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Abstract The design concept to meet these specifications is a
recirculating, cw, superconducting linac, see Figure 1.
CEBAF, the Continuous Electron Beam AcceleratoGuperconducting rf cavities were chosen because of their
Facility, is a five-pass, recirculating, superconducting rhigh efficiency at converting rf power to accelerating
linac designed to provide exceptional beam quality at gradient in CW mode, particularly at the low average
GeV up to 200 microamperes CW. It is made up of acurrents used in the coincidence experiments CEBAF is
injector, two 400 MeV linacs and nine recirculation arcslesigned to perform. This reduced the rf power
having a total beamline length of more than 4.%equirements for the system, but required a large reliable
kilometers. On November 5, 1995 CEBAF delivered a Belium refrigerator. The recirculating linac concept
GeV, 25 microampere CW electron beam to the first adptimized the total cost of the facility by trading off
three experimental halls and the experimental physieslditional accelerating cavities against additional
program was started 10 days later. Acceleratoecirculation beam transport. The recirculating linac
availability during the first month of the experimentalconcept also has the advantage that multiple beam
run exceeded 75%. Beam properties measured in taeergies can be provided easily if individual beams can
experimental hall to date are a one sigma momentube extracted from each separate recirculation pass.
spread of 5x1D and an RMS emittance of 0.2 Key design features of the CEBAF accelerator are
nanometer-radians, better than the design specificatiordividual klystron and rf controls for each srf cavity, a
for CEBAF. CW beam has been provided from all fivahree beam injector, and an rf separation system. The
passes at 800 MeV intervals. Outstanding performanaedividual rf systems allow the rf drive to be optimized
of the superconducting linacs suggests a machine eneffgy each srf cavity to give maximum gradient. The
upgrade to 6 GeV in the near term with eventuahjector produces three interleaved 499 MHz beams. The
machine operation at 8 - 10 GeV. Results from thd separators are room temperature 499 MHz cavities
commissioning and operations experience since the laghich provide transverse kicks to steer the three 499

conference will be presented. MHz beams generated in the injector to the beam
switchyard or the recirculation path.
1 INTRODUCTION The commissioning philosophy was dictated by an

aggressive schedule and the overall size and complexity

The baseline - specifications for CEBAF require th%f the machine. Systems were commissioned without

delivery of three separate beams of 0.5 to 4 GeV energy. 1 as soon as they became available. When systems
to three independent experimental halls simultaneouslé(l.ere commissioned with beam written tést plans were

used to record the purpose of the test and the results
which were expected. Commissioning of the machine
setup started with a set of nominal magnet settings
extracted from the design model and put in a restorable
file for the control system. These gave a reproducible
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______ ’m N - starting point for all commissioning procedures.
R gn‘ac)f """""" c s 7 Machine setup proceeded from that starting point with
ryomodul es) Z

written test procedures which stated a specific purpose
for the procedure; e.g. Setup of Arc 1. The results, a set
of corrector, quadrupole and dipole magnet values and
beam position monitor readings, were saved for analysis
offline using the modeling codes and as restorable
starting points for later setup procedures. The written
procedures themselves were changed where errors were
Figurel found or as better methods were discovered. Progress
The beams must be CW at 499 MHz and havgas made systematically in setting up the machine.
independently  controlled currents up to 100 The last step in commissioning was to understand the
microamperes each. The beams themselves must hgyeperties of the machine using data files generated with
4c emittances better than 10m-rad and full width half peam in the machine. Analysis of the data led to an
max energy spreads of less than 2x10 understanding of the specific and systematic errors in the
model of the machine. This improved the model and
*Work supported by USA DOE#DE-AC05-84ER40150 will eventually allow machine configuration files to be
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built from the model which will not require manualcommissioning effort. The 2K refrigerator which cools

operator intervention for operation. the cavities can support 4800 W at 2 K and has had a >
95% availability during the scheduled accelerator runs.
2 SYSTEM OVERVIEW The system presently runs with a constant heatload of

. . ?bout 3100 W, of which 1500W is actual rf heatload.
The accelerator is made up of two antiparallel ™ s

superconducting linacs operating at 1497 MHz. The 45 ?:gﬂhgtl,dpwﬁg
beam is accelerated 400 MeV per pass through each 4

linac. The linacs are connected by 180 degreeg ;2
isochronous, achromatic arcs. The beam is recirculatedt 4,
five times through each linac for a final energy of 4.045 2.,
GeV. The injector must deliver three interleaved 499 iz
MHz beams of up to 100 microamperes current each.2
The energy of the beam delivered from the injector
scales from 25 to 67.5 Mev as the linac energy is varied.
CEBAF has already operated the linacs at up to 1000
MeV per pass with beam using the presently installed
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=< . Figure 3
cryomodules and anticipates operation at up to 1200 |, 1993 CEBAF replaced its in-house developed

MeV per pass as a near term upgrade. control system with EPICS (Experimental Physics and

Industrial Control System), the product of a multi-
laboratory collaboration. The use of EPICS has given us
an open system architecture which is accessible from

i'ﬁcaé?em e MATLAB, tcl/tk, UNIX, C, etc. The CEBAF operations
and accelerator physics staff generated many of the high
level applications necessary for commissioning in these
499 MHz R Separator Cavity more familiar formats. The CEBAF controls group

provided the low level controls which made integrating
Figure 2 the applications possible, in the process acting as system

The beam is extracted to separate experimental hafigministrators  and  arbitraters ~ between  the
through the use of warm 499 MHz rf cavities[1], se€ommissioning teams and the hardware designers. This
Figure 2. They provide transverse kicks to the beafptegration effort allowed CEBAF to become one of the
which are then amplified by a carefully designedargest installations of EPICS while simultaneously
quadrupole system. These kicks move one 499 MHsPMmissioning the accelerator over a two year period[3].
pulse train far enough off the machine axis for septurhhere are presently over 40,000 control points and more
magnets to steer it out into the beam switchyard. THBan 120,000 database records in the control system.
beams to be recirculated are also given smaller kicks of The beam transport system contains more than 2200
opposite sign which steer them past the septum magnB¥s magnets which were individually field mapped
and into the arc for transport to the next linac. Thi§efore installation. Each magnet is tracked through a
geometry dictates that only one beam of a given enerdysteresis loop to make the setting used more
can be extracted for transport to an experimental hafeproducible. — To carry that reproducibility from the
Our implementation does allow extraction of three fulpetpoint to the actual field, the power supplies used have
energy beams to the halls simultaneously. relative accuracies ranging from™fr correctors to 10

The superconducting rf system is made up of 33gfor dipoles. This reproducibility is necessary to allow
cavities in 42 and 1/4 cryomodules. This presentleam to be restored to a desired orbit using a previously
represents the largest installation of superconducting $8ved magnet configuration.
cavities in the world. Each cavity is powered by its own The average current in the beam at CEBAF can be up
klystron with a separate low level rf controller. Each of0 200 micoamps. This high average current, combined
these low level rf controllers is interfaced to the controlvith @ small spot size (<100 microns) may melt through
system. The superconducting cavities have greaﬂi)e vacuum containment after a calculated integrated
exceeded the original design goals of 20 MV oPeam loss as low as 25,008-psec. The threshold for
accelerating gradient per cryomodule[2], see Figure $eam loss at which beam operation is terminated has
and can presently support operations in excess of $gen set to 20% of this value, 5008-usec, with a 2
GeV. The limitation for the system presently is rf drivetA minimum current. To measure this integrated loss, a
power from the klystrons. The limit is caused by #&ystem based on beam current accounting[4], as
temporary reduction of the klystron beam voltag@pposed to loss monitoring, was instituted. The system
performed to lower site energy costs during thélses cavity monitors in the beamlines to measure the

beam current at the exit of the injector and the entrances



to the experimental halls and other beam dumps; epgoduce a relative phase signal. This phase signal is
beam switchyard dump. The signals from the cavitproportional to the arrival time of the bunch at the

monitors at the entrance and exits of the accelerator aravity. By digitizing this phase signal and the phase of
compared and the difference is the beam loss in tllee choppers simultaneously and then plotting them
accelerator. If the beam loss signal is above a thresh@dainst each other a plot of phase compression is
level it is integrated. If the integrator output reaches generated in real time using control system software, see
threshold it shuts off the beam. The system also givesdgyure 4[6]. This gives the shape of the bunch in phase
realtime beam loss signal to the operations cregpace and a value for the bunchlength which was cross-
controlling the accelerator by which the presence dfalibrated against a backphasing technique. Using this

beam loss can be judged quantitatively. tool a sensitivity study of bunch length versus bunching,
capture and initial accelerator cavity amplitudes and
3 COMMISSIONING phases was done for cross- calibrating the PARMELA

models of the injector. This system now allows operators

The challenge of commissioning is to establish th? :
means to meet the baseline specifications reliakyp © routinely measure the bunchlength as part of _normal
injector setup with a resolution of <0.1 degrees in less

hag multiple sources al relateq to ri/beam mis‘?‘”gnmer} an 10 minutes. This system though has two significant
which must be budgeted. This eror budget is divide rawbacks, it is destructive of the beam and is sensitive

between rf cavities operating off crest with respect to th[e
0 space charge effects. To overcome those problems, a
beam, pathlength errors from pass to pass apddross

; A stem using Coherent Synchrotron Radiation to
the arcs. The size of the error budget is strongls easure the bunchlength[7] is being commissioned. The

Sgrﬁterinbdu?gtmogmfahniurzuzg?ézgg:)heczzg: ;??h:r;?f;ei:]ngaZdiation is produceq in the m_agnetic_chicane_ where the
in accelerating gradients in the rf cavities at the fron'pjector Is merged with the_maln machme_and Is detected
. . . In a room temperature diode. The radiated power at

aqd rear of the bunch. If everything else is perfect, it Bonstant current depends on the bunchlength in a non-

Zglérr;taeieségaéy ;gegaltr;tagez tbtjhneChslzg?:mcg:kl)iss tnagﬁear_way ano! has been calibrated age_linst a backphasing
) ' chnique. This system has a resolution better than 20

bunchlength is kept to 1 degree, 1.8 psec, the anowaqéa{ntoseconds. It also is a non-intrusive, continuous

RMS error budge'g Is 2 degrggs Of. rf phase. The bUd. feasurement well suited to the CEBAF experimental
for the rf phase in the cavities is +/- 1 degrees wit ogram

respect to the electron beam. This includes the low Iev%f Once the injector bunchlength is set properly, the

cg?rt“rglns tk? r;r?usihge rr?wii[sel:regscslltla?tg; dsyjtig.te d tzhg?_vities must be set and maintained in phase with the
b 9 ' g beam. To do this, the beam orbit through the

0.5 degrees. The error budget fof; kicross each arc is tecirculation arc is fit against the machine model and an

much less than 0.5 m. To commission the machine it ésﬁergy for the actual beam is calculated from the fit.

Eﬁﬁiﬁf:r:ythto a?;]?eansutrhe ar;?] d sce;vitthe hg;ﬁnt'&?ti Phe resolution of this measurement is about 2x1To
gth, p gth, M yp 9 crest a cavity, the phase of the cavity is adjusted by +/-

respect to the beam. 30 degrees and the energy re-measured. The plot of the
measured energies versus phase offsets is fit to a cosine
curve. From the fit a phase at which the energy is
maximized is calculated. This is the zero degree “crest”.
Resolution with this technique is 1-2 degrees with each
cavity requiring 1-2 minutes to set. This routine is
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| cawic automated and can be run during the machine
oy Transient Digiizer development periods to keep the cavities on crest.[8]
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To measure the bunchlength at the end of the injector | 227 0 dLe7  dle7to 6Lz GLz7toBLes 8lerto Ale7

phase transfer, M measurement is done between the rf

—[0.Z34 -0.619 3 —15.303

choppers and a cavity detector in the 5 MeV/c region[S] pjeasure Path Length Cavity Selzociem
This measurement is done by inserting a 10 degrg |

bunch at the rf choppers rather than the normal 6 G| e Z;;::nzone 7
degree bunch. The rf phase of the choppers is the

wobbled by +/-30 degrees to sweep the origina =1

bunchlength. The signal from the detector cavity is

. ) ) Figure 5
mixed with a reference from the master oscillator to 9



The pathlength from pass to pass is measured byttee M, of the arcs, a set of quadrupoles in the four
1497 MHz cavity in the common beamline. The signasuperperiods of the arc are scaled four times and the M
produced by the first pass beam through the cavity &cross the arc is measured. A linear fit of the
mixed with the master oscillator to produce a phase errquadrupole scaling to the Mmeasurements can be
signal. The phase of the master oscillator is theextrapolated to give a set value for the quad scaling at
adjusted to zero the phase error signal. The second p#ss point at which M is zero.
beam is then put through the cavity and the difference in A new system which is being commissioned
longitudinal position in the cavity between the first paspresently is a 30 Hz modulator system[10] which
beam and the second pass beam shows up as a voltaggloits the fact that the BPM systems take samples at
on the phase error signal. If the rf phases are set to cré66t Hz. The beam is synchronously modulated with
on the first pass as described above, all phase errors txemsverse kicks or momentum changes at 30 Hz. By
due to pathlength errors during recirculation. Byputting alternating BPM measurements in two averaging
calibrating the detector using known phase changes liuffers and plotting the difference between the two BPM
the reference, the relative pathlength errors of eadduffers, a difference orbit or a dispersion measurement
recirculated beam with respect to the first pass beam capdated at 30 Hz is provided to the operator. The data
be measured in rf degrees[9]. The signals are thdérom these kicks is also used to calculate the Courant-
digitized for the control system. By putting the signal$Snyder invariant to pinpoint the locations of lattice
into EPICS it allows the pathlength measurement to berrors.
automated, see Figure 5, and digital signal processing
techniques applied. The resolution of the measurement 4 RESULTS
using those techniques is ~0.05 degrees. Correction of
errors 15 accomplls_hed by aoUustmg a three magnetJuly 1994. It was low duty factor at 845 MeV. In the
chicane in the previous arc using a table of pathleng

) . . months that followed, construction of the accelerator
change versus integrated field settings for the Magneisg experimental hall was completed. Commissioning of
Using this technique operators measure and correﬁ:t . : o

. . ardware, including the spectrometers in the hall and the
pathlength in less than ten minutes.

The M, across each arc must be budgeted as part of tﬂléagnosncs described above, was completed. This effort

momentum soread. If theo/o is 2x10 in the machine culminated in a 4 GeV, 25 microampere, CW beam to
the bunchlenpth wi'II rovf/) g 36 degrees/im of, Mith ' the first of three experimental halls on November 5,

9 g ' €9 6 1995. The first nuclear physics experiment started 10
subsequent increase Ap/p proportional to the cosine of days later Since then we have completed two
the.bunchltlangth. To measure,Micross an arc the experimental programs in Hall C, delivered CW beam at
cavity monitors used for pathlength measurements e discrete energies in a single eight hour period
used. These cavities already provide a phase error sigrd%ﬁ '

. . : . vered beams to a beam dump and an experimental
proportional to the beam arrival time as outlined abov%.aII simultaneously, generated a 45 MeV rf modulated

beam from a GaAs photocathode, put beam into a

CEBAF delivered first beam to an experimental hall

Physics FY96

I second experimental hall and boosted the delivered
OTONE 1% current to 50-60 microamperes routinely. This was all
o o done while maintaining an average accelerator
availability of 70% during the scheduled experimental
periods, see Figure 6[11].
The beam properties have been measured at several
different energies, with results tabulated below:
Energy, MeV/c| x s, nm-r | ys, nm-r | Ap/p
45 3.0 2.7 1E-3
845 0.6 0.5 1E-4
November December February March April May 2445 O . 8 0 i 2 5 E_5
The parameters are better than the baseline
Figure 6 specifications for CEBAF. The improvements in the

By modulating the momentum of the beam upstream @fp/p demonstrate the continuing efforts in improving the
the cavity while monitoring the output of the phaseetup using the diagnostic systems described above.

detector a signal proportional to,Ms produced. With The maximum beam currents achieved for the 5
the known calibration constants for cavity phase versysasses are:

detector output, a measurement of thg &ross an arc | Energy, GeV/c Current Achieved, Rf

can be made with a resolution of better than 10 cm in| 2 HA Limit, pA
minutes. This system also acts as a separate check offthe 945 180 _

arc optics as an isochronous, achromatic bend. To adjust




0.845 135 180 standard operator interface. They allow the operations
1.645 90 180 crews to setup the machine according to a procedure and
2.445 55 140 meet the stringent baseline specifications of CEBAF.
3.245 62 105 The accelerator has delivered 3.2 GeV, 60
4.045 35 84 microampere, CW beam to an experimental hall,

delivered three separate 60 microampere CW beams to a
The rf limits on beam loading are lower presenty?"9le dump simultaneously; delivered beam at > 1 GeV
than for normal operation because of the temporary A" & Single pass; delivered rf separated beam to an
power limitation described above. expenmental hgll and a dump smultangously; and
delivered 25 microampere CW beam at five discrete
5 LONG TERM OPPORTUNITIES energies in an eight hour period. The beam properties
that have been measured so far meet or exceed the
CEBAF has had great initial success, but musiaseline specification. At the same time the machine has
continue to run its presently approved experimentalad a beam availability to the experimental hall of 70%.
program reliably in the future. Half of the presently A plan has been developed to upgrade the machine
approved experiments plan to use polarized beaghergy to 6 GeV in the near term with a long term goal
making operation of the polarized photocathode soureg 8 to 10 GeV.  This plan will be carried out during
essential. First beam has already been delivered fige normal scheduled maintenance periods.
experimental Hall A and production beam delivery for
commissioning the experimental equipment is scheduled 7 REFERENCES

to begin in July. Hall B is scheduled to receive firs “ . .
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Several new diagnostics have been commissioned 0
allow fast routine measurements of bunchlength,
pathlength, M, dispersion, beam loss, Courant-Snyder
invariant and cavity phasing as part of normal machine
setup and operation. These diagnostics have been
incorporated into the EPICS control system as part of the



