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Abstract injection conditions hav:  n observed to vary at tlis level on

Transverse wakefields ir. the linac of the SLAC Linear Col-
lider {SLC) have been observed to enlarge the effective emit-
tance of beams which are not properly centered in the accelerat-
ing structure.!? A fast leedback systern has been constructed to
minimize the enlargement under changing conditions by control-
ling the beam launching parameters, Theoretical aspecis of this
transverse feedback system are reviewed as well as the design
of the beam sensors, launch controllers, communication equip-
ment and data processing micro-computer. A variety of beam
observations have been made. They show that dispersion as well
as wakefield effects are important, In the near fulure the fast
transverse leedback system will be beam tested, and algorithms
tailored to the noise environment of the SLC will be tried.

Systemn Overview

The transverse feedback system of the linac has components
for both slow and fast beam contro]. Trajectory correction over
the entire linac®? involving 550 dipoles and 275 beam position
monitors (BPM) is performed about every 30 minutes, In this
way, trajectory errors are kept below 200 um tms. Linac input
and output launch parameters (£,2',y,1') are corrected® about
once per minute in order to maintain injection from the Ring-To-
Linac transport line (RTL) into the linac and from the linac into
the ARC system. Both of these controls rely on information from
local beam position monitors with resolutions of order 50 um
and ignore current-dependent phenomena.

At high beam intensities transverse wakefields make the
beams very sensitive to emall changes in lsunching position and
angle. As a result, beam positions must be controlled to a few
microns! which is beyond the sensitivities of the local beam mon-
itors. Furthermore, the parameters are expecled to change suf-
ficiently rapidly that the VAX control system cannot simulta-
neously handle the feedback load above all the other necessary
control functions. Thus, a stand-alone micro-computer is needed
as well as an independent feedback process.

The fast transverse feedback system has sensors at the end
of the linac where the transverse beam distortions are most pro-
nounced. The control elements are located in the e* and e
RTL's because the beams are most sensitive to errors (and to
corrections) in the early part of the linac, As an illustration,
in the absence of transverse wake fields a beam with a bunch
length of 1 mm and 5 x 10" particles which is injected into the
linac off axis by 10 ym at § = 10 m wil} oscillate with an am-
plitude that damps via acceleration to about 2 um at 50 GeV.
However, with transverse wakefields a particle behind the bunch
center by o,/2 will be driven to an amplitude of about 120 ym
by the end of the linac. A particle 20, behind the bunch center
will have an amplitude over 1 mm. Integrating over the bunch,
a 10 zm injection error will be manifested as & 100 um centroid
shift a1 the end of the linac plus tails which extend to 1 mm. The
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a time scale short compar  to a minute.

Feedback Hardware

A schematic view of tt  “ast feedback system is shown in
Fig. 1. Sensors located in e last 100 m of the linac mea-
sure Lhe beamn parameters. An Intel micro-processor computes
the required dipole strength changes, transmits the information
through a dediceted SLCNET link, and varies eight RTL mag-
nets. The measurements and changes can be made at 120 Hz.
The details of the feedback sy:*em are shown in Fig. 2. The
beam signals are obtained fror. -ither (1) four beam position
monitors using eight electronics ~odules (z,2’,y,y for ¢* and
£~) to measure centroid shifts o- '2) eight ofl-axis profile mon-
itors onto which the ¢* and e~ -ams are diverted by pulsed
magnets at approximately 1 Hz tc  _asureshape changes. Each
profile monitor was built so that . . camera is always focussed
on the screen, and the camera-sereen combination can be moved
incrementzlly in both directions to view a straight-ahead or a
deflected beamn. The resolution is ubout 40 uym for both the
vrofile monitors and the beam position monitors. Four bipo-
iar air core dipoles of maximum strength 2.2 Gm are located
in the south RTL to control positrons and four in the north
{ui electrons. Each dipoie conirols one of the launch variables,
z,2',y,y'. Because of space restrictions, the dipoles in a given
plane partially mix position and angular variables.
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Fig. L. Traneverse feedback system for the linac.

One concern for the feedback control is whether the betatron
oseillations of the beam remain coherent over the length of the
linac. The coherence of the motion of all the particles is needed
to make the control and eensing work over long distances. In
Fig. 3 is shown a horizontal betatron oscillation induced by a
dipole immediately downstream of the RTL as viewed by the
position monitors along the linac. The betatron motion does
remain coherent as needed by the feedback eystem. As can be
seen, the betatron wavelength increases along the linac. It in-

.creases for two reasons: the cell length changes twice? in the firat

300 m, and the quadrupole strengths saturate after 1500 m, The
phase shilt from the beginning to end of the linac is about 30
betatron wavelengths.
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Fig. 2. Detailed components of the transverse feedback system,
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Fig. 3. Measured horizontal betatren oscillation in the linac
induced by & dipole magnet early in the linac. Nete that the os-
cillations remain coherent and that there is very little coupling,
if any, to the vertical trajectory (6 x 10%~ st 42 GeV).

Control Process

Changes in the two dipole magnets in a given beam plane
in an RTL produce deflections 8, and 8, which result in beam
offsets z; and r; at the beginning of the linac ninety degrees
apart in betalron phase. These two offsels are considered the
equivalent of the launch angle and position controls.

2y = 0,(8:8,)% sin(d1a) + Bs(8s5,)!? sin(dry)
72 = 0,(8a53) M2 sin(G2a) + O4(5,91) P sin(0s)

#: and f are the linac betatron funclions at the two offset
positions, and 3, and £, are those at the dipole magnets. All
A, = 10-20 m. ¢ represents the betairon phase advance from the
magnet a or b to offset position 1 or 2. The magnets are lotated
such that ¢y = 5/2, é1a ~ & = © and &y & In/2 The two
offsets cause the beam 1o execute a betatron oscillation in the
linac, produce wakefield tails, and generate signals §, and 5, in
the detectors near the end of the Jinac.

S =4 [11 tos(dpy) + xzc0s ("'L” - ;)]

S2=4 [z.cos(aﬁﬂ) + T3c08 (@'” . ;)]

A is the wakefield magnification of the injection offset. o 44 ix the
briatron phase advance from the injection offset () position to
the first heam sensor including the phase shift produced by the
transverse wakeficld. &y; is the same phase shift but from r,
to the second sensor. The hardware was built such that under
nominal lattice conditions ¢,z = on - ; For an SLC beam
of 5 - 10" particles. o, = 1 mm and 50 GeV, &y %= 607 and
A = 10 for the BI'M measurements. For the profile monitor
readout, the A factor will depend upon the method used to
extract the skewness of the particle distribution.

The above equations car be inverted to give a direct feedback

equation
Aby e ey AS

( A#; a8z &2 AS5;
As was mentioned before. there are four of these feedback luops
Even though the elements a,, are calculable, uncertainties in
the actual bean conditions may make the wakefield caleulations
incorreet  Therefare, empirical measurements will most likely
be needed. Changes in the beatn intensity, bunchlength, energy
“profile” changes along the linac from klystron changes, and RF
phase change- from the energy spectrum feedback! will dynam-
iraliy changr the riements e,, through the variabies 4 and on-
Here are two examples. If the beam intensity is reduced from
5+ 10" 1o 1 » 10" for a bunch with o, = 1 mm, &y shifis by
120 dogrees, and A is reduced by 20%. U the linac RF phase is
changed by 4 degrees with 5 % 10'° particles, and 2, = 1 mm.
then & changes by 120 degrees, but A remains constant. With
these likely variations, sclf-adaptive feedback algorithms will be
necded.

Beam Position Jitter

The feedback microcomputer has been configured to record
beam positions as a function of time. Plots of z and y position
jitter at the end of the linat are shown in Fig. 4. The horizontal
position changes in Fig. 4(a) were associated with an energy
shift caused by an intermittent klystron, Klystron cyeling car
produce position shifts via chromatic-dispersive effects and by
RF deflections. If the motion in Fig. 4(a) is attributed to energy
changes only, then g = 100 pm/05% = 20 mm. The large
position shift in Fig. 4(b) for eight pulses is due 1o a shift of the
beam entering from the RTL, most likely an error in the timing
of extraction kicker. The vertical jitter data 'Fig. 4{c); are well
within specifications and has an rms value of 30 um which is
much less than the beam height (120 um). The horizontal data
[Fig. 4(b)} have an rms jitter comparable to the beam width
and would reduce the average luminosity by about a factor of 2.
Work to reduce the transverse jitier is in progress. Date taken
so far suggest that an exponentially weighted feedback would
control all observed coherent pasition errors.®

Transverse Shape Chauges

Beam profilea at the end of the linac have been s‘.died for
wakeficld and dispersive effects. The two pholographs in Fig. 5
are typical beam shapes after the trajectory has been corrected
to 200 pm and the linac RF phase adjusted to make & narrow
energy spectrum. The small horizontal and vertical tails can be
reduced by small dipole changes in the early linac. The resulting
trajectory differences are small and are not always resolvable in
the BPM readings. Using this procedure, it is readily apparent
thai certain dipeles do not make visible wakefield talls on a par-
ticular screen. but other dipoles separated from these by about
90° in brlatron phase will produce large effects. This tesult ver-
ifies the orthoganality of the lannch controls. The entire tail
cannot be removed in practice by trajectory adjustment. This is
most Jikely due 1o a 8mall remnant transverse tail on the beam
entering frem the RTL.
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Fig. 4. Measured position jitter at the end of the iinac at
8 > 10%", 47 GeV, and 5 pps: (a) shows a horizental position

shift correctable by feedback, (b) and {c) show more typ.cal open
loop horizontal and vertical jitter plots. The horizontal jitter is
120 um ems and the vertical 30 pym.

The beam image on a profile monitor can be digitized. Sev-
2ral contour plots ate shown in Fig. 6. Figure 6{cj shows a tuned
beam with a small intense core of about 200 pm x 100 um. Fig-
ures 6(a) and 6(b) show increases in the spot dimensions due
to large vertical and horizontal betatron oscillations and wake-
fields. The Damping Ring-RTL.-Linac system is sufficiently sta-
ble so that these shapes remain the same for several minutes
at a time. The time over which the beam is stable decreases
with increasing cuvrent, which is consistenl with the expected
tighter injection talerances. The bearn profiles in Fig. 6(b) aad
d are due to small induced hetatron oacillations and RF phase
changes of a few degrees, They reveal chromatic-dispersive ef-
fects from remnant RTL dispersion, trajectory errors, and RF
deflections. An RF phase change shifts the energies of the parti-
cles in different parts of the bunch, changing the energy-position
correlations downstream. A small cnergy change car shift the

Fig. 5. Photographs of beam spots at 1.8 < 10'%~ at 43 GeV.
The upper photograph shows a horizontal tail on the beam core,
and the Jower photograph shows a vertical tail, both induced by
wakefields and chromatic-dispersive effects. The fiducial holes
have separations of 3 mm (h) by 1 mm (v).

place in the linac where the “dispersion” function passes through
zero. Thus. beam widths on profile monitors can be narrowed
using the RF phase.

In another experiment, the vertical size of the beam at the
end of the linac was measured as a funclion of the amplitude
of a betairon oscillation started early in the linac. The heam
intensity was intentionally made low 50 that no transverse wake-
ficlds were present. The data are shown in Fig. 7. The beam
size grows with increasing betatron amplitude. An estimate of
the effective dispersion n can be made from the data via the
usual equation a7 = ¢8 - n°§%. The energy spread § was mea-
sured to be 0.55. Therelore. the generated dispersion was 6 mm
per 1 mm betatron oscillation. This result agrees with simula-
tion results, Furthermore, measurements in the linac as the RF
phaze is changed show millimeter trajectory changes. As a result
trajectory control will be needed in conjunction with the phase
ckanges required by the energy spectrum feedback controi? A
pre-rdure fnr this carrection is being studicd.
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Fig 6 Digitized -y beam contours on a Anorescent screen mmon-
itor: jc) skows a small beamn rore well tuned. {a) an (e) show,
respectively, vertical and horizontal wakefield tails produced by
large betatron osciliations {~ 1-2 mm). {b) and {d) show ver-
tica! and horizental core changes produced by small betatron
oscillations (- 6.5 mm! and small RF phase changes of a few
degrecs. In all hut {c} the camera itis was opened to emphasize

Al datn wis taken at 1.6 » 10'¢~ at 43 GeV
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