fringes  


