BROOKHIAEN

NATIONAL LABORATORY

BNL-78167-2007-CP

The EMMA Lattice Design

J. Scott Berg, Alessandro Ruggiero, Shinji Machida, and Shane
Koscielniak

To appear in the proceedings of the Particle Acceleratorfémnce 07, Albuquerque,
NM, June 25-29, 2007.

June 2007

Physics Department/Bldg. 901A

Brookhaven National Laboratory
P.O. Box 5000
Upton, NY 11973-5000
www.bnl.gov

Notice: This manuscript has been authored by employees @fkBaven Science Associates, LLC under
Contract No. DE-AC02-98CH10886 with the U.S. DepartmenEpnérgy. The publisher, by accepting the
manuscript for publication, acknowledges that the Unitete€s Government retains a non-exclusive, paid-up,
irrevocable, world-wide license to publish or reproduce plublished form of this manuscript, or allow others
to do so, for United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored lageamcy of the
United States Government. Neither the United States Gawenhnor any agency
thereof, nor any of their employees, nor any of their contra; subcontractors,
or their employees, makes any warranty, express or imptie@gssumes any le-
gal liability or responsibility for the accuracy, compleéss, or any third party’s
use or the results of such use of any information, apparatasiuct, or process
disclosed, or represents that its use would not infringeapely owned rights. Ref-
erence herein to any specific commercial product, processraice by trade name,
trademark, manufacturer, or otherwise, does not necégssaristitute or imply its
endorsement, recommendation, or favoring by the UnitegtStaovernment or any
agency thereof or its contractors or subcontractors. Téws/and opinions of au-
thors expressed herein do not necessarily state or reflest tf the United States
Government or any agency thereof.

@ Printed on recycled paper



THE EMMA LATTICE DESIGN
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Abstract e Use a fixed RF frequency, but make the harmonic
EMMA is a 10 to 20 MeV electron ring designed to test number change by (approximately) an integer on each

our understanding of beam dynamics in a relativistic lin- turn [1’.2]'

ear non-scaling fixed field alternating gradient accelerato * Qse a fixed RF frequgncy, and complete the accelera-
(FFAG). This paper describes the design of the EMMA lat- tion before the bunch s too far off crest.

tice. We begin with a summary of the experimental goalwve will examine the latter acceleration scenario, which has
that impact the lattice design, and then outline what maever been used in an accelerator before. EMMA will vary
tivated the choice for the basic lattice parameters, such &g parameters that determine the longitudinal dynamics to
the type of cells, the number of cells, and the RF frequencinsure that our understanding of this mode is correct. In
We next list the different configurations that we wish to opprinciple, a later upgrade of EMMA could look at one of
erate the machine in so as to accomplish our experimentak other acceleration scenarios as well.

goals. Finally, we enumerate the detailed lattice parame-

ters, showing how these parameters result from the variousTHE BASIC MACHINE PARAMETERS

lattice configurations.
EMMA is similar in design to a muon accelerator FFAG.

PURPOSE OF EMMA Its parameters are based on those designs [3].
EMMA should be able to accelerate by a factor of two

EMMA will be the first non-scaling FFAG ever built. Its in momentum, which is a minimum desirable amount of
purpose will be to study the dynamical properties that argcceleration for a machine. An energy range of 10 to 20
important in a highly relativistic linear non-scaling FFAG MeV was chosen for the machine based on a compromise

In a linear non-scaling FFAG, the tune depends stronglyetween the desire to keep the beam highly relativistic and
on energy. In most machines, this would lead to substantitde cost benefits of a smaller, lower energy machine.
beam loss due to resonance crossing. Substantial dynamicThe number of cells in the machine times the number
aperture over the entire energy range is maintained becausiaurns required for acceleration characterizes the perfo

e The lattice consists entirely of simple cells (doubletgnance of the machine. This number should be high, since it

for EMMA) which are made as identical as possiblemeans that less RF voltage will be required to accelerate for
3 given ring circumference, and acceleration will be more

Computing resonances for a single cell thus gives aﬂd. batic. Making th ber of cell | in th
important resonances for the machine. adiabatic. Making the number of cell-turns larger in the

e Only linear magnets are used, minimizing nonlinea@cceleraﬁlng que ushedthere,”flwwei\r/ler, gednlerally Ff:—‘Fq]E'fes
driving terms. more cells in a ring, shorter cell lengths, and lower re-

« Acceleration is rapid, so that the remaining Weaiguencies. Typical muon acceleration rings have betwegn
resonances, due to nonlinearities, primarily arising)00 ar_1d 1500 cell-tumns; to keep costs dowp, our goal is
from magnet ends, and linear lattice imperfections, a achieve 500 ceII—turr)s for reasonable longitudinal phas
crossed rapidly. space acceptance, defined asigrarameter ot /12 [4].
A triplet lattice will give the optimal performance in the
EMMA will attempt to study the importance of all of thesechosen acceleration mode for a given number of cells and
conditions. It will be capable of breaking the machine sym-
metry. The acceleration rate will be varied. Finally, the

range of resonances which are crossed in the machine will Table 1: Basic machine parameters.
be modified, and individual resonances will be studied. Minimum kinetic energy 10 MeV
The time of flight also depends on energy. For highly rel-  pMaximum kinetic energy 20 MeV
ativistic machines, such as EMMA, one can choose a single  Approximate RF frequency 1.3 GHz
energy where the machine is locally isochronous. Using | attice cells 42
fixed-frequency RF cavities, one expects to eventually lose RFE cavities 19
synchronism with the RF, and therefore to no longer accel- | attice type Doublet
erate. There are three methods for addressing this: Normalized transverse acceptance 3mm
e Vary the RF frequency to match the time of flight as ~ Nominal long drift length 210.000 mm
one accelerates. Nominal short drift length 50.000 mm
Nominal D magnet length 75.699 mm

*Work Supported by the United States Department of Energytr@cin

No. DE-AC02-98CH10886. Nominal F magnet length 58.782 mm



fixed cell length. However, since a triplet lattice requires 0.5 ~g—— 71— 1
three magnets per cell and an additional inter-magnet drift
and the end magnets will need to be very short, a doublet
lattice is preferred. 0.4

We choose between two readily available RF frequen-
cies, 1.3 GHz and 3 GHz. Using 3 GHz would require sub-
stantially more lattice cells to achieve our goals, and woul (.3
have lower stored energy per cavity cell than 1.3 GHz RF__
(important since beam loading effects should be smallf
While RF power transport is more expensive for 1.3 GHz (5
than for 3 GHz, that is not enough to overcome the advan-
tages of the smaller ring.

The machine has 42 lattice cells. Using fewer cells 1
would require shortening the already short magnets and in-
creasing their fields substantially. The number of cells is
kept as small as possible to reduce the cost and ring size. R

Ideally, we would fill every other cell with an RF cav- O'%_O 0.1 0.2 0.3 0.4 05
ity, leaving remaining cells open for diagnostics and injec v
tion/extraction hardware. Two additional cavities must be

removed for injection and extraction, leaving 19 cavitiegjy re 1: single-cell tune for all energies for four diffate
in the ring. Filling every third cell instead of every SeC-|attice configurations. Low energy has higher tune.
ond increases the RF power requirement and creates larger

betatron oscillations due to the discrete nature of thelacce 5
eration and the nonzero dispersion in the cavities. 2
We wish EMMA to have similar levels of nonlinearities 5 4
to a muon machine. The relative importance of nonlinearf?
ties in our case is related to the fraction of the magnet ape& 3
ture occupied by the beam and the angles that the beam
makes with respect to magnet ends and axes. A simp@
scaling argument says that, assuming that the beam ocl- 1
pies a similar fraction of the magnet aperture in both cases
and that the lattices have similar numbers of magnets, thagt 0 R
the scaling of emittances should be proportional to the ce \—//
lengths. Thus, since 30 mm normalized acceptance is d&- =
sirable for the muon machines [5], a normalized acceptan®e .. 1.1ttt
of 3 mm is our goal for EMMA. 3 12 14 16 18 20
. . . Kinetic Energy (MeV)
To create the combined dipole and quadrupole fields re-
quired for the lattice, we have chosen to use displaceig

" L : . . Igure 2: Time of flight as a function of energy for three
guadrupoles positioned on precision sliders which will al-,. . : ; e
: : . ) different RF frequencies. Zero time of flight deviation is
low the dipole field to be varied relative to the quadrupole : . .
hen the particle on the closed orbit at that energy is syn-

field. The dipole and quadrupole fields can thus be varie\éc\i]ronized with the RF. The actual time of flight doesn't

independently, while using quadrupoles which are fairl
straightforward to build. %hange between curves, only the RF frequency changes.

To make the pole tip fields in the magnets similar, to
leave adequate space for RF cavities, to leave sufficient LATTICE CONFIGURATIONS
room between magnets, and to keep a reference lattice
synchronized appropriately with 1.3 GHz RF, the lengths To establish the range of parameters for the magnet fields
shown in Tab. 1 have been chosen. All magnets are treat@dd displacements, the RF cavities and power sources, and
in initial studies as being rectangular, and having a corthe vacuum chamber aperture size, we examine several pos-
stant field within the “nominal length” indicated in Tab. 1.sible machine configurations.
End fields initially are treated as being “hard edge,” with a We will vary which resonances the beam passes through
multipole symmetry, using technigues similar to those deduring acceleration. We have chosen four configurations
scribed in [6, 7]. Subsequent studies will use more realistbased on which of the nonlinear resonances generated by
fields (using ZGOUBI [8] or other codes). The sequenceextupoles to first order the machine crosses during aeceler
consisting of an RF cavity, an F magnet, and a D magnet &tion, as shown in Fig. 1. The configuration with the lowest
that order have their axes aligned parallel to each other faorizontal tune requires the largest horizontal aperture.
ease of construction; there is little penalty for doing so. We want to study the effects of varying the time of flight
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Table 2: Range of machine parameters required for all con-
figurations.

W D F Cavity
iii Central axis shift
w Minimum (mm) 28.751 4,903 0.439
€ Maximum (mm) 48.559 10.212 0.439
Aperture radius (mm) 55.975 31.850 34.751
I L Vacuum chamber apertures
Minimum horiz. (mm)  -7.416 -21.638 -16.936
Figure 3: Longitudinal phase space for two lattices which MaXimum horiz. (mm) 18789 ~ 20.700 ~ 17.814
differ only in their RF frequency. Particles are acceler-_Half height (mm) 11676  8.906 10.571
ated from the minimum to the maximum energy through_Max. gradient (T/m) 4843 6847 —
the white area. RF parameters
Min. freq. offset (kHz) — — -4019
o o o S B B et R Max. freq. offset (kHz) — — 1554
F Max. ring voltage (kV) — — 2286
4 ]

w

ergies. This will be essential for mapping out tunes and the
time of flight as a function of energy. Doing so will require
that the time of flight at the energy in question be equal
to a multiple (72 in our case) of the inverse of the cavity
resonant frequency. This requires an even wider range of
cavity frequency variation than the aforementioned study
of the longitudinal dynamics.

The RF voltage in the lattice will be varied to explore its
effect on the longitudinal phase space. We need sufficient
voltage to have enough phase space volume to easily accel-
erate the beamu(= 1/12), and then some excess voltage
to study the effect of voltage variation.

Figure 4: Time of flight as a function of energy for lattices
where the minimum in the time of flight is moved to either
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