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Phase Stability
Invented independently by Veksler (for microtrons!) and McMillan

…
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Electrons arriving EARLY get more energy, have a longer path, and arrive 
later on the next pass. Extremely important discovery in accelerator 
physics. McMillan used same idea to design first electron synchrotron.
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Phase Stability Condition

“Synchronous” electron has 

scol leVEE φcos+=sφ=Phase

Difference equation for differences after passing through cavity pass  l + 1:
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Because for an electron passing the cavity

( )( )sscbeforeafter eVEE φφφ coscos −∆++∆=∆
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Phase Stability Condition
21/i iK ρ=
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Phase Stability Condition

Have Phase Stability if 

2T r 1
2
M⎛ ⎞ <⎜ ⎟
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i.e.,

0 tan 2sνπ φ< <
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Problems with Classical Microtron

. Injection

. Would like to get magnetic field up to get to higher beam energy for same 
field volume, without increasing the RF frequency.

Solution: Higher “initial” energy



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics

Conventional Microtron
Make

1 1 c

RF

ff
f

γ ν= + 1>fwith

Now resonance conditions imply
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And now it is possible to have (at the expense of higher RF power!) 

1/ >RFc ff
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Performance of Microtrons
The first and last entries are among the largest “classical” microtrons ever built.

1ν = for them all

1/ =RFc ff

1/ =RFc ff

5.2/ =RFc ff

1/ =RFc ff

2/ =RFc ff
2/ =RFc ff
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Racetrack Microtrons

. Basic idea: increase the flexibility of parameter choices while retaining the 
inherent longitudinal stability of the microtron geometry.

. Use the increased flexibility to make bending magnets better suited to 
containing higher energy beams than in conventional microtrons

. Solve “injection” problems by injection at relatively high energies

. Trick: split the two halves of the microtron

Injection

L
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Revised Resonance Conditions
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To evaluate racetrack microtron longitudinal stability, use the same formulas as 
for  classical microtron. For largest acceptance             .1ν =

Huge advantage: because of the possibilities of long straights, long linacs
operated in a longitudinally stable way are possible. In particular, there is 
now space for both CW normal conducting linacs and CW 
superconducting linacs.
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Examples of Racetrack Microtrons



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics

Longitudinal Stability

For the racetrack microtron, too, if no optics or identity optics 
in the return straights
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Same result as microtron



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics

Polytrons

For GeV scale energies or higher, the bend magnets for a racetrack microtron
design become uneconomical. A way must be found to confine the active 
bending field to a relatively small bending area. A way to do this is illustrated in 
the idea of a polytron, which is a generalization of the racetrack microtron with 
the total bend between linacs of 360/p, where p is an even integer.

To the best of my knowledge, only a single polytron has ever been built, as an 
upgrade to the Mainz accelerator, although Argonne’s hexatron was a serious 
competitor to the original NEAL proposal from SURA.

My guess is that superconducting machines like CEBAF will always be preferred 
to polytrons, although Herminghaus has given some reasons that one might 
expect to get smaller energy spread out of these devices.



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics

Polytron Arrangements
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Bender Geometry
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Polytron Properties

Polytrons have a greater phase stable area. Proof, examine the stability of
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But now the section bends only 720 / pD
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Stability Condition

20 tan / 2s pνπ φ< <



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

3 April 2006UVa Course on Accelerator Physics

Polytron Properties

( )np π/arctan
NB, the numbers are right, just not the formula
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Argonne “Hexatron”
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Enhanced Longitudinal Stability (Herminghaus)

By proper choice of synchrotron frequency, it may be possible to cancel of RF 
phase and amplitude errors. For a 5-pass device and phase advance 1/5

E∆

errorE∆

D72

φ∆

Sum vanishes after fifth pass!!

One actually WANTS to run on the storage ring “linear resonance” for polytrons!
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Synchrotrons

Two basic generalizations needed

RF Cavity

• Acceleration of non-relativistic 
particles
• Difference equation describing 
per turn dynamics becomes a 
differential equation with solution 
involving a new frequency, the 
synchrotron frequency
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Acceleration of non-relativistic particles

For microtron, racetrack microtrons and other polytrons, 
electron speed is at the speed of light. For non-relativistic 
particles the recirculation time also depends on the longitudinal 
velocity vz = βzc.
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Momentum Compaction
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Transition Energy: Energy at which the change in the once 
around time becomes independent of momentum (energy)
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Equation for Synchrotron Oscillations
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Assume momentum slowly changing (adiabatic acceleration) 
Phase advance per turn is
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So change in phase advance per unit time is
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