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Abstract correction allowed ma-chine operation with the full
. o energy CW beam at the end of 1995, but severe betatron
During commissioning of the CEBAF accelerator, gy

. di . ¢ i H]ismatch still remained. Initially, corrections were done
correcting - dispersion, - momentum —compaction  an sing measurements of differential orbits generated by

betatr?n l?lfaam egvt(rallozgs wats_ essential fodr rolbugg changes in steering magnet settings. The combination
operation. 10 speed the diagnostic process we develop poor machine reproducibility and limited tuning time

a mﬁ.thOd WP'Ch aII()vas Or_}_‘; to tri‘;]k dan_d ctc))rrec(;c thﬁ1ade it difficult to accomplish optics diagnostics and
machine —optics - on-iine. € method IS based Ofy yaction with existing instrumentation.

measuring the propagation of 30 Hz modulated betatron

oscillations. The beam optics of the accelerator was 2 INSTRUMENTATION FOR OPTICS STUDY

altered to decrease lattice sensitivity at critical points and N

to simplify control of the betatron function match. The'© accelerate the measurer_n@lmlwe added an ability for
calculation of the Courant-Snyder invariant from signalf1€ BPMs to detect beam displacements excited by an AC
of each pair of beam position monitors was used for @ternal perturbation. Because line-synched 60 Hz pulsed
correction of the betatron functions. The experience d¢am has been the main mode for machine tuning, we
optics correction and the study of long and short ter0S€ the modulation frequency of 30 Hz. This choice
machine reproducibility obtained during 1996 and ear|9utomat|cally suppresses both power line electromagnetic
1997 are also discussed. With minor modifications thi§iterference and the deleterious effects of slow beam
method can also be used for on-line optics measureméltfts. The 30 Hz modulation is generated by a function

and correction in circular accelerators. generator that resides in the machine control center and is
phase locked to the beam pulses. The modulation is
1 INTRODUCTION delivered to one of the modulation devices by computer

The CEBAF leratt? is a f CW recircul controlled switches, depending on the type of
€ accelerator Is a five pass recirculator ., asurement to be accomplished. Presently, there are two

with beam power up to 800 kW. It consists of a 45 Me : : ;
injector twg su ercF:)onductin (SC) linacs of 400 Me\\/{ypes of modulation used: beam energy modulation
) T perc 9 . erformed by changing the accelerating gradient of the
ener-gy gain, and nine arcs which connect the linacs f [Jperconducting cavities, and ftransverse beam
beam recirculation for total beam energy of 4.045 Gevmodulation performed by air core dipole correctors. Both

Logically the machine is separated into the fOIIOWingcypes of the modulation can be applied at the end of the

SN ) e
regions: injec-tor, north and south linacs, nine 1&hd injector at an energy of 45 MeV, and at the beginning of

recirculation arcs with associated entrance and e’%RCl at an energy of 445 MeV, providing optics
matching regions, and the spreader and recombinlg y

. . . . [Measurements of the entire machine. Beam energy
regions at the ends of each linac which separate partic

X . arate particies, qyjation is achieved by switching the modulating
of different energies or merge them for reinjection intq, ltage to an analog input of the gradient feedback loop
the succeeding linac. After acceleration to the desire

: . the eight RF control modules. The modulation voltage
energy, the beam can be split and directed to thre g g

; . ) ?§adjusted for a relative energy change of abot2X10
experimental halls for nuclear physics experiments. The The eight se-lectable correctors (two vertical and two

path traversed to full energy is more than 6 km in Iengt'&orizontal in each of the 45 and 445 MeV energy regions)

over('j Wh'ICh éheh bear; |s| fpcgs;d bﬁ a;lbout 0 low for excitation of a betatron motion with different
quadrupoles. £ach quadrupole IS independently POWerqQy; o, phases. Usually we excite beam motion with an

which cregtes many p055|_b|I|t|es.for machine thlcs bLﬁﬂtial amplitude of about 3 mm, which after acceleration
also complicates the machine tuning and operation. by a factor of ten dies down to about 1 mm due to

During machine commissioning in early 1995, thea iabatic damping.

betatron functions were found to be seriously degrade The beam position measurement system includes

with betaml_aglc eletrr:\)tllon andf local d|sperfs(|jon co'\r/lrec;c:p proximately 500 BPMs distributed across a network of
was not refiably stable over ime spans of days. Vach input-output controllers (IOC). Data for the BPM

opera_ltlon was oyerly sengmye to small energy anfeasurements are acquired at a 60 Hz rate and stored in
steering fluctua-tions. Periodic arc-by-arc dlsperS|or|'bC memory for processing. The mean value of the beam
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position and the amplitude of the 30 Hz beam motion af)% for the north linac and more than a factor of two for
calculated from each 12-sample buffer of successiwbe south linac.

hardware readings. Because the modulating voltage is The orthogonal knobs for optics correction, have been
locked to the beam pulses, the ADC measurements of thenain feature of the new optics. Eighteen regions, one in
BPM signals are automatically synchronized to theach spreader and recombiner, allow one to do a smooth
modulation. The synchronization of readings for differeniatch throughout the entire machine. Each region has
IOCs is accomplished by broadcasting a sign bit of the 36ur quadrupoles assigned for correction of the beta-
Hz modulation. One of the 10Cs, called the master IOQunction and its derivative, for both the horizontal and
measures the sign of the 30 Hz signal and sendsrtical planes. To decouple the horizontal and vertical

synchronization messages through the network. corrections there is a large difference in the horizontal
and vertical beta-functions inside these quadrupoles.
3 ALTERNATE OPTICS Because a mismatch of the beam envelope oscillates at

The large scale of the accelerator requires high fielyVice the betatron frequency, the two quadrupoles of each
accuracy of the magnets. The design specifications for tf@Tection set, horizontal or vertical, are shifted by
quadrupoles (~10% have not been met in the real(45_+”X90) deg. in b.etatr_op phase. This ortho_gonahty of
machine, and, consequently, that required an intensitiaeir effects results in minimal changes of their gradients
study how to tune the accelerator optics to provide higl® Perform a betatron match.
quality beam transport. These matters were complicated
by frequent adjustments of the accelerating profile along 4 PERFORMING OPTICS CORRECTION
the linacs and the machine path length, and by overdispersion correction requires a modulation of the beam
deficiencies in machine reproducibility. energy. The horizontal and vertical differential beam
Adjustment of the accelerating profile is caused byositions will be proportional to the horizontal and
changes of state of the accelerating cavities as they amrtical dispersions. Adjustment of assigned quads allows
taken off- or on-line for maintenance reasons. Then-line cancellation of the cumulative dispersion
accelera-ting profile is always non-uniform and changedownstream from each dispersive section of the machine
from day to day. Such changes are accounted for in tfigr both the horizontal and vertical planes.
focusing of the first-pass beam at the time of accelerating Performing the betatron match is more complicated. It
gradient adjust-ment, but the higher passes are subjectedbased on the fact that if the machine lattice matches the
to the betatron mismatch. Path length adjustments adesign lattice the Courant-Snyder invariant remains
necessary to keep higher passes on the crest of tmnstant. The general idea is to excite the betatron motion
accelerating wave. The desired path length accuracy afid observe how the invariant changes during beam
about 0.25 mm (~0.5 deg.) results in frequent path lengtransport. The changes occur at elements which have
adjustment to track seasonal and weather variations. Timeorrect focusing. The perturbation depends both on the
large vertical beta-function in the path length correctiofocusing error and the betatron phase. Thus
chicane (dogleg) magnets (located in the spreademsleasurements with different betatron phases are
results in a significant change of the vertical focusing iperformed to obtain complete information on the betatron
the course of correction. The largest effect has beenatch.
found in the first two arcs where the beta-functions For performing the betatron match, in addition to the
deviate from the design values by more than a factor differential BPM screens, we built a program which
two over the nominal adjustment span of one path lengtalculates (x, x', y, y') from pairs of adjacent BPMs.
chicane. Using design beta-function information, this program
The following requirements have guided the redesigplots the effective betatron motion amplitude for the
of the optics: decreasing beta-functions at linacs arghtire machine. This amplitude is proportional to the
doglegs, creating a set of orthogonal knobs for globalquare root of the Courant-Snyder invariant and has an
betatron match, and adjusting functions to satisfy thadditional beam energy normalization so that the
requirements of beam-based feedback systems used donplitude remains constant with beam acceleration.
suppressing beam drifts To satisfy these requirements, As in the case of dispersion correction, the correction
the quadrupoles in the spreaders and recombiners wefebetatron functions is performed arc-by-arc. To match
adjusted, changing the machine functions in thbeta-functions of two sequential regions of the machine
spreaders, recombiners, and linacs while leaving theam operator must adjust four corresponding quadrupoles
unchanged in the arcs. The vertical beta functions insigavo for each plane) assigned for betatron match between
the doglegs were decreased by about a factor of threkese regions so that the normalized amplitudes for all
The largest improvement in the beta functions of th&ur correctors are unchanged throughout the accelerator.
linacs was for the last two passes. In particular, for the Figure 1 shows the behavior of normalized amplitudes
fifth pass, the decrease of the beta functions was abdat a horizontal perturbation after correction of the
betatron match. Note that the normalized amplitude does
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not change significantly in one arc and errors are naohey make the optics orbit dependent, so that in the real
accumulated along the machine. Without this tuning theaachine a change of vertical orbit in the arcs causes a
normalized betatron amplitude usually grows by a factstrong mismatch in both vertical and horizontal
of from three to ten. The occasional large spikes on tlthspersions and a decrease of the energy aperture.
curves are associated with BPMs that are not functioning The main issue for study over the past year, after
properly. correction of a serious problem with the magnet power
10 — e — supplies, was machine reproducibility.  This study
showed that the major remaining problem occurs during
] hysteresis cycling of the quadrupoles and correctors.
—06] Each of these magnets (about 1600 in number) has its
£ own power supply. The high inductance of the highest-
=) MA M' energy quadrupoles (the largest quadrupole family) was
0.2 not properly considered in the selection of tuning
\ parameters for the power supply regulation circuits. As a
10 i result the power supplies are under-damped when used
S T e T e T el O I I with these magnets, which makes a cur-rent overshot at
] the cycle end. The 10C-based control used to ramp the
0.6 magnet setpoints then introduces a timing de-pendence
£ upon network and IOC load. That causes a varia-ble
") result of hysteresis cycle. A second problem is hard-ware
02 JM ﬁ\J LU;J Mu errors in the digital communication path, which causes

0.8+

0.84

incorrect setpoints to be written to the power supply a few
0 2000 4000 soo  times per million writes. These points are being corrected.

s [m]

Figure 1. Normalized betatron amplitude for horizontal I spite of the fact that during dispersion and betatron
and vertical beam motion throughout the accelerator fiynction matching we did not directly monitor the beam
the case of horizontal kick at the beginning of ARC1. sizes, performing the match resulted in a small beam size
Usually an operator watches screens for horizontiiroughout the machine. Measurement shows that there is
and vertical normalized amplitudes simultaneously anBractically no emittance growth during beam transport,
can see an effect of the horizontal-vertical coupling in th&/hich yields average rms beam sizes of aboufif0at
process of correcting the betatron functions. Thi&ll beam energy. Although we already achieved the
coupling originating from skew-quadrupole fields of thedesign quality of the beam transport, we still need to
SC-cavity couplef is adjusted during and at the end ofunderstand better the reasons of the machine optics
the betatron match by skew-quadrupole correctors locatégviations from the design, such as too large field
near each cryomodule. The effect of the coupling is seéRrrection in quads responsible for vertical dispersion
in Figure 1 where the amplitude of the vertical motion i§orrection, and the origin of x-y coupling in spreaders
slowly growing along the machine for an initial @nd recombiners.
horizontal perturbation. Although one can still see a We would like to thank A. Hutton, C. Sinclair, and D.
residual coupling, its size is significantly reducedPouglas for fruitful discussions and support of this work.

compared to the case without corrections. We greatly appreciate the help of the whole operations
department, which helped us by their continuous efforts.
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