Appendix B

APPENDIX B.
Electron Acceleration for the eRHIC with the Non-Scaling Fixed Field
Alternating Synchrotrons

Degjan Trbojevic, Mike Blaskiewicz, Sandro Ruggiero, and Ernest D. Courant

B.1 Introduction

The scaling Fixed Field Alternating Gradient (FFAG) dymtron has been introduced in
1954 by K. R. Symon [1] and few example electron rings were kuitia time. During the last
decade, the concept has been revived due to requests for high inteaslitynes, and has been
applied in building the proton and electron FFAG, especially in Japhe.pfbof of principle proton
FFAG was built and commissioned in June 2000 at the KEK, Japan [ZnByes 150 MeV proton
FFAG synchrotron is being commissioned at the KEK [3].

A principle of the scaling FFAG

The magnetic field in regular synchrotrons varies during a@ateerin accordance to the beam
momentum such that the average radius and therefore the path dognd the machine are
constant. A concept of the scaling FFAG lattice is presented in fig. 1.
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Figure 1. Concept of the scaling FFAG lattice by K. R. Symon.
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0 The transverse magnetic field in the scaling FFAG is non-linear and fixed:

k
IO

o The radius of particles as they are accelerated, is imegeasth momentum: the revolution
frequencies vary with momentum, unlike in the cyclotrons where the frequency iantonst

o The scaling FFAG has strong transverse focusing withnaltielg gradients. The stability of
the betatron oscillations is obtained by optimization of betatron tlihestunes are constant
which makes the chromaticity throughout acceleration equal to zero.

o The momentum acceptance of the FFAG is as largépgs ~ +/-50 %. The largest
momentum offsets in the regular synchrotrons are of the ordemopércent. This depends
on dispersion function (as the transverse offséixisDy 0p/p, where R is the horizontal
dispersion function).

o The transition energy is outside of region of energies during acceleration.

o Relatively large apertures are required for the scaling G-Flue to the large radius
excursions. The original MARK-I design for the output energy of H¥Mequired a radius
of almostAx~1 meter. The present FFAG 10 MeV synchrotron at KEK also Hesatge
variation of radius fromgr= 4.4 m to y = 5.3 m,Ax~0.9 meter, it requires large aperture
magnets.

o A relatively large circumference is required due to large opposite bends.

The non-scaling FFAG

We had introduced the idea of non-scaling FFAG at the Montauk Muordé€otheeting 1999 [4].
The collaboration accepted this concept and a design for the highgy @meon acceleration. We
followed the basic idea of the scaling FFAG with a combinatiah@freviously known “minimum
emittance lattice” concept for the electron storage rings.r8lesisadvantages of the original FFAG
design: like large aperture requirements, are reduced, the ce@pieeture in the non-scaling FFAG
is at least one order of magnitude smaller. The transvergaeatiafield in the alternating gradient
magnets is linear and particle with different momentum folbolits oscillating around the ring. The
average radius corresponds to the value of the momentum.

The basic lattice cell consists of theo combined function elements. the large bending magnet
with a defocusing gradient, and a smaller opposite bend with focgsadgent. There is a drift space
large enough for the accelerating cavity between two focusing magnets.

The principle of the non-scaling FFAG is based on the basicorelaetween the radial offset and
dispersion functionAx=Dy &p/p. For example, if the dispersion function were smaller than 10 cm
(Dx <10 cm) during acceleration, the orbit offsets for the vengelanomentum offsetdg/p =+-
50%) would not be larger than +-5 cm. The non-scaling design does norzdravehromaticity
during acceleration and the betatron tunes change within avange.4 — 0.1.
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B.2 Application of the FFAG Lattice for eRHIC Electron
Acceleration

Courant-Snyder functions and magnets in the FFAG non-scaling lattice cell for acceleration from
energy of E=3.2 GeV up to Ra=10 GeV (or in the momentum range of fromp/p = -52% to
"Ip/p = +50%): The basic cell with the betatron functions at ¢inéral energy of £= 6.7 GeV and
magnets is presented in figure 2.
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Figure 2. Basic FFAG cell with betatron functions at the central grodrig, = 6.7 GeV.

The central 1.5 meter long magnet has a bending angk&45.56 mrad, and it is a combined
function magnet with a defocusing gradientGyf=-11.7 T/m. The opposite bend is 0.42 meter long
with the bending angle &d#=-11.27 mrad, with a focusing gradient &:= 23 T/m. The cell length is
4.678 m. The available drift length for the RF cavity is 2.335 m. TAer&73 cells. The required
aperture in a transverse direction depends on the orbit offsets docelgration. The synchrotron
radiation from electron depends on the value of the bending gngleb). The bending angle of the
major bend in this example & 0.045rad. The bending radius is estimatedad/6~33 m.

Orbits During Acceleration: At the start of acceleration, the energy is equakEjo=3.22 GeV,
corresponding momentum offset from the central energy of 6.7 G&Vps= -52%. The maximum
orbit offset at the beginning of acceleration, as presentedurefgy is equal tédx = -15.5 mm. It is
passing parallel to the central circular orbit through a dfaice assigned to the cavity. As
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acceleration proceeds, the orbits move towards the centraVpléin the momentum offset becomes
positive orbits move outside of the central path reaching the maxivalie ofAx = +49.27 mm.
The aperture of the beam pipe should be wider than ~70 mm. The mdgldtistrength of the
major bending magnet is;80.679 T while the opposite bending field, of the 42 cm long combined
function magnet, is Bg= 0.6 T.

49.27 mm

Figure 3. Particle orbits during acceleration. The magnets arenfgddsy the “blue” boxes.

Betatron tunes during acceleration: The betatron tunes in the non-scaling FFAG vary with energy,
to the contrary of the scaling FFAG. It is important to avoill &ad full integer tunes within the
single cell because accelerating particles might bedwstto repetition of the same cells along the
circumference path. The vertical and horizontal tune dependence ogy emeMmomentum is
presented in figure 4.
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Betatron tunes vs. energy [eRHIC 1277m]
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Figure 4. Betatron tunes dependence on energy.

The Path Length and momentum compaction dependence on energy

The path length dependence on energy (fig.5)is very close to boparfunction. At the lowest
energy,a, the momentum-compaction is negative (the transition engigyan imaginary number).

During acceleration frondp/p =-52 % up to a value of momentum close to the central value, the

absolute value of the transition energy gradually increases. Theemhomm compaction is also a
parabolic function and it crosses the zero value at the sam@po3ihe momentum compaction
dependence on energy is shown in figure 6.
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Figure 5. The path length dependence on energy

Momentum Compaction vs. Energy - eRHIC 1277m
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Figure 6. Energy dependence of the momentum compaction factor.
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Acceleration

The major problem of applying the FFAG concept for the high ele@namgy acceleratiors the
loss of energy due to synchrotron radiation. Energy loss for a single electron per turn in the circular
orbit is defined as:

AE _4_"(r_o

5 B° v, rois the classical electron radius.
m,c® 3 | p

The average radius of the 1/3 of the RHIC circueriee is of the order of 200 m, but within the
FFAG magnets electrons would be bend much hardem evthe opposite way and the radius of
curvature is much smaller. The energy loss of edacat the last turn, reaching the highest enefgy o
10 GeV, is calculated for this example to be 12.B8). This energy needs to be compensated by
the RF system. A detail calculation of the synatmotradiation energy loss is presented in the
appendix.

It is assumed that the cavity voltage in the nalisg FFAG should be at least twice higher at the
last turn (energy reaches the largest value equadtGeV). This implies that the total required RF
voltage is ~24 MV. If cavities to be used are tamio the RHIC storage cavities, were each reaches
a voltage of 2 MV, then twelve cavities are necassa fulfill the acceleration requirement. This
also shows that from 3.2 up to 10 GeV there araired ~560 turns.

The parabolic dependence of the path length diffeen momentum requires adjustment of the RF
voltage in time. The 20cm path length differenoeresponds to a fractional frequency difference of
1.5e-4 or a quality factor of Q=6000 for no cauiiyping. This is a fairly small Q so we will neex t
tune the cavity. The synchrotron tune with 20MMftuwvith a 700MHz cavity frequencies shown in
Fig. 7. The large tunes imply adiabaticity excegar transition. Figure 8 shows the initial andhffin
longitudinal phase space distributions for an ahiiull) emittance of 1.e-3 eV-s per bunch.
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Figure 7. Synchrotron tune versus time for 3-10 GeV acceleration with 20M\atdriiOOMHz cavity
frequency
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Figure 8. Initial (blue) and final (red) longitudinal phase space for 3-10 Gedlesiation with 20MV/turn and

700MHz cavity frequency.
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Energy loss per turn

The energy loss of an electron in this non — scaling FFAG ring during the last
turn atthe10 GeV energy is calculated by separating three part :

The classical electron radiusis: r, = 2.817940283.0™"° m,
C, =m,’ %’T r, B°y* =510998902¢eV 4.18879r, 1.466630"" = 8.846310° eVm

Atotal lengthin oneturn of the major bending magnets: L, =2731.5m

L
Loo =4095m Arelation to thetotal circumference: k, = C—qd =0.321

The bending radius: p, = IE = msz 3292m

Energy lossin one turn dueto the major bends: AE,, = ikl =8.626 MeV
d

Alengthin oneturn of the opposite bends: L. =273[2[042m=22932m

L
Arelation to thetotal circumference: k, = gF =0.1796

. . I :
The opposite bend radius: p, =% = __o42m  _ 3725m.

6 0011275776
The synchrotron radiation energy loss fromthe opposite bendsin oneturn:

AE, =4.265MeV
The total energy loss per turn is equal {§+8.626 + 4.265 = 12.891 MeV.

References:

Appendix B

[1] K.R. Symon, “The FFAG Synchrotron — MARK I”, MRA-KRS-6, pp. 1-19, November 12,

1954.

[2] R. Ueno et al, “Multi Orbit Synchrotron with A& Focusing For Acceleration of High

Intensities Hadron Beams”, PAC 99, New Yor®99, 2271-2273

[3] S. Machida, Y. Mori, A. Muto, J. Nakano, C. Obm I. Sakai et. Al, Status of the 150 MeV

FFAG Synchrotron”, PAC 2003, Portland, Oregdfiay 12-16, 2003.

http://warrior.lbl.gov:7778/pacfiles/pape®IBPAY/AM_POSTER/FPAB082/FPAB082.PDF.
[4] D. Trbojevic, E.D. Courant, and A.A. Garren F&G Lattice Without Opposite Bends”, Muon

Colliders and Collider Physics at Highest fignes, pp.333-340, Montauk, NY,

September 27-October 1, 1999.

eRHIC ZDR 252



