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1. Summary

In the case of a one-ring high-energy scheme for
an advanced hadron facitity, beam losses can be reduced
if the ring lattice accomodates the beam from injection
to maximum energy without crossing the transition.
Since there is no synchrotron booster in such a scheme
and the injection energy 1is vrelatively 1low, this
requirement implies a negative compaction factor and an
imaginary transition energy. This can be achieved by
making the horizontal dispersion negative in some
regions of the arcs so that the average value taken in
the dipoles is globally also negative. Such a
modulation of the dispersion wmay result in an
increasing difficulty to obtain a large enough dynamic
aperture in the presence of sextupoles. A careful
optimisation is therefore necessary and the possibility
of modifying the linear lattice in order to include the
requirements associated with chromaticity adjustments
has to be studied. This paper summarizes the work done
along this 1line and based on previous searches [1,2]
for a race track lattice that can be used in a hadron
facility main ring. [t describes an alternative lattice
design, which tends to minimize the effects of the
nontinear aberrations introduced by sextupoles and to
achieve a large dynamic aperture, keeping the betatron
amp®itudes as low as possible.

2. Concepts for the arc linear optics

As in the existing proposals for main ring
lattices [2,3], a race track configuration is retained
with two Tong dispersion-free straight sections and two
180-degree arcs. The arc optics-design described below
is intended to optimise the phase advances betwen
sextupoles, minimize their strengths and reduce
geometric aherrations, while keeping the transition
energy negative. The dynamic aperture associated with
the proposed design has to be checked in the presence
of sextupoles cancelling the natural chromaticities, as
required for achromatic extraction, for example.

In order to reduce the main ring dimensions, it
seems appropriate to refer to the idea |[1]| of
cancelling the dispersion in the straight sections by
having an integer number of oscillations in each arc,
rather than adding dispersion suppressors at every arc
extremity. This can be achieved with geometrically
tdentical cells 1in the curved section, filled with
dipole magnets. It is, however, necessary to group the
FODO cells and organize the quadrupole strengths in
such a way that a dispersion perturbation and a
negative compaction factor are obtained within one

group. Morecver, each arc or curved section must
contain such a number of groups of cells that the
accumulated matrix be wunity, i.e. the total phase

advances per arc be a multiple of 2n. If the periondic
solution for the horizontal dispersion in one or
several groups of cells has initial and final values
corresponding to zero slope but finite amplitude, the
dispersion in the two curved sections of the complete
ring, separated by two long straight sections, rises
from zero at the arc entrance and makes oscillations of
variable amplitude which vanish at the arc end. Indeed,
when the phase advances through the long straight
sections are not a multiple of 2v as expected from the
condition that the total tunes of the ring are
different from integers, the unigque pericdic solution
for the horizontal dispersion has necessarily zero
slope and amplitude at each arc extremity.

It is important to include at this stage the

requirements that minimize sextupole nonlinear aberra-
tions. It is known from previous work [4] that two non-
linear kicks of same strengths, due to two sextupoles,
may cancel each other if the betatron amplitudes are
the same, the phase separation is an odd multiple of =
and if there are no other nonlinear perturbations in
between. Since in practice the last condition cannot be
satisfied, it s important to find positions where
horizontally and vertically correcting sextupoles are
not strongly coupled and to ensure cancellation over a
distance as short as possible, i.e. over a phase
separation corresponding to a small number of groups of
cells. These requirements are somewhat in conflict with
the negative compaction factor concept and this makes
the lattice optimisation more challenging.

A1l the conditions described above can be
expressed mathematically. Each arc is supposed to be
made of N groups of k cells, the k cells being
organized such as to achieve an imaginary transition
energy or a negative integral of the dispersion. The
nonlinear kicks due to sextupoles are then supposed to
cancel over a phase separation corresponding to n
groups of k cells. The average phase advances per cell
inside one group are noted apy and Ay, while the
minimum and maximum B-values which appear in the
quadrupoles and will 1likely be almost equal to the
values in the sextupoles are noted Bx, By and
Exs By. The conditions for nonlinear kick
cancellation and sextupole decoupling ‘imply that the
minima be much smaller than the maxima and that all
maxima be approximately the same. With these notations,
the requirements mentioned can be written as follows

N ook« buy,y=p =2

1 kauy
m | Dy {ny)duy <O
0
noe Kos By y = (Zm+1)m (1
8y << By, By << By
By, y(sextupoles) = éx,y = constant.

The first relation (1) guarantees aberration
cancellation in the two planes and a horizontal
dispersion bump. In Egs.(1l), p and m are integers, the
ratio N/n is even and k, n and m should be as small as
possible. Table 1 gives some possible combinations that
satisfy the first and third relations. The retained
values of N correspond to a total number of cells close
to the one used in recent proposals [2,3].

Among the possible solutions of Table 1, the first
Tine appears very attractive with (k,n,m) = (3,1,0) and
aberration cancellation over © or two times 3 cells.
The combination (4,3,2) in the middle of Table 1 is the
one retained for the TRIUMF proposal [3]; it implies
cancellation over 5m or two times 12 cells (in both
transverse planes).

3 . Design of the arc and ring completion

Let us concentrate on the most preferable case
(3,1,0) of Table 1. Taking N = 8, it is possible to
butld an arc with 24 FODO cells, a cell length of
19.5 m and a dipole length of 7.25 m to remain near the

existing proposal [2]. Starting with such grqups pfo 3

CH2669-0/89/0000-0915$01.00©1989 IEEE



>
=
=

Aux’y(degree)

60
90
75
105
67,5
75
108
90
90
75
105

PN =N WM SR ND
WO N N W = O
F O N A - B =l e R e sl o e o e we)
NGO oYYy Oy | T

Table 1
Possible combinations satisfying equations (1)

cells, the approach was to match an optics with
Auy Au 60° (value averaged over the 3 cells)
and a negative compaction factor. It was practically
impossible to satisfy these three requirements and it
was necessary to define a compromise as explained
hereafter. Since it appears more difficult to obtain a
Targe acceptance vertically than horizontally [5], it
was decided to keep the (3,1,0) combination in the
vertical plane and relax the phase conditions in the
horizontal plane. After a Jong search for a so]ution0
the combination (3,4,3) of Table 1 with Apy 105
was achieved for the horizontal motion. This solution
is optimum 1in the vertical plane and has additional
interesting features which  compensate for the
compromise made in the horizontal plane : i) inside two
groups of 3 cells, the horizontal phase separation
between the second and fourth or the third and fifth
F-quadrupole 1is equal to m, which opens again the
possibility of close aberration cancellation, ii) the
gy-values are about the same in each F-quadrupole
and the §y-va1ues appearing on 2 in 3 of the
D-quadrupoles are about equal to the @gy-values,
even in the presence of the dispersion modulation.

The gquadrupole pattern in the group of 3 cells
proposed is thea 1/2 QDA, QF, QD, QFA, QD, QF, 1/2 QDA
and the integrated strengths are :

Ke(QF) = 0.1431 m-* Ke(QD) = -0.1258 m-!
Ke(QFA) = 0.1955 m~* Ke(QDA) = ~0.1117 m=* (2)
The betatron-functions and matched dispersion

{ny = Dy) corresponding to this solution are given
in Fig. 1. Putting together 8 groups of 3 cells, one
arc through which the horizontal phase advances by
7 0« (2m) and the vertical one by 4 -+ (27) is
obtained. Since the horizontal tune of the arc is an
integer, the horizontal dispersion makes a closed
bump. This is shown in Fig. 2 that gives the optics

functions for half an arc to make clearer the main
features of this alternative design [6].

The arc design proposed here 1s one possibility
which satisfies most of the conditions enumerated in
Sect. 2. Even if there may be other cases of interest,
the present work brings in evidence that there are not
many parameter intervals in which both requirements of
absence of transition and minimum nonlinear aberrations
are simultaneously satisfied. Hence, before looking for
other similar solutions, it is important to investigate
the quality of the present alternative lattice. Ffor
this purpose, an estimation of the dynamic aperture in
the presence of sextupoles is required and implies to
have a layout of the whole ring, including the straight
parts of the racetrack. Long straight sections have
been designed [6] in order to accomodate slow extrac-
tion scheme and direct H- injection. The extraction
insertion provides space for a massless preseptum, a
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Fig. 2 - Optics and dispersion bump in half an arc.

wire-made electrostatic septum and a thick magnetic
septum distant by approximately =/2 in vertical phase.
The injection insertion includes a drift space long
enough to accomodate four weak bending magnets,
displacing the beam laterally. There is a double waist
at the center of this drift, where a stripping foil is
placed, to minimize the scattering effects on the
beam. Each long straight section contains one of these
insertions and additional cells for accelerating cavi-
ties as well as sets of collimators, and allows some
tune adjustments [6]. Figs. 3 and 4 give the betatron
functions of the two long sections, respectively.

3. Sextupole scheme and dynamic aperture

Referring to Fig. 1, the betatron amplitudes
indicate that decoupling of transverse effects 1is
rather effective if the sextupoles are positioned near
QF, QFA and QD. In the horizontal plane, the
QFA-position at the center of a group of 3 cells where
dispersion 1is large and positive 1is particularly
favorable. The QF quadrupoles, that may be distant by =
from the QFA, are not retained initially even if they

allow close aberration cancellation, because the
dispersion is negative here and minimizing the
sextupole strength is preferable. In the vertical

plane, the two QD-positions are equivalent. Therefore,
two families of sextupoles are appropriate; one called
SF with 8 elements per arc near the QFA's and a
Dyx-sum equal to about 43.8 m and the other one called
SD with 16 elements per arc near the QD's and a
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Fig. 4 - Straight section with injection insertion.
Dy-sum of about 20.9 m. The SF nonlinear aberrations
are cancelled for pairs of sextupoles distant by 77 or
12 cells, which contain only 3 intermediate SF's and 8
S0's strongly decoupled. The SD aberrations are can-
celled for pairs distant by = or 3 cells, which contain
only two intermediate sextupoles, one SF and one SD.

In order to investigate the quality of this alter-
native lattice, it is necessary to estimate the dynamic
aperture in the presence of sextupoles compensating the
natural chromaticities [6]. The dynamic aperture is
calculated by using the tracking option of the program
DYNAP |7] applicable to a structure of drifts, quadru-
poles and sextupoles 1in the case of two-dimensiona)
betatron motion. Tracking is done over 500 turns, i.e.
more than 1 ms, and gives the stability 1limit or
maximum amplitudes Rysy = (xg+ye?)'/% up to which
the motion is stable over this time. Fig. 5 shows this
guantity in cm for different initial conditions (in the
real plane) defined by og = atan {yg/xg) and Fig. 6
the dependence of Rjjy on the horizontal tune for
tp = 450, Owing to the initial B-values of the struc-
ture, t.e. 5.25 m, the emittances can be calculated
from the curve in Fig. 5 for the quoted tune values.
The horizontal acceptance at ¢ = 0 is about 480 mm
mrad and the vertical one at ¢R = 90° is even larger,
about 1150 mm mrad. For ¢p = 450, the two maximum
emittances are equal and reach the value of about
380 mm mrad. In comparing the dynamic aperture of this
proposed structure and a previous lattice |2}, one can
notice that the acceptance [5 has been increased by a
factor 7 to & at 45" and 907, and by 30% at ¢ = O.
These results reflect tne fact that the amplitude limit
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in Fig. 5 does not drop when og varies from 0 to 90Y
because of the efficiency of the sextupole scheme <n
the vertical plane. The transitionless lattice, propo-
sed in this paper, is a good solution for an advanced
hadron facility main ring and deserves consideration.
It profits indeed by a large dynamic aperture and
satisfies the known requirements for such a facility.
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