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Aims of the lectures 

I hope that at the end of these 3 lectures you will: 
 
•  know what a Penning trap is 
•  understand the mathematical description of the 

trapping mechanism  
•  but also have an intuitive understanding of how the Penning 

trap works 

•  know what features of the Penning trap make it 
attractive for certain types of applications 

•  have an overview of a range of experiments that 
have been carried out with Penning traps 
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Outline of lecture 1 

Lecture 1:  Penning Trap Basics 

1. History of Penning Traps 
2. Principles of Operation 
3. Advantages and Disadvantages 
4. Practical Aspects 
 
Lecture 2:  Review of Experiments 
Lecture 3:  Rotating Frame and Axialisation 
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1.  History of the Penning trap 

•  Penning’s original 
experiments 

•  Development of the 
conventional Penning trap 
geometry 

•  Early experiments with 
Penning traps 

•  First demonstration of laser 
cooling 

B 
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History of Penning Traps 
•  The name “Penning trap” was 

coined by Dehmelt 
•  Penning (1936) didn’t actually trap 

charged particles 
•  Electrons confined in discharges 

with B-field present 
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History of Penning Traps 

•  Pierce (1949) analysed the 3-
electrode trapping geometry with 
a magnetic field 

•  Showed that electrons are trapped 
by the fields 
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A trap for polarising electrons 

•  Byrne and Farago (1965) studied the 
3-electrode arrangement with a B-field  

•  They polarised trapped electrons using 
a polarised atomic beam 

•  The electrons were released to make a 
pulsed polarised beam of electrons 
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Early experiments with Penning traps 
•  Gräff et al. (1968) measured cyclotron 

and spin resonances of trapped 
electrons 

•  Gräff et al. obtained electron g-factor 
value to 3 10-7 (0.3 ppm) in 1969 
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RF spectroscopy in the Penning trap 

•  Dehmelt and Walls (1968) used currents induced in an 
external circuit to monitor the temperature of electrons 
in a Penning trap – the “Bolometric Technique” 

Electron 
temperature as the 
drive is swept 
through the 
cyclotron resonance 
at 21.6 GHz 
 
Sidebands from 
magnetron motion 
at 83 kHz 
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First laser cooling demonstration 

•  First laser cooling demonstration (Wineland et al 
1978) also used the Bolometric technique 
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2.   Principles of operation of Penning traps 

•  Electrode configuration 
•  Equations of motion 
•  Modes of oscillation 
•  Potential and kinetic energy 
•  Space charge effects 

B 

Axial motion Radial motion 
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Earnshaw’s theorem 

•  In order to trap a charged particle we would need a quadrupole 
potential with a three-dimensional minimum: 

     with A, B and C all positive 
•  However, Laplace’s equation               requires that 

•  So three-dimensional trapping is not possible with static fields 
•  Two ways around this: 

•  Add a magnetic field – the Penning trap  
»  these lectures 

•  Use oscillating fields – the Radiofrequency (Paul) trap  
»  Martina Knoop’s lectures 

 
 

φ(x, y, z) = Ax2 +By2 +Cz2

A+B+C = 0
∇2φ = 0
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Principles of operation 

•  Three electrodes 
•  Hyperboloids of revolution 
•  Generate pure quadrupole potential 

•  DC potential applied between 
endcaps and ring 
•  Traps ions in the axial direction  
•  Radial motion unstable 

•  Strong B field applied along the axis  
•  provides radial confinement (ions forced 

into cyclotron loops) 

•  Requires ultra-high vacuum 
•  Avoids collisions leading to ion loss due 

to instability of radial motion 
Radial potential 

B
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Radial motion in the Penning trap 

 
•  In the plane of the ring the 

electric field pushes the ion out 
towards the ring 

 
•  The magnetic field stops it falling 

out by making it orbit round the 
centre of the trap in a new 
effective potential 

 
•  The axial motion is stable, as it is 

just simple harmonic motion in a 
quadratic potential 
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Ideal Penning trap electrodes 

•  The desired potential is 
•  This can be generated with electrodes the shape of the equipotential 

surfaces of this potential, i.e. hyperboloids of revolution 
•  With r0 and z0 defined in the diagram we obtain 

Endcap 1 

Endcap 2 

Ring Ring 

φ(r, z) = A(2z2 − r2 )

r0 

z0 

φ(r, z) =V (2z2 − r2 ) / (r0
2 + 2z0

2 )
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Equations of motion 

!!x +ωc !y − (ω z
2 / 2)x = 0

!!y −ωc !x − (ω z
2 / 2)y = 0

!!z +ω z
2z = 0

Here                 where                                              . 
 
The equations of motion for a single particle are therefore 

here ωc = eB/m and ωz
2 = 4eV/mR2  where R2 = r0

2 + 2z0
2. 

 
For the radial motion it is convenient to write this in complex form: 
 
 
where u = x + iy 

!!u− iωc !u− (ω z
2 / 2)u = 0

The Lorentz force on a charged particle in E and B fields is 

E = −∇φ φ(r, z) =V (2z2 − r2 ) / (r0
2 + 2z0

2 )



Slide 17 

Axial motion 

Radial 
motion 

Motion in the Penning trap 
We end up with three types of motion: 

•  Axial motion  
» oscillation between the endcaps (~200 kHz) 
 

•  Modified cyclotron motion  
» orbit around a magnetic field line (~500 kHz) 

•  Magnetron motion (E×B drift) 
» slow orbit around trap centre    (~50 kHz) 

» This motion is unstable (negative total energy) 
•  These values are for an atomic ion in a field of  ~1 T 
•  Classical derivation but all motions can be treated 

quantum mechanically 

ω z
2 = 4eV /mR2

ω 'c =ωc / 2+ (ωc / 2)
2 −ω z

2 / 2

ωm =ωc / 2− (ωc / 2)
2 −ω z

2 / 2
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Oscillation frequencies 

Axial 
Cyclotron 
Mod cyclotron 
Magnetron 

Trap voltage 

Fr
eq

ue
nc

y 

ωc 

ωm 

ωz 

ω’c 

The trap becomes 
unstable when the 
magnetron and modified 
cyclotron frequencies 
become equal 
i.e. ωc

2 = 2ωz
2  
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Invariance theorem 

•  From the expressions for the three oscillation frequencies, we 
find: 

 ωc = ω’c + ωm  
     and 

 ωc
2 = ω’c2 + ωz

2 + ωm
2   

•  The last equation (discovered by Gabrielse) is still true for any 
small angle misalignment of the trap or quadratic imperfections 
of the field 
•  It is therefore very important for experiments where accurate 

measurements of the true cyclotron frequency are necessary 
•  This is what allows very high precision mass comparisons and 

g-factor measurements to be made in a Penning trap 
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Potential and kinetic energy – axial  

•  For the axial motion the 
average potential energy and the 
average kinetic energy are equal 

•  E = ½ [mz2ωz
2 + mvz

2] 

       = ½ mz0
2ωz

2  
     (z0 is amplitude of motion) 

•  The usual principle of 
equipartition of energy applies 
(<Epot> = <Ekin> = ½kTz) 

•  In Quantum Mechanical terms: 
Ez = nzħωz   

Potental energy 

Total energy 

E 

z 
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Potential and kinetic energy – cyclotron  

•  For the cyclotron motion the 
average potential energy and the 
average kinetic energy are not equal 

•  E = − ¼ mrc
2ωz

2 + ½ mvc
2 

       = ½ mrc
2ω’c(ω’c − ωm) 

•  Equipartition of energy does not 
apply here   

•  We define a “kinetic temperature” 
through <Ekin> = ½ kTc 

•  In Quantum Mechanical terms:       
Ec = ncħω’c 

Potential energy 

Total energy 

r 

E 



Slide 22 

Richard Thompson 
Les Houches 2018 

Potential and kinetic energy – magnetron  
•  For the magnetron motion the 

potential energy and the kinetic 
energy are not equal 

•  E = −¼ mrm
2ωz

2 +  ½ mvm
2 

        = −½ mrm
2ωm(ω’c − ωm) 

•  Equipartition of energy does not 
apply here and the total energy is 
negative   

 

•  We define a “kinetic temperature” 
through <Ekin> = ½ kTm 

•  In Quantum Mechanical terms:   
Em = −nmħωm 

r 

Potential energy 

Total energy 

The negative magnetron energy 
has several consequences for the 
applications of the Penning trap 

E 
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Interactions between ions 

If two ions are in the trap, the equations of motion for particle 1 are now: 
 
 
 
 
 
with a similar set of equations for particle 2.   
These coupled equations can be separated: 
 
 
Centre of mass motion                        
Unchanged oscillation freqs.               

!!x1 +ωc !y1 − (ω z
2 / 2)x1 + (x1 − x2 )e

2 / 4πε0mr
3 = 0

!!y1 −ωc !x1 − (ω z
2 / 2)y1 + (y1 − y2 )e

2 / 4πε0mr
3 = 0

!!z1 +ω z
2z1 + (z1 − z2 )e

2 / 4πε0mr
3 = 0

r2 = (x1 − x2 )
2 + (y1 − y2 )

2 + (z1 − z2 )
2

!!X +ωc
!Y − (ω z

2 / 2)X = 0 !!x +ωc !y − (ω z
2 / 2)x + 2e2x / 4πε0mr

3 = 0

Relative motion 
Modified oscillation freqs. 
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Motion of 2 ions  
•  The relative motion in the axial direction has an increased 

frequency.   
•  If the ions are both on the z-axis their minimum energy is when       

z1
3 = e2/16πε0mωz

2. The relative oscillation frequency is then √3 ωz 

•  If the ions are separated radially, they rotate about the     
z-axis at ωR: 
•  Large separation: ωR ~ ωm   
 

•  Medium separation: ωR > ωm  
 

•  Minimum separation: ωR = ωc/2 
   r3 = e2/16πε0m(ωc

2/4−ωz
2/2)  
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Space charge 

•  When large numbers of ions are present, the 
cloud of ions behaves like a plasma 
•  Referred to as a non-neutral plasma or single-

component plasma 
•  The main properties of this plasma are: 

•  It has a uniform density n 
•  It has sharp edges (at low temperature) 
•  It has a ellipsoidal shape 
•  It rotates at a uniform rate about the z axis 

•  We can think of the plasma as “filling up” the 
quadratic potential well 

•  The whole plasma moves at the centre of mass 
oscillation frequencies 

•  It has many internal modes of oscillation 

y 

x 

E 

r 
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Brillouin flow 
•  When cold, the plasma behaves like a 

solid body rotating at a frequency ωR and 
this is linked to the number density of the 
plasma n: 

•  This means that the maximum density is 
achieved when ωR = ωc/2 and then   

•  This is called Brillouin flow. 

n = 2ε0mωR (ωc −ωR ) / e
2

n = ε0mωc
2 / 2e2 = ε0B

2 / 2m

At Brillouin flow, the total relativistic energy 
density of the particles (nmc2) is equal to the 
energy density of the magnetic field (B2/2µ0) 
 
WHY IS THIS? 
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3.  Advantages and disadvantages  

Penning traps offer a very unusual environment for 
experiments. 
 
They allow some experiments to be performed that 
would be difficult or impossible in other systems. 
 
What are the particular advantages and disadvantages 
that they offer? 
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Advantages of Penning traps (1) 

•  An isolated and stable environment 
•  The particles do not interact with the container walls or residual gas 

» This means that exotic particles can be trapped   
§  e.g. positrons, antiprotons, highly charged ions… 

•  Only static electromagnetic fields are used 
•  Free of unwanted perturbations  

This RF Ramsey  spectrum was 
taken with a 550 s interaction 
time giving a central fringe 
width of 1mHz (NIST) 
 
It demonstrates that 
coherence between two HFS 
Zeeman states is preserved for 
very long times 
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Advantages of Penning traps (2) 

•  Tight localisation of the particle(s) 
•  Particles remain at the centre of the trap and cannot escape 
•  Long interaction times possible 

» Especially after laser cooling 
•  Typical size of the thermal ion motion: 

» At room temperature:  80 µm 
» At the Doppler limit (1 mK):  0.15 µm 
»  In the ground state of the potential well:  0.02 µm 
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Image of two ions in a Penning 
trap after Doppler laser cooling. 

 

The axial separation of the ions is 
about 30 µm 
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Advantages of Penning traps (3) 

•  Magnetic field 
•  Provided usually by a superconducting magnet 

» Very uniform and stable field 
•  Useful for mass and g-factor measurements etc 

•  Cooling  
•  There are lots of different cooling techniques available  
•  Increases lifetime of trapped particles 
•  Reduces or eliminates Doppler effect:   

» ultra-high resolution spectroscopy in optical domain 

128 4.2. Doppler Cooling
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Figure 4.3: Axial motional sideband spectra after Doppler cooling. The top two frames
show spectra ‘windowed’ around each sideband. Frequency drifts during these spectra
prevent statistical fitting without an overly convoluted model and the solid lines are hand-
fitted combs of Lorentzians under a Gaussian envelope. The data in the bottom two frames
are fitted to a comb of sinc2 sidebands with heights determined by the Rabi dynamics of
a thermally distributed ion. The panels (a-d)(ii) of the right column show each carrier in
detail. (a) early spectrum recorded at a trap frequency of fz = 117 kHz. The temperature
is T ⇠ 1.3mK, and the phonon number is n̄ ⇠ 230. (b) spectrum produced after DC
compensation of the trap, at a frequency of 234 kHz, with T ⇠ 1.5mK, and n̄ ⇠ 130. (c)
spectrum produced after a range of stability and intensity upgrades, with fz = 165.4 kHz,
T = 755±55µK and n̄ = 95±7. (d) a recent spectrum, after the introduction of axialisation
to provide stability at a much higher trap frequency of fz = 405 kHz. The fit gives n̄ = 24±2,
equivalent to a temperature of T = 470± 40µK.

Doppler width after 
Doppler cooling to 1 mK 
is approximately 1 MHz 
 
At room temperature it is 
typically 1 GHz 
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Advantages of Penning traps (4) 
•  Plasma physics studies 

•  A cloud of ions in a Penning trap is known as a “single 
component plasma” or “non-neutral plasma” 

•  The plasma has a uniform density in a quadrupole trap 
•  It differs from normal plasmas in that the trap potential plays the 

role of the oppositely charged particles 
•  This makes it a relatively simple system to study 

» The properties (e.g. modes of oscillation) can be calculated easily 
»  In the limit of low temperatures the plasma has a sharp boundary 

•  At very low temperatures, ion Coulomb crystals are formed 

March 17, 2016 11:15 Trapped Charged Particles 9in x 6in b2326-ch09 FA page 185

Plasmas in Penning Traps 185

Fig. 2. Cutaway view of the cylindrical electrodes showing a positively-charged
non-neutral plasma confined in a Penning–Malmberg trap.

order to produce a potential well in the axial direction that confines charges
with a given sign of charge (assumed positive in the case of Figure 2).
Confinement against radial plasma expansion is provided by the magnetic
field B = Bẑ, directed along the axis of symmetry of the trap. The plasma
rotates around the axis of symmetry, and the rotational velocity provides
an inward-directed v × B force that balances the outward-directed radial
electric force from the unneutralized plasma charge.

To analyze this plasma configuration in more detail, I will apply fluid
equations of motion. For a single-species plasma consisting of charges with
mass m, charge q, and density n, the momentum equation for the plasma’s
fluid velocity u is (Section 3.3, [1, 18])

mn
(
∂u
∂t

+ u · ∇u
)

= qn (−∇φ + u× B)− ∇p, (12)

where p is the plasma’s thermal pressure. In what follows, q is a signed
quantity; it can be either positive or negative.

Throughout the rest of this chapter, I will also assume that the plasma
has achieved a confined thermal equilibrium state. In this thermal equi-
librium state, the plasma rotates, with a the time-independent fluid veloc-
ity given by the expression u(r) = −ωrr̂θ, where cylindrical coordinates
are being employed, and ωr is the rotation frequency (in radians per sec-
ond). The negative sign in this expression reflects the fact that a positively
charged plasma will rotate in the −̂θ-direction; thus, for positive plasmas
ωr is a positive quantity; but for a negative plasma ωr is less than zero.

In thermal equilibrium, the plasma rotation frequency is constant in
time and uniform in space; if it were non-uniform, viscous effects would
cause any such velocity shears to relax until the plasma rotates rigidly.

Also, in thermal equilibrium, the plasma pressure p is related to density
and temperature T through the ideal gas law (since the plasma is a nearly
ideal gas): p = nT, where T is time-independent and uniform in space (note

Penning-
Malmberg 
trap 

Ion Coulomb 
crystal 

See lectures 
by Dan Dubin 
and others 
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Disadvantages  

•  Magnetic field is expensive to provide 
•  Access to the ions is difficult 

•  Superconducting magnet limits access severely 
•  Trap electrodes make optical access difficult 
•  All holes in electrodes distort the quadratic potential 

•  Vacuum system needs to be good for UHV (<10-9 mbar) 
•  Magnetron motion is unstable 

•  The energy associated with this motion is negative 
•  Collisions and perturbations all tend to make the radius increase 
•  Hard to cool efficiently 
•  Leads to a rotation of the whole plasma 
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4.   Practical Aspects 

•  Trap environment 
•  Loading ions in the trap 
•  Detection of ions 
•  Cooling of ions 
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Trap environment 

•  Magnetic field 
•  We need a field of 1-10 T – generally requires a superconducting 

magnet 

•   Cryogenic environment 
•  Some experiments require the whole trap to be at a few K 

•  Ultra-High Vacuum [see Martina Knoop’s lecture] 
•  Collisions will lead to heating up or loss of ions, so the trap has to 

be held under UHV conditions (<10-9 mbar) 
•  This also means that the trap components must be very clean to 

prevent degassing and contamination of the vacuum 
•  Either create ions inside the trap or transport them in from outside 
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Trap practicalities 
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thus easily excited by conventional tunable laser
systems.

3. The spectroscopy trap

The HCI will be extracted from the HITRAP
cooler trap in a long narrow bunch with an average
kinetic energy of a few eV and containing about 105

ions. The radial energy spread will be reduced so as
to maintain a parallel beam [3]. The HCI will then
be loaded into the spectroscopy trap, which is a
cylindrical open-endcap Penning trap [15] with
compensation electrodes to create a nearly perfect
quadrupole potential at the trap centre. Fig. 3 sche-
matically shows the expected layout of the elec-
trodes, the tank circuit for resistive cooling
[16,17] and the trap loading scheme: the HCI enter
from the right, are reflected by the left capture elec-
trode, enclosed by the right one, localised near the
trap centre and finally cooled and compressed.

The principle of resistive cooling is fairly
straightforward and well-known: the axial motion
of the HCI in the trap induces image charges in the
open-endcap electrodes, which can readily be de-
tected by a frequency resonant electronic tank cir-
cuit (LCR-filter) attached to the electrodes. If the
tank circuit is at cryogenic temperatures (4 K), ki-
netic energy of the HCI is dissipated by the circuit,
thus effectively cooling the ions. Since the cooling
time varies with the charge state q of the ions as

1/q2, this cooling scheme is very effective for HCI
[18].

After the cooling procedure, the HCI will be
compressed into a smaller cloud using the rotating
wall technique [19,20]. If the coupling of an ion
plasma in a Penning trap is strong enough, the
density of the ion cloud depends on its global rota-
tion frequency. By applying RF voltages to a seg-
mented ring electrode, the radial electric
quadrupole field will rotate and drive the ion
cloud. There are two limits for the rotation fre-
quency m. The lower limit, which leads to the
minimal density, is reached when m equals the
single-ion magnetron frequency mm. At the upper
limit, when m is set to half the cyclotron frequency
mc, the density is maximum (Brillouin limit). (See
e.g. [21,22] for the equations of motion of an ion
in a Penning trap.)

Realistic values for the Penning trap are: a mag-
netic field of 6 T, an applied potential of 500 V, an
ion cloud temperature of 4 K, and a trap parameter
d = 17 mm (see [15]). These values lead to the trap
frequencies mm = 23 kHz, mc = 36 MHz, and an
axial frequency mz = 1.3 MHz. If we set the rotation
frequency to m = 1 MHz, the number density of a
cloud of 105 207Pb81+ ions is 5 · 107 cm!3 (the Brill-
ouin limit is 4.6 · 108 cm!3). Such an ion cloud has
a length of 6.8 mm and a diameter of 0.75 mm,

Fig. 3. Schematic of the proposed spectroscopy trap and the
trap loading scheme.
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Fig. 2. Wavelengths of the 1s ground state hyperfine splittings
in the visible spectrum for atomic number Z ranging from 50 to
100.
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Loading of ions into the trap 
Ions can be loaded into the trap in two 
ways: 
•  Create the ions inside the trap so ions are 

trapped instantly when created 
•  Electron impact on a neutral atomic vapour 
•  Ablation from a surface using a pulsed laser 
•  Photoionisation of neutral atoms 

•  Transport the ions into the trap from 
elsewhere 
•  Requires an external ion source  
•  Trap potential on one electrode needs to be 

changed rapidly for efficient trapping 
»  Lower the potential to let ions in 
»  Raise it again before the ions have ‘bounced’ 

back Trapping scheme 
for “SpecTrap” 
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Photon-correlation detection of ion-oscillation frequencies in quadrupole ion traps
K. Dholakia, G. Zs. K. Horvath, D. M. Segal, R. C. Thompson,

D. M. Warrington, ' and D. C. Wilson
Blackett Laboratory, Imperial College, Prince Consort Road, London, United Kingdom

(Received 23 june 1992)

We present a method for measuring ion-oscillation frequencies in quadrupole traps (Paul, Penning,
and combined traps) T.he method depends on a statistical analysis of the delays between detected
fluorescence photons. We have used the method to verify the oscillation frequencies for magnesium
ions in a Penning trap as a function of the dc voltage applied to the trap electrodes. We demonstrate
that, as expected, the method can measure the space-charge shifted (individual-ion) oscillation
frequency rather than the frequency at which the ion cloud as a whole moves. However, our data
suggest that for most of our operating conditions, any space-charge shift is negligible. We also discuss
the effect of the contact potential arising from areas of the trap electrodes that are coated by excess
Mg from the atomic beam used. We show that this extra potential shifts the center of the Penning
trap and makes it unstable for low values of the applied voltage.
PACS number(s): 32.80.Pj

I. INTR,ODUCTIGN
The Paul, Penning, and combined traps share the same

electrode structure which consists of two end caps and
a ring (see Fig. I) [I]. For the Paul trap, a large radio-
frequency voltage V~ is applied between the ring and end
caps, setting up a three-dimensional pseudopotential well
typically a few electron volts deep. For given values of 0
(the rf drive frequency) and the ionic mass (M), such a
trap is only stable for a limited range of V«. The stability
of the trap can be increased by applying, in addition to
V«, a dc potential Vd, between the ring and end caps [2].
If Vd, is applied in the absence of V~~ a siinple electro-

static quadrupole potential is set up near the center of
the trap. At this point the potential has a saddle point
(if the end caps are held positive with respect to the ring
there is a minimum in the z direction and a potential hill
in the radial plane). Radial confinement can be achieved
by placing the trap in a strong magnetic field (B) which
forces the ions into orbits in the xy plane (the Penning
trap). An ion's radial trajectory in the Penning trap is
an epicyclic superposition of two circular motions; a slow
drift around the center of the trap at the magnetron fre-
quency (u~) and a faster rotation at the modified cy-
clotron frequency (u,'). There is a single axial oscillation
frequency (u, ). For positive ions of mass M and charge
e the relevant frequencies are given by [3]

e

where cu, is the cyc1otron frequency and 2ro and 2zo are
the diameter of the ring and separation of the end caps,
respectively. Often ro and zo are combined to form a
single parameter Bthrough the expression R2 = 2zo2+ro2.
For our trap B = 2ro ——4zo and typical values for u~,
u,', and u, are 50, 500, and 250 kHz, respectively.
To create a combined trap [2,4], all of the fields of the

Paul and Penning traps are applied simultaneously. The
equations of motion for ions in such a trap can be cast in
the form of Mathieu equations which can be solved ex-
actly yielding three oscillation frequencies [4] (u, and two
radial frequencies for the two radial degrees of freedom).
Paul and Penning traps have been used widely for high-

precision experiments on small numbers of, and even sin-
gle, charged particles (e.g. , ions, electrons, positrons) [5].
With strong laser cooling, ions in a Paul trap have been
made to crystallize into rigid structures [6]. The number
of ions that can be trapped in a Paul trap is limited by
radio-frequency heating [7). Larger clouds of ions can be
held in a Penning trap and ions in such clouds have been
observed to form into shell structures [8]. The combined
trap is of considerable interest since it offers enlarged re-
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FIG. 1. Schematic diagram of the trap used in this work.
The position of the Mg oven is shown.
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Detection of ions 

Three main ways to detect ions in a trap: 
•  Detect the light that they emit when 

excited by a laser 
•  Sensitive and non-invasive 
•  But needs atom with suitable transition 

•  Detect induced currents in external 
circuit 
•  Sensitive at cryogenic temperatures 

•  Detect particles by ejecting them from 
the trap to a detector (e.g. MCP) 
•  Destructive but works for all particles 

To Photo-
multiplier (PMT) 

To CCD 
camera 

    

See lectures by 
Joel Fajans 



Slide 38 

Richard Thompson 
Les Houches 2018 

Cooling  

Several ways to reduce the energy of trapped particles: 
•  Buffer gas cooling 

•  Allow the ions to interact with an inert buffer gas at room temp. 
•  Works for cyclotron and axial but not magnetron motion 

•  Radiative cooling 
•  For electrons/positrons at high energy for the cyclotron motion  

•  Resistive cooling 
•  Extracts energy from the ions when they induce currents in an external 

circuit (mainly axial and cyclotron) 
•  can cool to a few K if apparatus is at liquid helium temperature 

•  Laser cooling 
•  Very effective if suitable transition available 
•  Can cool to ~1mK or lower 

•  Sympathetic cooling  
•  Ions mixed with a laser-cooled species are cooled through collisions   

See lectures by Caroline 
Champenois and Laurent 
Hilico 
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Summary of Lecture 1 

•  The Penning trap is an elegant device with many 
excellent features for experiments in physics 
•  Especially precision measurements due to the extreme 

isolation 

•  It makes possible experiments that would otherwise 
not be possible 
•  Especially those involving delicate quantum effects 

•  In the next lecture we will look at some of the 
different areas of physics where they are used. 


