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1. Summary

The linac of the SLAC Linear Collidar (SLC} is fequired
to accelerate several intense electron and positron bunches 1o
high energy while maintaining their amall iransverae dimen-
sions and energy spectra. Many of the linac aystems have been
upgraded to the new stringent SL.C design criteria. The re-
maining eystems will be completed in the summer of 1086.
Special instruments and controls have been developed ‘v mon-
itor and manipulate these asmall but potent beama. A briel
review of Lhe SLC requirements is given. A broad survey of the
recent developments is made encompassing longitud.nal and
tranaverse wakefield reductions, Landau demping, raergy and
position feedback systems, beam diagnostics and beam current
fluctuations.

3. Linac Gverview and Goald

A schematic of the 51.C linac is shown in Fig. 1. The linac
downstream of the damping rings has a length of 2846 m and i=
bymllj The accelerating gradient is about
IBMVIm. ong focusing FODO lattice consiating of 282
quadrupoles is used to conrtrol the transvorse beam size. A pair
of x - y correction dipales and a stripline position monitor are
associated with each quadrupole. Several high resolution pro-
file monitors and wire scanners are located along the linac to
measure the beam sizes. Energy, energy spectrum, &nd emit-
tance enlargement monitors are placed near the end of the linac
to allow automatic feedback during SLC operations.

The primary goal of the linac is to transform the six di-
mensional phase space volume of a low emittance, low energy
beam Lo high encrgy without significant phase space enlarge-
wment. Table 1 lists the parameters of both beamas aa they enter
and exil the linac. The phace space volume can be represented
by a product of the six beum dimensions assuming upright
ellipses.

Vol = 050,05 0y 0y-0,

where og is the beam energy spread, o, the bunch length, and
@4(z+) and oy(y ) the harizontal and vertical tranaverse position
and angular sizes. SLC studies'? indicate that the presently

pl d kefield control and feedback should limit

he jnereases in the trancverse di to smali values, The
bunch length remaina constant by virtue of the n!uiv‘mk par-
ticle veiocities. The absolute energy width, however, increases
sbout a factor of twelve because of the longitudinal wakefields
and the finite bunch length. The relative energy apread, og/E,
is more important and, fortunately, decreases by a factor of
four.

Table 2. BLC Linac Beam Pasameters

Location Entrence Exit
Energy (GeV) 1.21 50.
Energy Spread (%) 0.7 0.2
Bunch Length (mm} 1.5 15
Inv. Emittance {x10~%r.m; 3.0 3.0
Maximum Beam Size (um) 356 120
Minimum Beam Divergence (urad) 36 25
Peak Betatron Funetizn (m) io $5
Average Betatron Function (m) [ 1]

3. Loagitudinal Pbhase Space
ACCELERATION:

The bewms are sccelarated to high energy wsing klystrons
operating with SLED. ™ The power from each klystron ks di-
vided amongst four sen-foot accelerator sections. Because of
beam loading, wakefield compensation and radiation in the
ARCs, each forty foot 'girder’ must provide 253 MeV of avail-
able acceleration so that iwo bunches can arrive at the in-
teraction region each with an energy of 50 GeV. The klystrons
are operated with differant modulator pulse Jengths. The SLED
gain multiplier and required kiysiron output power required for
252 MeV are plotied against pulse length in Fig. 2, Otiginally,
the 1iystron was designed to make 50 MW with a 5.0 psec
pulse width. Recent tests have shown that 67 MW.1.5 usec
operation is more cfficient.

The scceleration of a buach with respect to the timing of
that bunch on the SLED gain curve is shown in Fig. 3. The
curvature of the 5LED energy gain with time allows the ratio
of the positron to electron energies to be adiusted.

The phase and amplitude of each klystron is monitored
and adjusted using & new control aystem®® designed to main-
tain the SLC phase and power tolerances of about 0.2° and
0.2%, respectively, Equipment is being designed to monitor
the output of each kiystron on svery pulse and repart to the
feedback eystems out-of-telerance pulses.

The encrgy specttum of an 5LC beam is determined by
the length and intensity of the bunch and RF parameters.
Bunch lengths produced by the damping ring complex are
in the range of 0.5 to 1.5 mm. At high bunch inlensities,
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Fig. 2. BLED multiplier and required klystron cuiput power
to produce 252 MsV energy gain versus pulse width.
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Fig. 3. Energy gain versus bunch areival time with 5LED.

strong intrabunch longitudinal wakefie)ds® cause position de-
pendent deceleration within the bunch. For example, at § x
10'°, the tall will be decelerated about 2 GaV, To comp: .~ ate,
the AF phase is adjusted so that the bunch i centered ahead
of the voltage crest where the RF gradient nearly cancels the
wakeheld induced gradient, Twasimulated energy specira rep-
resenting high wnd low bunch intensities sr¢ shown in Fig. 4.
Both spectra huve widthe legs than 0.2% RMS when 1% energy
cuts are made. The shape difference between the two plots
is quite arriking and representa the influence of the longitudi-
na) wakeBelds. The particies that are far off-energy are due
1o the nonlinear nature of the R¥ and wakefeld fosces and ace
removed from the beam early in the ARCs by momentum defin-
ing elits. Radistion in the ARC bending magnets wili further
broaden the spectra of Fig. 4 by abaut 0.08% before the bunch
aeeives at the Gnal focus.’

The energy spectrum at the end of the linac is affected
by the length of the bunch. At low currents the energy spec-
wrum s minimized with shery bunchea bacause the longituds-
nal wakefields are very weak and the curvature of the RF sine
wave is minimized. At high intensitles longer bunches allow
the greater curvature of the RF to compensate for the strong
wakefield effects. The optimum bunch length to minimize the
energy spectrum versus bunch iatensity is shown in Fig. 5.
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Fig. 4. Expacted snergy spectra at iwo beam intensities.
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Fig. 5. Optimum bunch length as & function of bunch
intensity to minimize the eneigy spectrum.

ENERQY AND ENERGY SPECTRUM FEEDBACK:

The energiss and energy spectra of the e* and e~ heams
will be monitared after the aplitter dipole magnet at the end
of the linnc (beginning of the ARC] in a special location where
the dispernion induced beam size dominates the betatron size
of the beam. The energy of tach beam will be measured us-
ing stzipline position monitors.? Each energy spectrum will be
measured using a nondisruptive synchrotron eadiati i
incorporating a halfowavelength vertical wiggler and an off-axis
x ray position detector.’ Theze four signals will be monitored
and processed by & stand-alone microcomputer. Correctian
signals will be calculated and broadeast, ultimately at 120 He,
to four conirols using s dedicated channel on the computer
communications cable The bunch phases in the two damp-
ing rings, the RF amplitude of the linoc kiystrons (sdjusted by
making opposing changes in 1he phases of twa sectors of eight
klystrons each), and the timing of the bunches on the 5LED
guin curve are the contral variables, An avetview of the feed-
bach cystem is ahown in Fig. 6 and o Jist of the nominal control
values are included in Table 2.
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Fig. 6. Overview of the energy and energy spectrum
feedback system.

Table 2.
SLC energy parameters for 48 GeV per beam at the IP and

49.3 GV at the 2nd of the linac. SLED timing is for the positron
bun¢h before the peak SLEL gair. (Fig. 3).

Cate A B c 1] E F
Nt x 10'0) 5 5 1 5 5 ]
Nle® «10') 5 1 1 5 1 1
oy {mm) 15 1.5 15 10 LD 1D
err (e} (deg) [ 6 2 10 10 2
epp (r”) (deg) 6 ] 2 10 2 2
Klysirens {w) 201.7 2036 192.7 2046 2166 192.9

SLED Timung (ns) -131 201 .57 -130 -294 .57

RECOVERY FROM BEAM INTENSITY FLUCTUATIONS:

From time o time the SLC will experience single pulse
Iowes of one (or bhath) beam(s). The linac was designed to
alimw for autamatic recovery Lo nominal conditions except at
very high bunch intensities. The problems arise from longitudi-
nal beam loading of the bunches an themselves and on following
bunches. Changes in bunch currents can move the encrgies of
that bunch and aubsequent bunches beyond the finite energy
acceptances of the damping rings (+ 1% of 1.2 GeV) and the
electron extraction line lor positrons (£ 2% of 33 GeV).

In the linac upstream of the damping rings, the electron
bunches are shead of the positron bunch. A missing positron
bunch will not affect the electron bunches. Thase electrons
will generate more positrons and repopulate the sLC. Miss-
ing electron bunches cause the pesitron bunch to be lost also.
However, new electron bunches alone can restart the SLC, ur
mentioned abave.

Thia recovery problem for the 33 GeV electzon extraction
line required a different solution because the ARcs and Final
Fotua were designed assuming the positron bunch came firnt.
Fortunately, a missing positron buueh at 5 x 10°® particles
causes the second, scavenger, viectzon bunch only to Iose about
25% of its intensity on the extraction line aperture. This al
lows most of the new pasitrons to be made and recovery to full
intensily occurs in a few pulses. For positron hunch intensities
above about G = 10'° u single minving pulse will cause the scav-
enger ¢~ bunch to be totally lost on the aperture requiring a
careful bootstrap procedure  Missing electron bunches will

step the positron production. Both will recover together vi-n
the electron bunches return.

4. Transverse Phase Spare
TRANSVERSE WAKEFIELDS:

A particle bunch executing betatrons oscillationa down the
linac or pasning through s misaligned accelerating section will
experience Lranaverse wakefield forces. These forces are due to
any ric fields g d by off-axis particles. These forces
defl=ct Li=iling particles depending on their longitudinal posi-
tions. The wakefields for the SLAC structure were calculated
several years nga® and analytic methods for caleulsting their
effects for the SLC were developed.!® The Its of sotoe track-
ing simulations are shown hete to indicate how the linge waa
modified to minimize transvesse wakefield effecta.

Many of the important parameters can be aeen by examin-
ing expreasions for the iranaverne motion z of the head of the
bunch, the angular deflection given to the tail of the bunch 8y
by transverse wakefields, and the relative ratio of the deection
to the natural beam divergence angle &,:.

2(2) = 2o 1B(e}/2(=)]"? sin(2ee/ata)]

bwlz) o z(e)/7(2)
and
8w {z)/6, cc |zoB(x)/+(z)| sin|2nzfrle)]

=p is the initial offset, § the betatran function, 4 = E/mqe?,
A the local betatron wavelength and 2 the position along the
linac. Clearly, the deflection can be minimized compared to
the natural divergence angle by limiting the injection offaet,
accelerating as rapidly as poasible, and reducing S(e).

LINAC LATTICE:

Periodic drift sections in the original SLAC linac occur evs
ery 12.3 m. Two atyles of quadrupoles have been placed in
these drifts, type QK and type QC. The QE magnets have a
gradient length of 106 kG and are placed in the frst 300 mee
ters and the last 2000 meters of the linac. The QC magnets
have a strength of 87 kG and occupy the central 600 metess.
Beam position monitors have been pleced in the bore of each
quadrupole and a pair of dipoles placed nearby allow precise
z — y orbit correction, ' to below 100 um (RMS) for twe
beams.

Two years ago a program was approved to reduce the beta-
tron function in the first 300 meters of linac dJownstream of the
damping ring. This program reduced the quadrupole spacing
and betation function a factor of four in the first 190 m and
& factor of two in the next 200 m. The reduction allowed the
toicrances on injection errors to increase about a factor of two.
To make space for the new quadrupoles, accelerator tections
were removed from the linac and five cella were carefully cut
out. The sectiona were rebrazed, RF tuned, vacuum baked and
reinstalled. Forty-three accelerator aections were shortened.
High pawer RF tests at 50 MW have not shown any problems.

The resulting lattice is shown in Fig. 7. The betatron
function on the right is indieative of Lthe remainder of the
linac. The phase shift per cell ia about 00 degrees for the Rrac
1500 m. Whercalter, the quadrupoles are held at their satu-
rated strengths ana the phase shift per cell decreases alowly to
about 42° at the end of the linac.
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Fig. 1. Typical linac vertical betatron function.
EFFECTS OF BETATRON OSCILLATIONS:

If & particle is launched into the linac with an error in an-
gle or position velative to the accalerator axis, then the trans-
verse wakefields pradured by the langitudinal charge diseribu-
ticn will resonantly drive the particles following the bunch head
to ever increasing amplitudes. The integrated transverse size
of the bunch grows and the effective emittance increanes. This
tranaverze eniargement has been obaerved in the linac during
the Ten Sector Tests.'? An example ia shown in Fig. 8, where
b low emittance beam from the damping ring is reinjected and
viewed on & profile monitor 1000 m downstream in the linac.
The left photograph shows & beam which is properly aligned
in the linac and shows no enlargement, 1t full width at haif
maximum [s about 300 microns. The photograph on the right
shows the same beam except it was made to perform a 1 mm
betatron cscillation along the linac, The head of the bunch
is at the top of the picture and the tail extends downward
about | mm. Results of tracking simulations with these beam
conditions are not inconsistent with these data. Video nignals
similar to these photographs from profile menitors at the end
of the linac will be digitizedi® and used aa input signals to the
transverse feedback system (described below).

Fig-8. Photographs of a reinjected damping ring beam in the
linac with and without a 1 mm betatron ascillation.
The bunch contained 5 x 10° electrons at 6.8 GeV. The
tall (about 1 mm Jong) waa generated by transverse
wakefields.

LANDAV DAMPING:

The reason transverse wakefields are so limiting is that all
particles in the beam osciliate at the same frequency, leading to
resonant excitation, Landau damping is a technique which sep-
arates the oscillation frequencies of the particles in the beam

by introducing & lengitudinal energy spread along the bunch.
This is produced by back phasing early klystrons and forward
phasing later klystrons, ultimately keeping the energy spec-
trum amall at the enirance to the ARCs. This technique has
been atudied by wany peaple, s.p., Refa. 14 and 15. Landau
damping has many selectable varighles such as the Ltotal energy
lost, how rapidly the en¢rgy epread is introduced and removed,
and the positioning of the amplitude beats at the end of the
linac. One example of the energy apread introduced in & bunch
of 5% 10" particles at various paints in the SLC linac is shown
in Fig. 9. The firast 24 klystrons have a phase of -30° and the
remainder +16°. Thio phase distribution i used in all of the
following discussions employing Landau damping.
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Fig. 9. Induced onergy apread in the beam using
Landau dumping.

INJECTION TOLERANCES:

Static injection errema it launch position or angle into the
linse can be corrected by static dipole corrections. However,
varying components which daflect the beams (for example, un-
stable dipole power supplies, vibrating quadrupoles, or unsta-
ble klystrons which produce RF deflections) must be carefully
controlled or eliminated. Acceptable tolerances can be calcu-
lated using tracking pregrams. These programs incorporate
the linac FODO Iattice, transverse and longitudinal wakefields.
RF acceleration, and gaussian weighted chasge distributions.
The RF phases are slwaye chasen to produce a 0.2% energy
spectra at the end of the linac. A convenieat measure af the
Lolerance is the value of the injection errat at which the cen-
troid of the particles about 1 mm behind the bunch center is
clevated to a phase spate potition corresponding to the nom-
inal emittance of the injecied beam. The cotresponding loss
in luminosity s wbout 10%. Figure 10 shows the calculnted
tolerance in the injection position as a function of bunch in-
tensity. The talerance falls about three orders of magnitude
over the operating intensity range of the 5C. Landau damp-
ing improves the tolerances about a factor of ten.

The tranaveroe wakefields vary roughly linearly with the
bunch length.® This fact is apparent in the simulatiens, as can
be seen in the plot of Fig. 11 where the tolerances increase as
the bunc!: length decrenses. Soms ¢are must be taken when
interpreting these data hecauss the nature of the bunch er-
largement is bungh length dependent and recording only the
resulls from one position in the bunch may mask additienal
considerations,
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LIMITS uN RESIDUAL DISPERBILE AT THE LINAC ENTRANCE

{mm vedierr

The disparsion function n experlenced by the beam as it
enters the linac can be determined by extending n from the
damping ring through the adjoining transport line (RTL). The
transport line is designed te shorten the bunch longitudinally
using an accelerating cavity and a tailored % function. If the
dumping ring-RTL complex is not tuned properly, aispersion
will be present in the beam at the entronce te the linac where
& value of sero is expected. A residual dispersion affects the
SLC beam in two ways. The first by intensity independent and
increases the appatent amittance of the beam by widening the
bunch, Calevintions’® indicate that § wust be kept below
about 33 mm At the linse entrance (§ = 6.6 m) so that no
detrimenial size increass occurs. An associated limsit on n’ can
abso be caleulated.

The second effect inclutas the Jinac walefiekds. With a
residual dispetsion and a partially compressed bunch (presently
the 5LC design), the particles entering the linac will bave cor-
relations between their longitudinal and transverse positions,
which will lead to transverse wakefiold enlargement. This ef-
fect can be visualized by reviewing the compression procese!’
shown in Fig. 12. With full comprassion the head, tail aad cen-
ter patticles have the saame langitudinal position at ihe linac en.
trance 3nd the bunch length is ot & minimum {about 0.5 mr.}.
If the compression voltage ia lowered, then the bunch is not
fully compressed and a longitudinal position—energy correla-
tion exists. The present 4L.C design calls for & bunch length of
1.0 to 1.5 mm. If a residual dispersion is present in the beam
a. the linac entrance, then a longitudinal-transverse position
correlution seralts.
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Fig. 12. Campression. of the damping ring beam shuwing longi-
tudinal pesition - energy correlations at the linac en-
trance. Residual dispersion n and these correlations
cause linac wakefield effocts.

Simulations' have been made 10 predict the effects of these
correlations and the resulta are shown in Fig. 13. The al-
lowed dispersion ic highly cutrent dependent because the wake.
fields are with the bunch intensity. Without Lan-
dau damping, the fimita become quite small at high currencs,
even exceeding thoae tequired for the Gnal focue. If in ad-
dition carefully chosen injectlon offests are used which place
the bunch head neat the arcelerstor axiy, then the tolerances
can be relaxed by a factor of three to eix. Finally. Landay
damping also has a strang effect on the tolerances of resid-
ual dispersion. Landay damping deliberately introduces lon-
gitudinal position-energy cocrelations into the beam which in
the presence of injection position and angle errors produces
longitudinal-transverse pusition correlations in a bunch at many
locations aleng the linac, It is then not surprising that Lan-
dau damping and injection offsets and mngles can be used to
compensate the dispersion induced ¢orrelations and raise the
limits on residual dispezzion. The deawbacke are that Landau
damping requires extra acceleration from the RF system and
very sizable offsets and angles are required.
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Fig. 13. Allowed dispersion vs beam intensity at the entrance to
the linac, as limited by transverse wakeflelds. Criteria
identical to thase of Fig. 10 have been used.

TRANSVERSE RF DEFLECTIONS:

Small asymmetries in an sccelerating strueture produce
transverse fields that deflect beams. For the SLC these deflec-
tions are in the same direction for bath ¢«* and ¢~ beams, and
can only be corrected by apecial ‘magic’ dipole bumps'®. If a
klystron in unstable, then the varying deflections will cause the
beams 1o jitter. Thus, the site of the structure asymmetries
place correspanding limits an the stabilisy of the kiystrons.



Studies of the SLAC structure have found three asymme-
1rws The horizontal asymmetry from the power couplers was
largely removed by a special mounting echeme implernented
twenly yearc ngo. Local survey errors in the linac sections
have been discovered and corrected where the beams are most
sensitive. Finally, the itises of the accelerator structure were
observed to be tilted slightly about a transverse axis on some
acceierator sections.?” Sce Fig. 14. The mean tilt angle mea-
sured over many sections is zera, but large tifts have been found
an certain sections. The cause is most likely angles introduced
during the ring brazing technique used during manulacture.
The accelerator sectione in the region where the beams are
most sensilive have been measured and the worst sections re-
moved and replaced with superior units.
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Obaerved irs Uilting in the SLAC sccelerator. Tilt an-
gles can exceed 0.5 mrad (exaggerated in the figure).

Fig 14

TRANSVERSE FEEDBACK SYSTEM:

The transverse feedback system for the SLC linac is schemnat-
ically shown in Fig. 15. Sensors in Seclor 30 near the end of the
i:nar are used Lo monitor the enlargements of the beams (x, ',
y.y' for two beams}. A stand-alone microcomputer reads the
data, calculstles corrections, and sends changes 'o eight fasi
dipoles in the ring-to-linac transport lines. The beam signals
indicating emittance growth are largest at the end of the linac,
butl the Jasunching errors must be corrected at the beginnirg
where the beams are most sensitive. The initial complement
of sensors will be ofl-axis profile monitors onte which the sLe
beams will be kicked occasionally and the sizes digitized. Beam
centroid shiflts will aléo be measured, A flucrescent tail in-
tercepting monitor and a (4%} more sensitive beam position
detector will be tested, with hapes that a full repetition rate
feedback system can uitimately be made.
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Fig. 15. Transverse feedback ayatem for the linac.

5. Scthedules and Plans

The installation of all the equipment for the firsL 80% of the
linac waa completed in May 1986. A straight-ahead undamped
electron beam has been accelerated through the linac and has
been supplied to meveral experiments. The remainder of the
linac will be upgraded in July and August. After an 5LC beam
is established, the transverse position and the energy feedback
systems will be commissioned it September and Octaber 1986.
In six to twelve months we expect to have many of the exper-
imental answers on which we can make sound predictions for
linacs for future linear colliders.
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