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Error Estimatesfor CEBAF-ER Phase Delay Chicane Dipoles

D. Douglas

Abstract
Centrd orbit steering, phase jitter, and focusng error effects due to imperfections and
excitation errors in CEBAF-ER phase delay chicane dipoles are analyzed.

Introduction

CEBAF-ER will use a four-dipole phase delay chicane to initiate energy recovery.
Various design options for this chicane have been presented esewhere [1]. At this time,
plans cdl for use of a chicane based on 1 m dipoles (BE equivdents) built from spare
coils and surplus materid [2]. It will be placed at the end of the South Linac. In this note,
we will assess the effect of fiedd strength and excitation errors in these dipoles on beam
position and estimate the strength of various focusing errors.

Table 1 presents (gpproximate) values for parameters relevant to this discussion.

Table 1: Machine and chicane dipole parameters

Parameter Value (unit)
average beam envelope, b ye 20m
chicane length 8.6m
dipole length 1m
bend angle, g 0.2rad
bend radius, r 5m
chicane offset 0.6m
Number of dipoles, N 4
beam energy, E ~1GeV

Centroid Steering — Excitation Errors
Uncorrdlated excitation errors of magnitude dq in a set of N beam line dipoles distributed

over a reasonable number of betatron oscillations with average beam envelope bae Wil
lead to an rms orbit error <x> of the following megnitude [3].

09= | b,.d0
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For dipoles bending by angle g and with a generic error tolerance T, dq = qT. The
resulting orbit error isthen

(x)=+/N/2b,.qT.

In the case of a dngle chicane, N is smdl (here, N=4), the entire region of interest
subtends only a fraction of a betatron wavelength, and there is no focusng interleaved
with the dipoles. In this case, the orbit error at the end of the chicane may be construed to
be

(}="NLaT,

where Lae IS the average digance from a dipole to the end of the chicane, bend
parameters are as above, and the root-N is included to account for the uncorrelated nature
of the errors.

Chicane geometries suppress corrdated erors in postion and angle. Thus, a systematic
orbit offset does not lead to path length errors (the system is transversdy trandationally
symmetric), and a correlated excitaion error is sdf-suppressng. We assume the dipoles
will be powered in series; these effects are therefore ignored here.

Both corrdlated and uncorrelated orbit and excitation errors in dipoles do lead to path

length errors. If an orbit with uncorrdlated (eg., rms) offsst <x> traverses N dipoles, a
peth length error of the following magnitude will result.

(1) =/NM ) ~ Vg (1)

Inserting ether of the above results for <x> yidds the path length error to be expected
from uncorrelated random excitation errors.

@) :%baveq T
or
<d |> =NL,g °T

A sysematic reative excitation eror T will, via the chicane compaction, lead to the
following peth length differential.

dl = M56T

We now use these expressions to eva uate the effect of various chicane dipole errors.

DC excitation errors — tracking & matching — Finite faorication tolerances will lead to
dipole-to-dipole variation in response to excitation, with resulting variaions in core fied
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and fidd integral. Typica blerances for such errors are DB/B ~ DBL/BL ~ 10°°. Given the
above expressions, we expect resultant orbit errorsto lie between

X)=+/4/2” 20m” 0.2rad” 103 ~6mm
(¥ =+

X)=-/4” 5m” 0.2rad” 10% ~2nmm.
(x)

These seem within the correction range of typicd deering trims. Path length errors
resulting from these orbit errors lie within the following range:

<d|>=%' 20m” (0.2rad)?” 10" ~1mm

to
{d1y=2"5m" (0.2rad)”" 10° ~0.4mm.

The chicane compeaction is generated by 0.6 m of disgperson at the centrd pair of dipoles,
thus, Msg ~ 2 ~ 0.2rad ~ 0.6 m ~0.24 m. A systematic offset of the dipole buss of T~103
thus leads to a path length shift of

dl=Msg T~024m” 102 =0.24mm

This can be compensated by a compensatory shift in the buss current. The random-error-
generated path length shift evaluated above can smilarly be corrected by a shift in the
buss current. As we have seen that the random error shift may be ~1 mm, the required
relative current offset could be of order 4 © 103, corresponding to a dispersive laterd
displacement at the center of the chicaneof Dx = h, DB/B~0.6m " 4~ 102 ~24mm.

Reaive DC excitaion and tracking errors of order 10° thus seem impose no
unmanagegble behavior on the system.

AC excitation errors — ripple — Current ripple can in principle lead to both transverse and
longitudind beam motion. Transverse motion is readily suppressed by powering the
dipole dring in series. The achromatic behavior of the chicane then suppresses variaions
in x and X' due to sysematic errors in bend angle. Resdud AC motion then derives only
from failure of the dipoles to match or track (discussed above) and is of the following
magnitude.

<X>AC - <X> DC TAC
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Typicd CEBAF dipole power supply stability gives Tac ~ 10°, so that the previous
millimeter-order  results for <x>pc sugget <x>ac <<1 mm. Orbit-offset-driven
longitudind errors behave smilarly.

Sysematic longitudind erors can be more dgnificant. The chicane momentum
compaction of 0.24 m will for Smple energy recovery be compensated in the downstream
ac 0 as to render the linac-to-linac trangport isochronous (but more of this in a
moment...). If the chicane and arc dipole drings are independently powered, each will
generate an uncorrelated AC path length error of order dl ~ Msg Tac, Which, when added
in quadrature will give atota AC longitudind motion of order

<d |>AC -2 Mg Tac
Thisis of magnitude
@1y,. ~+2° 024m" 105 ~ 3mm.

If of concern, this can be completely suppressed by powering the chicane in series with
the downstream arc. This may not be a desrable option for three reasons. First, the error
effect is smdl and suppresson is probably unnecessary. Secondly, the required eectrica
switching sysem may be fusser (and codlier?) to design and inddl than a separate
chicane power supply (particularly if a spare or surplus power supply is available for this
goplication). Findly, the CEBAF-ER Phase 2 current doubling experiment may require
operating the downdream arc with a compaction vaue that will not compensate that of
the chicane (nonisochronous operation), in which case the suppression is not available.

In summary, relative AC excitation errors of order 10° seem to introduce no toward

behavior in the system, even with chicane powering independent of that of the associated
arc, provided the chicane dipoles are powered in series.

Focusing Errors

Edge Focusing — Entry into a dipole & an angle f rdative to the normd will lead to
verticd focusing with an effective foca length specified asfollows.

izltanf
f

This is well characterized by beam line design and andyss codes; we introduce into our
discusson to set the scde of focusng errors expected in the dipoles under consderation.
Here,r ~5mand f =¢/2 ~ 0.1 rad (symmetric entry & exit), so fgipole IS Of order 50 m.
Thisis about 1/10™ the focusing strength of CEBAF linac quad, for which

fuaa= L(K) =1/(1.2/m? " 0.15m) ~5.6m.
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The entire chicane thus introduces focusng equivdent to a sngle linac quadrupole
(though modulated by the betatron phase advance across the chicane).

Insofar as DC excitation errors will dter dipole bend radii and the orbit orientation
relative to the pole faces, tracking & matching errors can cause changes in focusing. For
the parameters in use here, Uf ~ f/r, s tha the variation in focd length is specified as
follows.

&g df
f

e

Therelative error in focd length is then at most of order

df df dr
- +
f f r

~2T5c.

The resulting DC rdlative focusing error is thus of order 2 ~ 103, which & congtant with
the tolerance associated with CEBAF quadrupoles (for which the specification is 10°3).
Adverse focusng effects are therefore not anticipated. Smilar arguments gpply to AC
errors, for which the resulting eror (Tac ~ 10° b (dfff)ac~2 ~ 10°) is an order of
magnitude smaller than the CEBAF quadrupole specification of 10,

“Yunn Effect” — Feed-down of Nonlinear Field Rolloff — The “Yunn Effect” is an
goparent systemdtic vertica focusing error that has as its source transverse field gradients
in CEBAF dipole bodies and ends. It has been discussed in excruciating detall elsewhere
[4]; in this context we Smply cite the conclusions presented earlier:

1. Dipole body gradients cause the Y unn effect.

2. Dipole end fidds, in unshimmed dipoles, reduce the magnitude of the Yunn effect
and introduce significant error sextupole fields.

3. Dipole end effects are well compensated by shims. The resulting dipole fidds are
nearly free of end effects, the dipoles so treated are well modeled by “ided”
dipole ends and a fidd index in the dipole body to smulate the effect of the body
gradient.

4. The so-cdled “shim modds’ do not in fact accurately represent CEBAF dipole
fidd behavior. Shim models should be removed from dipoles in the DIMAD
decks

In CEBAF-ER, our expectations are;

1. tha indusion in optics modds of dipole body gradients a the nomind operating
point will improve predictive capability,
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2. shimming the dipole ends (as they were shimmed in the CEBAF acs) will
compensate for the nonlinear end effects and may be dedrable (more of this
below), and

3. insofar as this effect is tolerable in norma CEBAF operation, it will be tolerable
here due to the smdler number of dipoles involved.

Other Field Inhomogeniety Issues — Fdd inhomogenety (nonlinearity) in dipole cores
and ends can lead to mismatch (due to the presence of error gradients — as in the Yunn
affect discusson above), orbit dependences in optics and beam behavior (nonlinear fied
vaiation leading to changing gradient as the beam postion is changed) and, in extreme
cases, phase space dilution (as different segments of the beam experience different
fidds). Given the dipole field qudity issues discussed in Reference [4], dl of these are
potential issues. However, the beam size in CEBAF (unlike that in the various JLab FEL
drivers, see Reference[3]) is so smdll that phase space dilution is not likely a problem.

An asessment of the effects due to nonlinear fidd variaions in chicane dipoles is
draghtforward if we note that rectangular dipoles ae transversdy trandationaly
invariant in the bending plane and therefore provide no focusing in that plane. Thus, any
position-dependent angular deflection can be viewed as arisng from an error driven field
vaiation. Thus, for example, two parale components of the beam at different postions
will be differentidly bent by an angular eror dg= (T, where T is the rdative fidd
(flatness) error (DB/B) across the beam. By arguments analogous to those gpplied to the
orbit errors discussed above, the beam will then evolve with a spot size error of the

following magnitude [3].
N
Ds , ~ \/;baveq T

For chicane dipole parameters and a fidd uniformity T of order 10* (across the beam),
this implies a gpot sze deviation Dsy ~ 0.6 mm, which does not compare favorably with
the nomind beam sze (assuming a beam envelope of 20 m and emittance of 1 nm-rad) of
0.14 mm. In practice, this suggests that the fidd varies by less than 1 pat per ten
thousand over the beam, and it adso suggests that positiond dependence of the optics may
be anissue.

Of paticular concern in this regard is the effect of end fidds in these dipoles. As
discussed in Reference [4], end effects in the dipoles lead to a sgnificant decapole term
in the ends. The orbit is sysematicdly offsst by hdf the sagitta ¢ (1-cos(g/2) ~ 0.012 m
in this case) in the ends, leading to a feed-down of octupole, sextupole, quadrupole, and
dipole moments a the dte of the beam. Numericdly, the dipole dseering effects are
negligible, the quadrupole effects are smdl (dl eght ends sum to a few percent of a linac
quad), but the sextupole effects are dgnificant. The interested reader is directed to the
reference for further detalls, for this discusson, we smply note that end-field correction
usng the sandard CEBAF shims would be prudent and the optics mode would be
improved by use of dipole body gradients to modd the systematic quadrupole moment
that is present in this class of bend.
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