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Cyclotron-Cavity Mode Resonant Cooling in 
Single Component Electron Plasmas 

Abstract 
Generating cold (<50 K) single component electron plasmas is of critical importance to many 
experiments.  Examples include optimizing recombination rates for antihydrogen or Rydberg atom 
production and producing mono-energetic beams. Replacing a section of a Penning-Malmberg trap 
with a high-Q cavity resonantly enhances spontaneous emission of cyclotron radiation in the cavity 
through interaction with electromagnetic modes. This allows for rapid cooling of a single-
component electron plasma confined in the high-Q cavity.   We describe the observed effects of 
frequency detuning (lineshape), position dependence of the confined plasma, and saturation effects 
on both the cooling rate and equilibrium temperature as the number of trapped electrons increases 
from ~5 ∙ 103 to ~3 ∙ 106. 
 

Confined Non-neutral Plasmas 
 
 
Cold non-neutral plasmas have a variety  
of applications: 
• Generation of mono-energetic beams 

for material analysis 
• Sympathetic cooling of other trapped 

species 
• Synthesis of usual states of matter 

(i.e. antihydrogen and Rydberg 
states) 

 
Non-neutral plasmas are confined in a 
Penning trap configuration: 
• Transverse confinement from strong 

magnetic field 
• Axial confinement from electrostatic 

potentials 

Cyclotron 
 

(~30GHz) 

Single Particle Bounce, Bulk 
Plasma Oscillation 

(~10MHz) 

E x B Drift 
 
(~100kHz) 
 

Enhanced Cooling Mechanism 
 
 

CeRes Apparatus 
 
 

Demonstration of Enhanced Cooling 
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𝜔𝑐 ≫ 2𝜋𝜈𝑏,𝜔𝑧 ≫ 𝜔𝑚 
Plasma in this 
regime are generally 
stable due to well-
defined hierarchy of 
motion timescales: 

Trapped electrons cool passively via cyclotron radiation, removing energy from the transverse motion of 
particles.  In free space, the rate of radiated energy is given by the Larmor formula, 

�̇� = 𝑒4𝐵2𝑈⊥
6𝜋𝜀0𝑚𝑒3𝑐3

       Γ−1 = 3.42 s
𝐵2 [Tesla]

. 

Collisions thermalize the axial and transverse motion, resulting in net cooling of trapped plasma.  This cooling 
competes with electrical noise, providing an effective limit for the final temperature of the system. 
 
Trapping occurs in a high-Q cavity when the electromagnetic mode density is sparse -- cyclotron wavelength is 
comparable to the cavity cutoff frequency.  We can therefore enhance cooling rates by taking advantage 
of the Purcell effect: the spontaneous emission rate of electrons depends on the geometry of the cavity in 
which they are contained due to resonant behavior with cavity modes.  Although this is not inherently a 
quantum mechanical effect, the rate enhancement can most easily be calculated using Fermi’s Golden Rule: 
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Calculated cooling rate behavior as a 
function of the ratio of the cyclotron 
frequency to the characteristic 
frequency of the cylindrical cavity. 
The mode structure of our electrode 
stack was measured pre-installation 
with a network analyzer at UBC.   
 
Strong peaks are resonant coupling 
behaviors. 

By scanning the cyclotron frequency of trapped 
particles, resonances with cavity modes are 
observed with the expected linewidth. 
 
For a fixed relaxation time where electrons near the 
resonance are expected to have reached 
equilibrium, we observe that 𝑇𝑓 ∝ 1/Γ, suggesting a 
fixed rate H of plasma heating from expansion and 
background noise at long time scales according to: Freespace Larmor Rate 

Observed Spatial Dependence and Many-Particle Effects 
 
 

Since the coupling strength is dependent on the local value of |𝑬|2, the cooling rate depends on the position of the 
plasma.  Here, plots of the enhanced cooling rate versus 𝜔𝑐  are shown for various axial positions in the cavity. 
 
Interactions in the strong coupling regime display unexpected features such as line splitting and, for dense 
plasmas, improved cooling at nodes (rather than antinodes). In order to explore the large parameter space, the 
cooling rate is often inferred from single-temperature scans, as in the data below. 
 

Future Directions and Other CeRes Posters 
 
 

Next year we will install newly designed cavities to  
-better resolve z-dependent coupling phenomena 
-increase the quality factor and overlap integral for even more cooling power 
-make use of recent advances in meta-surface technology to extend the range of applications of our techniques 
 
In addition we are searching for ways to reduce background heating rates in order to regularly achieve 
temperatures below 40K in the apparatus. 
 
 
For more information on this project, please visit posters: 
UP12.00041, UP12.00042, and UP12.00043  
 
 

      left:   With a small number of electrons (N < 30ke-), the best cooling is found where the transverse electric field is strongest. 
middle:   Higher-order modes and more electrons (N > 10ke-) leads to mode splitting and plasma-impedance matching effects. 
    right:   In the latter regime, there are several parameters to optimize, including plasma position, length, and density. 
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• Electrons emitted from a hot filament are collected in a reservoir trap, that supplies electrons in controlled numbers to a 
cavity region in the experiment.  This region has T=10K wall temperature. 

• Electrons are injected into the bulge cavity region with ~2eV kinetic energy.  Electrostatic potentials are raised to 
capture the electrons.  The sample quickly thermalizes. 

• We wait for electrons to cool via cyclotron radiation through cavity modes for a set relaxation time. 
• The electrons are extracted onto a amplified charge collector by slowly lowering the electrostatic wall potential.  The 

time of arrival of particles allows us to infer an energy distribution. 
 

 
 

Experimental Procedure 

Temperature fit for raw signal on 
charge collector 

• Technique for rapid temperature measurement using 
extracted particles (left) described in poster UP12.00042. 

• Experiments are run in quick succession to generate 
statistics and cooling curves 

• Resonances can be found by fixing the relaxation time 
and scanning the magnetic field until a dip in the 
observed temperature is found. (right) 

• The cooling rate of the electrons is measured from fitting 
the measured temperature for different wait times to a 
potential.  

• With optimal plasma parameters we see a cooling rate 
enhancement factor of 10 for this mode (right inset). 

 
 

TE123 Cavity Mode Profile 

Cooling data from the experiment shows more complicated field and 
position dependence that cannot be explained with this simple model. 

above: Complete experiment 
showing original electrode 
structure and cryostat 
right: Vancouver cavity which 
replaces electrodes 2,3,4 
far right: A new temperature 
measurement configuration  
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