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Beam Stacking
• Beam stacking involves storing successive bunches in the ring. The bunches are allowed to coast and are stacked 

in terms of energy.
• First proposed by Symon and Sessler during the MURA years. Also known a “longitudinal phase space stacking”, 

“rf stacking” or “momentum stacking”.

E. Ciapala, CAS pp195-225 (1984) DOI: 10.5170/CERN-1985-019-V-1.195

Why stack?
• To increase the circulating current (e.g. ISR).
• To circumvent the intensity limit coming from space charge at injection (~βγ2).
• To change the extraction rep rate without changing the machine rep rate (ISIS2 FFA 

option).

2
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Intersecting Storage Rings (ISR)
• Hundreds of bunches stacked to reach sufficient luminosity (up to 57A circulating current!).
• Phase displacement acceleration used to increase momentum of stack from  26.6 GeV/c to 31.4 GeV/c.
• Large momentum spread of stack resulted in a “working line” instead of working point (non-zero chromaticity). 

momentum part of the stack. In order to be able to
compensate the space charge effect we had (of course)
to measure it. As previously stated, this is one of the major
problems with unbunched beams; lack of diagnostics.
A complicated system was developed which used beam
transfer functions of empty buckets to measure the working
line as a function of intensity. This system ultimately
allowed measurements of the space charge tune shift which
could be used for stepwise compensation during stacking.
The measurement system was destructive to the beam
(emittance) and never became robust enough to be used
operationally. Figure 8 shows the procedure for space
charge compensation while stacking [9]. The working line
was “pre-stressed” for currents of 3 amperes and after the
3 amp increment of current had been stacked the next
prestress was applied. Figure 8 shows the prestresses up to
a total of 15 amps. This space charge compensation system
took advantage of the great magnetic flexibility allowed by
the combined function magnets and the inclusion of 24 pole
face windings. The method also greatly stressed the
capabilities of the controls system of the early seventies.

6. Computer control of accelerators

In order to accelerate high intensity “coasting” beams
from 26 to 31 GeV=c, the computer control system of the
ISR needed many upgrades and modifications. The accel-
eration by phase displacement involved around 200 rf
frequency sweeps through the beam. Each sweep increased
the momentum by around 25 MeV=c and necessitated
incremental changes of the bending field so as to keep
the beam in the center of the aperture. Due to the changing
space charge effects, changes had also to be made to the
tune and the chromaticity of the beams. The procedure

developed involved many reference “break-points” as a
function of energy and the acceleration between these
break-points was done by interpolation. This same pro-
cedure was subsequently employed for the acceleration of
beams in LEP and the LHC.

7. Schottky scans

The Schottky noise spectra [10] result from the discrete
nature of the particles in the beam. A sensitive high
frequency longitudinal pickup with some long-term signal
processing using a spectrum analyzer could produce a
signal proportional to the longitudinal phase space density
of the debunched beam. Figure 9 shows one of the first
Schottky scans taken operationally in the ISR. The three
scans were taken at beam currents of 10, 15 and 19.2
amperes. The horizontal axis is the longitudinal frequency
and allows evaluation of the beam Δp=p.
Soon after discovering longitudinal Schottky scans,

transverse pickups were used to measure the transverse
Schottky scans which gave some information about the
tune values in the stacked beams.
The operational use of these Schottky scans completely

transformed the way of operating the ISR. On the long
“stable-beams” fills, they were the only diagnostic avail-
able for observing the beam in a quantitative way (there was
also the very useful sodium curtain which allowed visual
inspection of the cross section of the beam). In the
longitudinal plane the longitudinal density could be evalu-
ated as a function of Δp=p by incorporation of the value
from the current meter. In addition, any “markers” on the
stacks which could be identified in all planes would allow
an evaluation of the location of this marker in tune space.
The most usual markers for some time were the edges of
the stack.

8. Centering the accumulated beam in the aperture

Injection to the ISR was performed by an injection kicker
on a mechanically movable girder. When the stacking
process was completed the girder was moved out so that
the injection kicker was outside the aperture of the
machine. This of course meant that, for maximum stacking
aperture, the stack was situated on the “outside” of the
beam aperture (see Fig. 10, left). Consequently, at the end
of the stacking process, the stacked beams were not

FIG. 8. Working line and space charge compensation.

FIG. 9. Longitudinal Schottky scans.
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FIG. 1. Layout of the intersecting storage rings (ISR).

A measure of intensity for colliding-beam devices is a
parameter known as the luminosity, L, defined as the figure
by which one has to multiply a cross section (for a given type
of interaction) to arrive at the number of events per second.
As an example, one could ask what luminosity would be
required to reach a total p-p interaction rate per second of 106,
similar to the typical figure given above for secondary beams
on a hydrogen target. Assuming a total p-p cross section
of 40 mb, we find that an L = 2.5 X 1030 cm-2 s'1 would give
105 interactions per sec.
The ISR design aimed, in fact, at L __ 4 X 103° cm-2 s-l.

To achieve this, it is necessary to increase the intensity of the
two orbiting beams so that they each contain 4 X 1014
protons, which is equivalent to a circulating current in each
ring of about 20 A. Beams of this intensity are achieved by
stacking many successive pulses from the CERN-PS next to
one another.
For this purpose a radio-frequency system is needed. After

the first pulse has been injected, this RF system accelerates
the protons just enough to move the particles from their
injection orbit to an orbit nearer the outside of the vacuum
chamber. When this acceleration has been done, the injection
orbit is free to receive the next pulse which, in its turn, is
accelerated and moved to an orbit only a fraction of a milli-

Number of rings
Circumference of rings
Number of intersections
Length of long straight section
Intersection angle at crossing points
Maximum energy of each beam
Hoped for luminosity (per intersection)
Magnet (one ring)
Maximum field at equilibrium orbit
Maximum current to magnet coils
Maximum power dissipation
Number of magnet periods
Number of superperiods
Total weight of steel
Total weight of copper
RF system (one ring)
Number of RF cavities
Harmonic number
Center frequency of RF
Maximum peak RF voltage per turn
Vacuum system
Vacuum chamber material

Vacuum chamber inside dimensions
Design pressure outside intersection

regions
Design pressure inside intersection

regions

2
942.66 m
8
16.8 m
14.78850
28 GeV
4 X 1030 cm2s1-

12 kG
3750 A
7.04 MW
48
4
5000 tons
560 tons

6
30
9.53 MHz
20 kV

Low-carbon stain-
less steel

160 X 52 mm2
10-9 torr

10-10 to 10-11 torr

meter from where the first pulse was left. This stacking process
can be repeated again and again, in fact, about 400 times in
each ring, to create a stacked beam about 70 mm wide with
the intensities mentioned above. Fig. 2 illustrates the stacking
process and how one gradually fills the aperture available in
the vacuum chamber. With 400 pulses stacked there will be a
momentum spread of 2% across the beam.
The protons can continue to circulate in the rings and

colliding-beam experiments can be performed for as long as
36 hr before calling on the CERN-PS again for a refill.
Most of the major problems in constructing the ISR aroseI\\ ILJ(Q'~ ~I

ectedcsp

horizontal aperture 150 mm

outside of the ring inside of the ring
FIG. 2. Cross-section of the vacuum chamber at the position of the beam inflector with indication of the stacking process.
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Effect of RF on the stacked beam

• Phase displacement – Following Liouville, an accelerating bucket (with area A) will cause a 
downward shift of the average energy of the coasting beam once it passes through.

• Scattering – The energy spread of the coasting beam is increased by the moving bucket 
passage. This tends to increase with Γ=sin φs. Defining 

where σin, σf are the rms momentum spreads before and after bucket passage, Messerschmid
numerically found the following approximate relation holds for Γ<~0.8.

where Δps is the bucket height of the equivalent stationary bucket.

Messerschimid, CERN-ISR-RF/72-28 (1972) 
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Phase displacement
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1st crossing

2nd crossing



Empty bucket traversal
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Φs=5° Φs=10°

Distance between horizontal lines is 

Adjust voltage so that the bucket area A is the the same in both cases.



ISIS-II requirements

• Beam power 1.25-2.5 MW, beam energy 1.2 GeV.

• RCS, Accumulator Ring and FFA options being studied in parallel.

• Beam stacking would allow flexibility to choose between operation at high 
peak current with low repetition rate or at low peak current with high 
repetition. 

• For example, with the ring operating at 100Hz, stacking 4 beams would 
deliver 25 Hz at high current to the target.
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FETS-FFA
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Lattice with and without superperiodicity
16-fold symmetry
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Straight length: 0.95 m
Dynamic aperture: 110 pi mm mrad
Field index k: 8.00
Spiral angle: 45 degree
Magnet families: 2

4-fold symmetry
Straight length: 1.55 m, 0.90 m, 0.45 m
Dynamic aperture: 80 pi mm mrad
Field index k: 7.40
Spiral angle: 30 degree
Magnet families: 8

Horizontal beam size is larger.

• Since high intensity operation of FFA is unproven, a prototype ring, the 3-
12MeV FETS-FFA, will be built.

• A FD-Spiral hFFA lattice is chosen both for ISIS-II and the prototype ring.
• Ferrite and MA-based cavities under development.

Parameter Value

Cavity for Acceleration

RF frequency range (h=2, 
broadband)

1.8 – 3.42 MHz

RF peak voltage 6 kV

Cavity for Stacking

RF frequency range (h=1, 
fixed)

1.7 MHz (extraction 
frequency)

RF peak voltage 20 kV (stack 4 beams)



Beam Stacking – FETS-FFA case
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Capture & Extraction

• Stack N beams to reduce the repetition rate seen by target 
by a factor N.

• Stack successive beams at slightly lower energies to avoid 
phase displacement.

• Capture to ensure enough beam-free time for the 
extraction kicker rise time.



Stacking process
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• Assume a beam has already been stacked  
and is coasting (blue).

• Inject a second bunch (orange) and 
accelerate to just below the coasting beam.

• Ensure φs is zero at final energy.
• Debunch adiabatically.



RF Program
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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)



Capture requirements for FETS-FFA
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• Left: Ideal stack of four beams assuming 90% bucket fill and emittance 0.062 Vs. 
• Centre: Hamiltonian contour than captures the same emittance. The bunched beam after capture has a momentum spread dp/p =  +/- 0.02.
• Right: Capture voltage assumes a beam free time of 100ns or 200ns is required. This is to accommodate the extraction kicker rise time.



Tracking results
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• Track capture process in PyHEADTAIL.
• Capture the beam by linearly increasing the RF voltage from zero to 22kV in 1000 turns.
• 200ns beam free time created for extraction kicker.


