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Motivation:  Need Higher Intensity and 
Higher Stability Beam

Last decade routine operation:   220-270μA extracted

Future Requirements
● BL1A  (100 – 150 μA)

μSR experiments

● BL2A  (70 – 100 μA)
RIB production

● BL2C  (70 – 100 μA)
Sr production, Proton therapy, 
Proton Irradiation facility

● BL4N  (70 – 100 μA)
ARIEL

● Total (310 – 450 μA)
with beam spills < 1.2% in the 
cyclotron and current instability 
within ±1% in the beam-lines.
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Beam Instability 
● But very small changes in the circulating beam orbit can result in large 

oscillations to the height of beam centre due to coupling resonance νr -νz=1, 
causing beam loss in the cyclotron and even down to the beam-lines. Shown 
below is the HE probe measured result.

● If there were no radial-vertical coupling, then the vertical flag would be able to 
reduce vertical beam spill all the way to extraction. But we observe that it has 
hardly any such effect.



What is the Resonance Driven by?

It's driven by an asymmetry in the median plane of the cyclotron due to presence of 
the first harmonic in the magnetic field Br component. 
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Resonance Crossing Twice 

● In TRIUMF cyclotron, this resonance is encountered at ~166 MeV and 
~291MeV twice, where νr ≈1.20, νz ≈0.20 and νr ≈1.32, νz ≈0.32 resp., as 
shown below.

TRIUMF Tune Diagram



Br 1st Harmonic Errors in Base Field

● At around 166 MeV ● At around 291 MeV  

The ~0.5 G error is small but still large enough to excite 
the resonance.  



Investigations in the History

● In 1970's, TRIUMF pioneers did investigations about the effect of a 
radial centring error on the beam height and on the beam loss.  Also 
they attempted to power the harmonic coils to diminish the effect.       
But they did not seem to achieve it.  







Harmonic Coils

● We re-investigated 
this resonance, with a 
view to a correction 
for it by using the 
existing harmonic 
coils.

● TRIUMF cyclotron 
has 13 sets of 
harmonic coils placed 
at different radii, 
covering full energy 
range; each set is 
composed of 6 pairs 
of coils installed in a 
6-fold symmetrical 
manner azimuthally. 



Harmonic Coils

● Br field shape due to the harmonic coils

● The Br component on the geometrical median plane reaches a maximum at 
inner and outer radii of the coils while reverses the sign (i.e. direction), and 
becomes zero at nearly the coil centre.

● What matters to the coupling resonance correction is the strength of the Br 
component itself, not its radial gradient.



Harmonic Coils

● We began with orbit simulations for the resonance correction. 
It turns out that by combining HC10 with HC12, we are able to 
correct the resonance which occurs at ~291 MeV.  

● But a single coil e.g. HC11 does not work out, though it is spaning the 
right radial range.  This is because the field reverses direction and 
therefore cancels the effect.    



Static Orbit Simulations
● The simulations began with static orbit, i.e. without acceleration. At start, a single 

particle of 291 MeV was just sitting on its static equilibrium orbit (SEO) vertically 
while displaced from the SEO by 0.5'' radially.  The particle's coordinates (x, px) and 
(z, pz) were recorded turn by turn at the starting azimuth for a number of turns.   

Before Correction After Correction



 Static Orbit Simulations 
● In the action space (Jx, Jz):     



Accelerated Orbit Simulations 
● And then, an accelerated orbit was simulated, starting at 250 MeV, far enough from 

the resonance energy of 291 MeV. Similarly, at start, the particle was just sitting on 
its static equilibrium orbit (SEO) vertically while displaced from the SEO by +0.5'' or 
-0.5'' radially.  The particle's coordinates (x, px) and (z, pz) were recorded turn by 
turn at the starting azimuth for a number of turns until it gets to 500MeV extraction.   

● The residual oscillations, even showing up before 260 inch, is probably due to the 
other higher order resonance.   



Measurements with HE Probe  
● For the measurements, a coherent radial centring error of beam orbit was introduced 

by detuning the deflector's high voltage from the production setting, or  by detuning 
the amplitude and/or phase of Bz first harmonic coil #2 from the production settings. 
These production settings were usually well tuned to minimize the machine spills.  

Deflector's voltage was detuned by 9% 



Measurements with HE Probe  

Deflector's voltage was detuned by 9% 

● Apparently, the flipped phase manifests the correct phase.  



Measurements with HE Probe  

Bz 1st HC#2 phase detuned by 30o



Measurements with HE Probe  

Bz 1st HC#2 amplitude detuned by 200AT

● These indicate that the correction made works for the other 
arbitrary centring errors. This is exactly the goal we want to 
achieve.  



TRIUMF HE Probe

● The existing low energy (LE) and high energy (HE) probes in the cyclotron CAN 
measure the beam vertical centre-of-gravity and radial density.      

● But can't measure longitudinal density distributions of bunches in the cyclotron.      



Summary 

● We demonstrated that we've found a solution to correct the 2nd 
crossing of the coupling resonance using the existing harmonic 
coils #10 and #12 in combination.

● Next, we shall expect to correct the 1st crossing. As a result of 
these corrections, the machine spills can be further reduced.
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