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Introduction

• The FETS-FFA is a prototype ring for ISIS-II.


• Demonstrating beam stacking is a key aim.
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B. Orbits with Di↵erent Momenta

Because of the finite horizontal field in a vFFA, parti-
cles travelling at a fixed energy do not stay in a horizontal
plane but experience an oscillation in the vertical direc-
tion as the beam goes round the ring. Orbits for di↵erent
energies are displaced vertically, for example as the beam
is accelerated. Projections of the closed orbits for di↵er-
ent particle momenta, shown in Fig. 3, reveal interesting
features. Since the magnetic field increases exponentially,
the vertical projection shows that the orbit separation
with a constant increase of momentum shrinks logarith-
mically. Horizontal projections of the orbits are actually

-6-4-2 0 2 4-4
-2 0

 2 4
-1

-0.8

-0.6

-0.4

-0.2

11.94 MeV
9.16 MeV
6.74 MeV
4.68 MeV

3 MeV

[m]
[m]

y [m]   

FIG. 3: Closed orbits for di↵erent momenta in the FDF
triplet lattice. The locations of the Bd and Bf magnets
are indicated by red and blue boxes respectively. The
ratio of magnet strength B0d/B0f=-0.20 and the value
of the normalised field gradient m is fixed at 1.28. Path
length is constant for the entire momentum range, in
other words, the momentum compaction factor is zero.

identical, despite the vertical shift, and this confirms the
earlier observation that the momentum compaction fac-
tor is zero over the entire momentum range.

C. Finding Stable Optics

Once the closed orbit is found, the next step is to de-
termine whether the motion around it is stable by cal-
culating the transverse eigentunes. Particles are tracked
through the cell with an o↵set in each transverse coor-
dinate in order to determine the 4⇥4 transverse transfer
matrix T . This transfer matrix clearly shows non-zero
o↵-diagonal matrix elements (e.g. T13 and T14) because
of the skew quadrupole component from the body field
and solenoid fields at the magnet ends. The former comes
from the exponentially increasing field in Eq. (3).

Two transverse tunes, denoted by qu and qv, are ob-
tained as arguments of the conjugate pairs of complex
eigenvalues of the 4⇥4 transfer matrix T , The ampli-
tude functions (the �-functions) of the FDF triplet lat-

tice are calculated from the eigenvectors according to the
Willeke-Ripken formalism [14] and are shown in Fig. 4.
In the following discussion, we will focus mainly on the
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FIG. 4: Beta functions �xI , �xII , �yI , �yII according
to the procedure by Willeke-Ripken [14]. The magnet

positioning is shown at the top, the red box
corresponding to the Bd magnet and the blue box to

the Bf magnet.

FDF triplet lattice design.

IV. PARAMETER SEARCH

A. Orbit Control

In conventional accelerators, local orbit correction is
provided by dipole magnets that are excited individu-
ally depending on the distortion along the beam trajec-
tory. The orbit is corrected in the horizontal direction
by a dipole magnet with a vertical field and in the ver-
tical direction by a dipole with a horizontal field. In a
vFFA, a vertical orbit corrector could be designed in the
same way, but the horizontal orbit corrector may require
a dipole magnet with a large gap, probably more than
half a metre, spanning the orbit excursion in the vertical
direction, and this would be challenging to implement.

The double coil design mentioned above enables hori-
zontal orbit correction. Two pairs of coils, shifted hori-
zontally with respect to their midplanes, can be excited
with di↵erent currents. Tuning the currents can enable
tuning of the profile of the vertical field along the hori-
zontal direction while maintaining the scaling condition.
The e↵ect on cell tune is small as we expect from the
usual method of orbit correction using dipole magnets.
In Fig. 5, horizontal orbits are shown with di↵erent coil
excitations together with the corresponding variation in
tune. The orbit moves by several centimetres while the
variation in cell tune is less than 0.01.

• Allows flexibility in the delivery of beam to target stations.


• Allows lower repetition rates at high peak output.  



Beam stacking
• Successive beam pulses are stored in the ring. Coasting beams are stacked in terms of energy 

(in a VFFA they are also stacked vertically!).


• What is the effect of the accelerating RF on the stacked beam? The topic was first addressed 
by K. Symon and A. Sessler.
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Phase Displacement

Scattering

Subharmonic effects



Effect of RF on the stacked beam
• Accelerating bucket will cause a downward shift in the energy of the coasting beam it moves through (a consequence of 

Liouville theorem)^. 

⟨Eshift⟩ =
ω0A
2π

4
^K. R. Symon and A.M. Sessler, Proc. CERN Symposium on High-Energy Accelerators (Geneva) 1, p44 (1956), MURA Report 106 (1956)

Phase Displacement

Scattering
• The energy spread of the beam is increased by a bucket passing through. The effect is proportional to .  Γ = sinϕs

σ =
16

(2π)3/2
Γ(ϕs)

eVE
h |η |

Subharmonics
• If fstack/frf  = m/n then the RF may affect the stacked beam. In the case of “bucket lift” some of the stacked beam is trapped 

and accelerated in a subharmonic bucket.



Movies
Empty bucket passing through a coasting beam
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ϕs = 10∘ϕs = 5∘



Multiple bucket passes
Empty buckets passing through coasting beam 
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Stacking energy choice

• Avoid the stacked beam seeing harmonics of the RF during acceleration.


• A natural choice is 4.8MeV where the frequency ratio corresponds to ISIS-II.
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FETS-FFA ISIS-II

ISIS-II ratio



Beam Stacking Scheme
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Linac

FFA

1 ms
10 ms

40 ms

time

inj acc

N=4

e.g.

debunch

• Stack N beams to reduce the beam seen by users by a factor N.

N Rep rate
1 100 Hz
2 50 Hz
5 20 Hz
10 10 Hz

Capture and extraction

Gap for kicker rise time



FETS-FFA: Stacking at the bottom
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• Stack at the bottom by adjusting number of turns in 
flattop.


• This ensures the final energy of each consecutive is 
reduced by the phase displacement shift.

Accelerate and stack four beams Capture

Stacking a single beam Stacking multiple beams (overlaid) Stacking multiple beams (sequential)



FETS-FFA: Acceleration stage

• Bucket area and longitudinal emittance (75% of BA) remain constant. 
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Injection ( )ϕs = 0 End of  flattopϕs  ramped down to zeroϕs



FETS-FFA: Adiabatic Debunching

• RF voltage linearly ramped to zero in 1000 turns. The emittance is preserved.
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RF Voltage reduced to 0.6kV RF voltage reduced to zero 1000 turns later



FETS-FFA: Stack Two Beams
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Energy spread during second bunch acceleration



FETS-FFA: Stack Four Beams
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FETS-FFA: Capture
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• The stacked beam must be captured before 
extraction.


• 22kV is enough to ensure 200ns beam-free time 
for the extraction kicker rise time.


• 1000 turns is sufficient to ensure the capture is 
adiabatic.



FETS-FFA RF Specs
3-12 MeV proton VFFA

• Plan to install one variable frequency cavity for 
acceleration and a separate fixed-frequency 
cavity for stacking.
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Parameter Value

Acceleration

RF frequency range 
(h=2)

1.91 – 3.8 (4.5) MHz

RF peak voltage 4.4 (5.2) kV  
RF cavity design: 6kV

Stacking

RF frequency range 
(h=1)

~ 1 MHz (fixed but 
adjustable)

RF peak voltage 35 kV (stack 5 
beams)


