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ABSTRACT

The CEBAF accelerator beam transport system coa-
tains 104 sextupoles to correct chromatic aberrations. We
describe the layout of these elements and discuss schemes
for suppressing chromatic errors. Analytic results for the
required sextupole strengths are given and computations of
chromatic aberrations are documented. Numerical vesults
using two correction methods are provided.

ACCELERATOR OVERVIEW

The CEBAT transport sysiem is detailed elsewhereill.
Here, we need only note thai the five-pass accelerator com-
prises a pair of linacs joined by 9 recirculation t{ransport
channeis. Each channelis 400 m inlength and carries beam
al a specified energy from one linac to the next. Each con-
sists of 4 modules: a “spreader” (thai separales beams at
various energies and geometrically and optically matches
each to the proper channel), an “extraction region” (used
to generate external beams), a semi-circular “arc” (that
connects the linac axes, which are 161.2 m apart), and
8 “recombiner” (that geometricelly and optically matiches
each beam to a linac for reinjection). A switchyard car-
ries beamn from the end of the aceelerator to experimental
hails. The maximum beam path length is 6.5 km.

Of interest here are the arcs. Each consists of 4 dis-
persion suppressed, isochronous superperiods that are be
tatron matched to the linacs. Beam propagates in each
superperiod via the “matched” betlatron functions, with
design horizontal and vertical phase advances of 5/4 and
3/4 oscillation per period, respectively. Each arc superpe-
tiod is equipped with a pair of sextupoles; these are located
al points of nonzero dispersion and unequal horizontal and
vertical envelope functions.

The system design is modular; errors and aberrations
in individual channels are corrected locally. This moti-
vates the choice of phase advance and superperiodicity;
sextupoles powered in pairs separated by half wavelengths
suppress chromatic errors without generating geometric
aberrations(?]. A total of 72 sextupoles are available within
the accelerator for chromaltic correction. Chromatic cor-
rection is implemented in the beam switchyard using 32
sextupoles and is concepiually identical to that in the ac-
celerator. It will not be separately addressed. The cor-
rection algorithm is based on a scheme of T. Collins. We
will now outline the method and apply it to the CEBAF
iransport system.

*Supported by D.O.E. contract #DE-AC05-84ER40150

EFFECT OF A FOCUSSING PERTURBATION

Consider the effect of a point focussing perturbation
at a location k in a beam line. Assume it has quadrupole
symmetry and acts with focal length f; its effect is then
described by a 4 x 4 thin lens matrix P that focusses in
one transverse plane and defocusses in the other.

Collins(®) notes that 1/f is & small parameter in the
computation of lattice functions 87, a2, 8%, o¥, ¥2 and y¥
ai a downstream observation point “o”. The unperturbed
lattice functions 8§, of, 8f, af, ¥ and ¢ at k trans-
form to the perturbed lattice functions at o via the matrix
MP, where M is the urperturbed transformation matrix
from k to 0. When lattice functions are propagated with
MP in the usual mannerl*, the result at o contains terms
linear and quadratic in 1/f;. As 1/f; is small, we retain
only linear terms; differences between the perturbed and
unperturbed functions at o are readily computed. Assume
then that ¥ such errors occur upstream of o, and that all
terms in 1/f of nonlinear order are negligible. The result-
ing total deviations at o, which follow, are simply the sum
of the effects of the separate perturbations.
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Here, the upper sign applies to x, and the lower to y; P, =
1/fx; &ll B, a, and ¢ values are the unperturbed linear
lattice functions.

We emphasize that these functions and deviations are
those propagated through the transport system; they are
not constrained by periodicity. (Thus, e.g. ¥® and ¥
represent phase advances from one point to another, not
tunes). The effect of a perturbation on downstream lattice
functions therefore depends on the choice of input lattice
functions, which we will assume to be fixed.

SCHEMES FOR CHROMATIC CORRECTION

Formalism

Correction of chromatic aberrations may be accom-
plished through the use of sextupoles at locations of non-
zero dispersion. The focal length of a sextupole at location



k acting on a test particle with momentum offset § is

1

% = 2kzini 6 (2)
where %} the orbit dispersion, ! the length, and k34 (de-
fined by By(z,y = 0) = Bpkaz?) the sirength. This per-
turbation may be treated by (1}. Substitution of (2) into
(1) yields results for the downstream linear chromatic aber-
rations induced by a set of sextupoles at N locations k. A
method of chromatic correction is then clear: aberrations
of concern are computed, and sextupoles are activated to
generate compensatory deviations. Given lattice functions
and values for the aberrations of interest, (1) may be in-
verted to specify the values 1/f, required to provide the
desired cancellation.

Certain restrictions apply. Foremost is any require-
ment that each sextupole be powered in series with s part-
ner one half betairon-wavelength away. This has partic-
ular implications for lattices with guarier-integer phase
advances. Consider & beam line with an embedded four-
period structure, on which the following conditions are im-
posed: 1) optical matching into the structure (lattice func-
tions propagate via the “matched” betatron functions), 2)
quarter-integer per period phasing (each period has phase
advance (2m-+1)/4; m may differ for each transverse plane)
3) a single pair of sextupoles per period, and 4) sextupoles
separated by half betatron-wavelengths are powered in se-
ries.

Under these conditions, evaluation of (1) reveals that
only fourindependent terms are available for correcting siz
linear chromatic aberrations. Denoting by ka ;1 and kj 3 the
strengths of the sextupoles in the first (and third) period,
and by k2 3 and k3 4 the strengths of the two in the second
(and fourth), conditions 1) ~ 4) applied to (1) yields a
system dependent on only (ka1 & ka2,3), (k2,2 + k3.4). The
parameters (k3 ; + k3,3) and (k3 3 + k3 4) occur only in the
phase equations; (k2,1 — ka,a) and (ka3 — k3 4) occur only
in the 3 and a equations. It is therefore possible to correct
only one of the pairs (A8, (), ABy(5)), (Aaa.(8), Aay(s)),
together with the phase advances. In the following, we
will focus attention on the compensation of # aberrations;
compensation of & may be carried out in like fashion.

Four-Family Correction

We now apply equations (1) to the suppression of the
linear variation in § of 8, , and ¥, . Imposing conditions
1) - 4) from above on (1) and (2) results in the following
relation between sextupole excitation and induced linear
chromatic aberrations at o.

AB./H; -5§ -s§ S7 3 k2,16
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Here we have defined
S7 = 487 nflsin 2($7 — ¥7),
7 = (2/x)B} njisin® (¥ — ¥}), and (3)

C} = (2/x)8;nflcos® (Y2 —¥}), n==azory.

The following procedure then corrects the linear varia-
tions of # and ¥ with momentum. First, specify a starting
point and input betatron parameters, and compute the
“natural” linear variation with momentum of # and + at
a downstream observation point. Next, insert the negative
of the variations so established into (3). Finally, invert (3)
to determine the k31, k2 2, k3 3, and k; 4 values required
for the desired compensation.

Two-Family Correction

For lattices satisfying conditions outlined here, this
is a subset of four-family correction. It is defined by the
conditions k31 = k23 and k32 = k3.4 Recall that A8
and Ac are driven by k31 — ka3 and k33 — k3 4; we thus
cannot modify 8 and a aberzations using this method.
To implement two-family correction, proceed with the in-
version of (3) as above. However, instead of substituting
—(ABa,y/B3) natura iBto (3), use 0 for the target enve-
lope function variation.

APPLICATION TO THE
CEBAF TRANSPORT SYSTEM

Chromatic aberrations may be corrected over various
sections of the CEBAF transport system (such as arcs only,
complete recirculation channels, or globally). The region
of interest is defined through appropriate selection of initial
point and observation point. To illustrate the technique,
we will consider the correction of chromatic effects over a
complete recirculation channel.

DIMAD! has been used to analyse the behavior of
all nine recirculation lines. The resulis for the linear chro-
matic aberrations for nominal tunings of the 31 March 1990
reference lattice, as established nsing a “detailed chromatic
analysis”, are summariged in Table 1.

Table 1
Linear Chromatic Aberrations in CEBAF Recirculation Channcls

B(cev) (4) (Ael) (ava) (88) (8ey) (a¥y)
0.445 20.356 -20.26 -11.86 0.2§ -12.56 -10.76
0.845 21.06 -77.76 -9.88 -12.06  -T7.85 -11.95
1.245 6,45 -19.56 -10.66 -0.3§ -15.25 -10.36
1.645 -2.06 -28.66 -11.66 -15.45 -99.65 -9.26
2.045 -11.26 -12.46 -11.26 -5.36 -45.56 -9.65
2,445 -5.65 -82.56 -11.1§ -9.96 -100.65 -9.06
2,845 11.56 10.06 -14.46 5.56 -48.2§ -9.66
3.246 1125 -T7.6§ -11.3§ 2.86 -129.35 -8.85
3.645 6.26 -26.08 -955 3.16 -72.56 -8.48

These results were generated under the following condi-
tions: the initial point in each channel is the beginning of
the spreader, design phase ellipse parameters and phase ad-
vances are propagated forward from the initial point, and
the observation point is the injection point of the down-
stream linac.



Equation (3) has been applied to each channel to es-
tablish four- and two-family corrections. The resulting
chromatic behavior is, for either solution and in all lines,
adequate to achieve CEBAF design goals.

As an example, the full momentum dependences of
various latlice parameters at the end of the 0.445 GeV line
are are displayed in Figure 1 for uncorrected and corrected
{(both two and four family) cases. The momentum range
of interest, £5 x 10~3, reflects the physical acceptance of
the transport system rather than the 45 x 10~* beam en-
ergy spread. (The system has a peak dispersion of 2.5 m
within beam pipes with an interior diameter of 1"7.) We
remark that only 8%,a2, and ¥? only are displayed; the
vertical variations are similar in character and magritude.
Both z(8) and yp(8) are given, as the variation in y is an
order of magnitude larger than the variation in 2. This
is because the z variation arises within the periodic arc
structure where it is suppressed by symmetry, while the
y arises in the nonsymmetric spreaders and recombiners.
The system is therefore more subject to vertical orbit vari-
ation than horizontal. Path length variation &l is included
to illustrate the momentum dependence of this critical pa-
rameter. The nominal bunch length is 0.5 mm; without
sextupoles, the path length varies by a full bunch length
over the momentum aperture. With sextupoles, the vari-
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ation falls to 0.25 mm. Finally, no significant nonkinear
coupling is observed, even at the limit of the acceptance,
so no related parameters are presented.
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Figure 1. Momentum dependence of lattice functions over physical acceptance of 0.445 GeV recirculation channel. Solid
curves denote uncorrected values, dashed curves represent values corrected with two families of sextupoles, dot-dash

curves indicate values corrected with four families,



