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Abstract

New tedindogy is required to incresse the reah of future
acceerators. In keging with several trends in tecndogy
development, new acceerator tedndogy leals toward
miniaturization and adive @ntrol using hgh level process control
systems. Linea collider designs have emphasized bah and danned
machines include callenging comporent pasitioning tolerances and
comprehensive @ntrol systems. This paper reviews ome examples
of thisfor existingand danned linea colli ders.

1. INTRODUCTION

The last decale has en the implementation o a fundamentaly new high energy
particle accéerator design, the linea collider. From its conception, linea colli der developers
felt they coud avoid the energy scding rules associated with circular eledror/positron
colli ders by using low emittance beams and stronginteradion pant focusing [1]. The SLAC
Linea Collider (SLC), while nat able to perform at its design luminosity, has nevertheless
shown that the idea of colliding beams of very smal size is feasible [2]. The salient
operational accéerator issues that impaa colli der operation are 1) generation d intense, low
emittance beamns, 2) preservation d the emittance throughou accéerator and beam delivery
systems and 3J stabili zation over al time scades, from sub-secondto hous or days.

The topic of this paper is the stabilization system, in particular the part of it that
addressees medhanicd comporents; why it is needed and what it does and what it will doin the
SLC and in future linea colliders. Of course, applicaion d bean based feedbad is not new
nor is its future gplicaion limited to linea colliders. Madines sich as 3rd and 4h
generation synchrotron light sources benefit from the use of automatic beam-based-steaing
feedbadk and comporent alignment schemes.

In this paper we first review linea colli der tolerances, justify them and ouline some of
the observable signals where their impaa may be seen. Following that we describe the
function, cesign and implementation d feedbadk systems at SLC. In sedion 4 we describe
experience d SLAC with SLC and ouline some of the benefits of the feedbadk systemsin use
there. In the final sedion we describe plans for the implementation d feedbad and related
procedures for the Next Linea Collider (NLC) [3]. Most of the material on the SLAC based
NLC designwas taken from the NLC Zeroth-Order Design Report, isued in July 1996.

Stabili zation is required ower al pradicd time scdes. However, in a well designed
system, the more awmbersome disturbances shoud ocaur at a relatively low rate. A good
example of a problem that is cumbersome to compensate for is a poaly locdized, gobal
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error. Typicd disturbance sources, ranging from fast to longer time scdes, are shown in the
Table 1.
Most linea collider designs propose operation in the range of 100to 2000Hz. This

paper describes approades to controlli ng the dfeds of instabiliti es 2—4in Table 1 which have
time scades longer than the interpulse time.

Tablel
Typicd Linea Collider instability timescdes, their sources and their associated feedbadk
basis

Timescale Typical source Feadback sensor/corrector
1 Pulseto puse (collider re- | Bean dynamics, pused de- | Feedforward
petition rate) vices
2 Fast (few Hz) Vibration, paver converter | Position monitor/steging
3 | Slow (minutes ~ hous) Thermal Position monitor analysis
4 | Very slow (days ~ months) | Ground' settling Procedure-based optimizatior]

2. LINEAR COLL IDER TOLERANCES

2.1 Design guidelines

Linea colliders are expeded to provide the next level of e+e- collisions with energies
substantially beyond what can be adieved using storage rings, abeit at the st of some
complexity and loss of stability. Several linea collider designs are quite mature [4, 5] and
vary somewhat but all have: 1) alow emittance source of e+e-, usualy including camping
rings, 2) longlinacs and 3 final focus g/stems on either side of a particle detedor. A criticd
design consideration is the preservation d emittance throughou the transport from the source
to the linag the Ilnac itself, and the final focus. Typicd normalized emittances are yg, = 4 x
10° and e, = 4x10° m-rad at the beginning d the linac In most designs, the beams at the
interadion’ pant (IP) are so small that feadbad of several sorts is required for optimum
performance

Linea collider tolerances are derived from considerations of the impad that a given
error has on the luminasity. As design tolerances are tightened with resped to available
tedhndogy, an engineaing tradeoff dedsion is made that separates the expeded mechanicd
or eledronic system performance in the dsence of any beam pulses, and the system
performancethat results from the added use of bean-based optimization schemes. In generd,
since there ae usualy observable dfeds associated with a particular kind d error, the
performance with the inclusion d a beam-based compensation scheme is usually better and
such schemes must be devised. A notable exception to this paradigm is the @rredion d
errors that canna be deanly locdized.

The widespread implementation o beam based tuning and ogimizaion pocesses
comes at some st and can have anegative impad on the performance of the accéerator. A
procedure may, in general, take time and dsturb the beans substantially. Ead procedure
must therefore be evaluated in order to estimate how often and to what acaracy the
compensation scheme must be implemented. Instrumentation acairacy, control system



latency and procedure development therefore play a vital role in the ultimate anaysis of
macdhine performance [6]. The system designers must ensure that the more complex, more
difficult to corred errors neal attention less frequently. In genera this means that system
designers must play the role of operators long kefore construction, nd to speak of operation,
begins.

Some of the most difficult errors arise in the main linac and final focus colli der sub-
systems. In this paper we focus on examples from those aeas in bah SLC and NLC. In the
linac and fina focus, alignment and field magnitude arors can cause significant emittance
dilution a effedive spat size incresse @ well as smple trgedory distortions. In an ided
system, the beam size would be known throughou the madine on eadh puse ad
identification d errors would be relatively simple. In pradice the distribution d bean size
monitors and their performance is ©mewhat limited. Thus most bean based feedbadk uses
beam position monitors (BPM’s). BPM’s are distributed in grea numbers throughou the LC
and the ultimate &ility of the feedbadk system to suppresslong term instabiliti es depends
criticdly on them. As is discussd in sedion 5, o of the biggest chalenges for NLC
feadbad isthe BPM off set and cdibration control.

Table 2 shows ome typicd bean sizes and emittances associated with high energy
colliders. The sizes shown for SLC are the adieved sizes during routine, naminal, operation.
Design sizes are somewhat small er.

Table?2
Typicd collider (LC) bean sizes
X (pm) | y(um)

SLClinac 100 50
SLCIP 2 1

NLC - linac entrance | 30 5

NLC - linac «it 15 1

NLC IP 0.270 0.005
LEP[7] 135 5

2.2 Final focus

The godl of the final focus is to demagnify the bean size by afador of 10to 100. One
of its most criticd comporentsisthe crromatic corredion system (CCS) that compensates for
the dhromaticity of the final lens g/stem. Typicd sextupde strengths are quite large in the
CCS, with pde tip fields around 5 K5 and g functions with pe&ks close 200 km in the NLC
design. The sextupdes can cause large geometric aberrationsif not properly compensated.

Consider the position tolerances of the final focus quadrupdes nea the interadion pant
(IP). On apulseto puse basis, the beans must remain in colli sion, so trajedory errors caused
by the displacement of the final magnets must not result in IP motion comparable to a small
fradion d the beam size Since the beam size is quite small, the sensitivity is grea. The
magnet motion ey required to move the beam by its sze(q;) at theIPis:
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where k isthe inverse focd length o the magnet, [Listhe phase alvanceto the IP, gisthe beta
function msde the magnet in question and ¢ is the bean emittance. At the SLC k~1m®

£ =5 x 10" m-rad. and gis 10 km, giving a sy of rougHy 200 rm. Movements much small er
than o, have asignificant impad on luminosity so the engineeing tolerance on the suppat
stablllty is tighter. While obtaining stability at this level is well within the state of the at of
medhanica suppats, it isnat trivial and some dfort must be expended. The aror caused by a
displacement is sSmply an offset and nofurther aberrations result. This tolerance therefore
must be met for short time duration orly, comparable to the time between puses. Fast, bu
relatively smple, |P steeing feadbadk can be used to corred it [8]. If the corredion dpoles
are dose by, the fealbadk effedively aligns the quadrupde ceiters. In sedion 4.2 this
feadbad is discussed further.

The principle of operation d the CCSreliesonthe cancdlation d geometric gberrations
that result from sextupdes used in the chromatic corredion. This cancdlationis dore using a
focusing cdl of exadly 180 s phase alvance between two places of equal dispersion. This
cdl isknownasa‘-I transform’.

The CCS is much more sensitive to errors generated within it than it is to incoming
launch errors. With the *-I' symmetry, incoming trajedory effeds are carcded. Incoming
energy errors are mmpensated by the sextupdes. Thisis after all the purpose of the CCS and
by correding the éerrations caused by the energy spread of a single pulse it can, if stable,
also corred for the aerrations caused by energy dff erences between successve pulses.
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200 | T | T | T | T | 80
By Bx

150 | {60
€ €
< 100 |- 1402
> x
[ea} (ea R

50 - . 20

0 L \ l\‘ j 1 \ J 1 0

0 400 800 1200 1600 2000
801762 s (m)



Fig.1 NLC final focus optics. Solid line- gy, dashed - px.

Single sextupde pasitioning errors generate aresidual quadrupde eror that can destroy
the -1 transform inside the CCS. Trajedory errors generated within the CCS (by, for example,
corredion dpoes) can have the same impad and must also be caefully controlled.
Quadrupde pasition errors have asimilar effed throughtheir steaing. Typicd pasitioning
errors for NLC are shown in Table 3. The most significant symptom of the loss of the -l
inside the CCS is residual dispersion at the IP. Waist motion follows closely behind that.
Typicd waist shift sensitivity at SLC is 5 mm of motion for 100 un of sextupde
displacenent. Since eab error is evaluated ona single magnet basis, the displacenent that
causes a 1% luminasity lossis listed. When all magnets are taken together, the impad is more
significant.

Table3
CCS focusing magnet positionerrorsin NLC
Magnet *y (nm) Leading Err or
CCY quad 20 Dispersion
Final transformerquad | 6 Dispersion

The examples given above show what some typicd positioning errors can do to the
performance of the final focus. In order to understand the resporse to systematic motion, for
example, to seismic plane waves or adistortion d that nature, aformali sm has been developed
[9, 3] that uses the 2 dmensiona power spedral density of ground motion, P(w,k) and a
lattice resporse function G(k) . The lattice resporse function is the normalized beam motion
a the IP for quadrupde motion caused by seismic plane waves with wave number k. When
combined with the spedral density of the groundmotion (P(w,k) or P(k) for a given instant
in time), the rms beam movement at the IP, < Ay,(t) >, is given by the product integrated
over seismic waves of al wave numbers:

< AY5(t) >*= | P(k)G(k)Zd—: )

G(K)is expeded to be large for wavenumbers that are @nsistent with typicd sizes in the
beamline layout. Figure 2 shows G(k) for the NLC final focus. The extremes are of speda
interest. In the limit of very longwaves, the whole system is moved o tilted together so the
sensitivity G(K) is guite small. As the waves beame short enough to fit between major
focusing elements the resporse is quite large and shows the anplificaion expeded from the
demagnifying system as ill ustrated in Eq. (1). At this end d the spedrum, the beanline
comporents are moving more or less independently, in a manner quite similar to the
movement caused by suppat vibration. Note that G(K) is defined here only for perfed

suppats that are located dredly under ead magnet’s center. The analysisis concerned only
with magnet motion asociated with the plane waves. The up and dovn spikes in G(k) arise

from acddental coherence between magnets.

For given expeded o, , pasitioning gedsion requirements may be evauated using
P(w,k) andG(k) . Figure 3 shows P(f) for a‘quiet’ NLC final focus ste. Inthefigure, fis
exchanged for k using a dispersion relation measured at SLAC. The three arves ow the



groundmotion, P(f), (long dish), the feedbadk driven damping, F(f), (short dash, seeFig. 3
and the lattice resporse function, G(f). Luckily, the dfeds of ground motion are strongy
suppresed by the lattice resporse, there is little power at high frequencies. However,
feedbadk is dill required for adual physicd sites, where aultural and engineaing related nase
sources injed significant amourts of high frequency motion. SLC experiences with such
noise sources are described in sedion 4.
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Fig. 2 Lattice resporse function for NLC Fig.3 Seismic plane wave spedrum for quiet

final focus sSite, latticeresporse and the expeded
feedbadk suppressonratio.

2.3 Linac

In the linag the most challenging gal is the preservation d the bean’s transverse
emittance given reasonably achievable magnet and structure positioning tolerances. The NLC
linac emittance growth is expeded to be @ou afador of 2.

The NLC linac is expeded to cause &ou a fador of two gowth in the verticd
emittance The most serious contributors to this are: 1) Transverse wakefields from bean
interadions with the structure, 2) Dispersion and chromatic dfeds from the large energy
spread beam and 3 Transverse pulse to puse fluctuations (jitter) caused by quedrupde
vibrations. Of these three the first and last will concern us here becaise they will be to some
extent addressed using high level automated tuning procedures and beam based feadbad.

Tolerances for the linac can be derived from the same nsiderations of bean to beam
targeting at the IP. Because of the longer, more periodic structure, G(k) is larger. Alignment
of thelinacis critica because of the anittance growth that results from off set passage through
the accéerating structures. Linacstructure and quedrupde placanent tolerances for NLC are
shown in Figs. 4and 5. The erors $own result in a 25% growth of ¢, Inthelinag becaise
of its length, gea cae must be taken to avoid systematic misplacanents of the quads and
structures with charaderistic length scdes smilar to the g function. Thisisthe reason for the
tight tolerances with 2 ~100m.

In contrast, the SLC structure placement tolerances are edbout 20 times looser becaise ¢,
is 200 times larger. The NLC linac requires adive quadrupde and structure movers for
optimum performance
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3. FEEDBACK

3.1 God

The goal of feadbad is to stabili ze steaing and aher beam parameters sich as energy,
energy spreal and plhase spacevolume and aientation wsing information from beam monitors.
It shoud dothis at as high a rate & possble, withou deaeasing stability (increasing rms
beam motion), upto the beam repetition rate. Fealbadk aso shoud respond quckly to step
changes. The latter goal can grealy reduce the moment to moment adivities of control room
operators.

Typicdly, afeedbad loop will aauire data from a given set of instruments, processit
in alocd procesor using a filter algorithm and apply corredions througha set of acuators.
Some loops do nd neal the resporse time dforded by the locd signal processng and can use
a smpler, slower, workstation based system. In pradice eception hending and aher data
cheds and dagnastics dominate the dfort required for the implementation d the loop.

Fealbadk loops that include beam derived information have been used in many
applicaions in accéerators. Typicd applicaions are used to stabili ze microwave systems,
control longtudina and transverse cuded burch instabiliti es or provide locd steeing for
synchrotron light beamlines [10]. Microwave system feedbadk keeps the accéerating vedor
in a microwave cavity oriented properly through transients sen in a variety of condtions,
such asinjedion. Thistype of feedbad could be mnsidered part of that subsystem. The last
example of fealbad is the servo-steaing wsed in synchrotron light madines to stabili ze the
light using phdon keam position monitors. This feadbadk is respondng to thermal,
medhanicad and aher instabiliti es and its goal is typicd of the type of loop wsed in linea
colliders. Synchrotron light source trgjedory feedbadk typicdly has a much higher resporse
bandwidth since it involves gorage rings rather than pused linacs. Its functionis smilar to
the steaing stabili zation feedbadk used in linea colli ders. We will not discussthe first two
types of feedbad sincethey have littl e to dowith comporent ali gnment.

3.2 Design

Feadbadk at linea colliders is applied as a wntrol layer on top d coding water, ar
temperature and pover converter control loops that do nd nominally include bean based
information.



From the point of view of the high level controls, the feedbadk we will describe is a
digital processcontrol loopimplemented to compensate for a particular instability. 1n former
times an operator may have been able to perform this task, bu now, becaise the number of
such tasks and the cmplexity of the accéerator system has grown significantly, it is
imperative to relegate the task to a process control macdine and do the feelbadk
cyberneticdly.

The internal design d the SLC feedbad loops follows somewhat formal lines [11,12].
This was dore because its applicaion was anticipated in a wide variety of situations. The
design follows the ‘state spaceé formalism adopted by dgital control engineas. The state
spaceformalism complements clasgcd digital control design techniques that use transforms.
In pradice the state space formalism is better suited to multi-input — multi-output control
tasks, as most beam steaing applications turn ou to be. Results from applicaion d the two
techniques areidenticd.

The bean ‘state’ is conveniently defined to have some meaning in the astrad, and is
not diredly tied to the reading d an individual monitor. Examples of ‘states’ are the beam
energy at the end d the linac and the angle and dfset of the bean trgjedory at an arbitrary
locaion in the beanm line. Data from BPM’s are processed through a matrix transformation
and an owerconstrained least squares linea fit to provide estimates of the states, which can
almost never be measured dredly.

The bean state information from the feadbad processis used dfline in acceerator
modeling to interpret instabiliti es and aher effeds. It is thus a good way to conred the
feadbad to the bulk of the accéerator control.

The state spaceformalism bre&ks the job into two perts, the definition d a‘control law’
and the evaluation d a ‘state estimator’. A generic oontrol law that cadculates acduator
settings from a given inpu state and referenceis:

uk+1:K),Zk+l+Nr (3)
where:

u isthe vedor of aduator settingsto be used
X, isthe estimated state on puse number k, (x, isthe adual state),

r is the reference input. In acceerator examples it is often the difference between the
nominal referencetragjedory and the desired trgjedory.

K is the gain matrix. It contains information abou the resporse of the system and it
also contains the results of an dffline optimizaion d the resporse of the loop system
to the beam noise @ndtions.

N isthetrandationfromr to aduators.

The system is managed using the knowledge of the evolution d the last known
estimated state, ®X, , the expeded resporse from the motion o the aduators, T'u, (for

example dipde mrredors in many cases) and the filtered diff erence between the last state and
the present measurement, L(y — HX,). These terms are summed to gve the new expeded

state, X, ;.

X1 = OX, +Tu+L(y—HX,) (4



® is computed from the expeded time resporse function d the aduators o that ®x,

represents what has happened due to the last corredion, I is mapping from the aduators u to
the bean state, L is the optimum filter function and degpends on the time structure of the
instability that isto be controlled. H isaso derived from the accéerator optics, likeT'.

Figure 6 shows the feedbadk processng schematic. The present aduator settings are
used by a model of the madiine to predict the new state, X,. The difference between the

predicted and olserved measurements (Y, —Y,) is used to generate the new estimated state,
X1, USNGEQ. (4). Theresult isthen used in Eq. (3) to determine the next corredion.

Feadbadk needs svera sorts of cdibrations. First, the time resporse function d the
corredors must be measured. Figure 7 shows the resporse of sometypicad SLC corredors. In
pradice, the most serious urce of corredor delay at SLC is the field penetration time
throughthe accéerator structure (~0.8cm copper). Following that, the bean transfer functions
must be measured using simple crredor - BPM resporse tests. Finaly, the expeded BPM
noise must be included in L since this is the primary source of error in the estimated state.
Errorsin ore or more of these cdibrations will result in poaer than ogimum performance of
the feedbadk system.

Plant
e Xk H Yk

Xk H Yk

Fig. 6 Fealbadk system schematic

3.3 Non-linear feadback

The dove examples of steaing feedbad are strictly linea and invalve just the transfer
matrices between bean line omporents. Non-linea feedbad at linea colliders has the
additional goal of automating ogimization, atask usually performed by operators. Even with
the goplicaion d trgjedory control feedbad, there remain locd errors as well asthe dfeds of
acwmulated gobal errors that require mrredion. An example of thisis the corredion d the
trgjedory in the linac While the feedbadk provides a fixed trajedory downstreanm, in the
region ketween ore loop and the next upstream loop and within the region spanned by the
feedbadk’s own hardware some trgjedory error occurs and can cause some degradation in the
beam emittance Thishasto be aldressed by aglobal emittance @rredion pocess

Another example gpeas in the final focus where systematic changes in pasition can
cause an IP waist shift or other aberrations. The waist shift or dispersion error is not



corredable with simple steaing since, after corredion bythe IP steging feadbad, the beam
remains out of optimum focus. In general, the waist can move in either diredion and, uress
thereis ome externa information, atest must be dore by the feedbadk controll er to determine
which dredionto move[13]. What isrequired isatrial excursionin orediredion,in arder to
determine the sign d the derivative of the respornse. Synchronous detedion d the excitation
allows it to be small compared to naninal operating tolerances of the device At SLC thisis
known as ‘dither feedbad<’ andis under development.

Dither feadbad is intended to operate on the driven derivative of the beam parameters
with resped to some ecitation. Since most optimization curves are locdly parabdlic nea the

optimum, the derivative is expeded to belinea.
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Fig. 7 Beam position monitor (BPM) resporse to a step changein a crredion dpoe. The
dipdeismourted ower the linac acckerating structure. The data point spadngis 1/60
sgivingadB/dt ~ 30 Gm/sec

4. EXPERIENCE AT SLC WITH FEEDBACK

4.1 Design

Feadbadk loops can develop as part of the system design, as in NLC, or they can be
developed in resporse to an olserved problem. Thereis a set of steps throughwhich agiven
procedure evolves as it passes from development to routine to automated use. This is
mirrored in manufaduring when a prototype is brougtt into massproduction. It istypicd of
feedbadk’ s appli cation to the prototype olli der, SLC.

The noise structure of the SLC beam (jitter) contains a large anount of broadband
‘white noise’, a significant comporent at low frequencies, correspondng to thermal time
scdes, and a few spikes at medhanicd resonance frequencies in some caes. The feedbadk
will easily suppressthe low frequency part of this noise distribution, bu its effeds on the rest
of the spedrum must be tuned.



Figure 8 shows the results of that tuning. The suppresson is excdlent for low
frequencies, below abou 0.5 Hz, and poa for higher frequencies. There is a region where
some anti-damping is observed. Since alarge part of the beam rms comes from the low end d
the jitter spedrum, this design satisfies the two fold gaal of reducing the jitter and providing
excdlent resporse to step changes. It is hard to reduce the anti-damping and it can leal to
problems, espedally if the beam motionis driven by suppat vibrationin this frequency range.

The plot shows the rgjedion ratio as a function d excitation frequency. The
disagreament between the model and the measured feedbadk resporse is due the variations in
corredion magnet slewing times. The figure shows the simulated resporse (smoath curve),
data obtained from transforming step impulses (jagged line) and dbta obtained from
transforming cyclic excitations at various frequencies (bladk dats). The step resporse data is
more sensitive to BPM noise since only a handful of steps were used. The frequency domain
datais much cleaner sincemore areraging could be dore.
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Fig.8 Measured and simulated frequency resporse for an operating SLC feedbad loop

4.2 Examples

Seventy percent of the feedbadk loops a SLC control locd beam orbit steaing.
Typicdly, agroup d 6 to 8 BPM’s, spread ower 4 linac FODO focusing cdls with ~70e¢ g
phase alvance, are used in conjunction with a pair of dipde wrredors in ead plane. The
dipde mrredors, spacal byrougHy 90« g phase alvance are usualy upstrean of the BPM’s
so that their behavior is chedked by the measurement vedor y. Eacd such linacloop povides
independent x, X', y and y' control for bath e+ and e- beams. Abou 30 such loops are
routinely used in SLC operation and have proven vital for operation, diten in ways beyond
simple stabili zation o bean jitter and dift.
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Fig.9 Fealbad installationsat SLC. The figure shows a schematic of SLC with a cdeto
indicate the function d the digital feedbad loopat that location:
S- steaing, E - energy, | - intensity, C - collision,M - minimization (dither feedback).

An example of a speda purpose feedbad loop at SLC is the IP collision steaing
feadbadk which uses a key effed seen at linea colli ders, the beam-bean defledion [14]. The
instrumentation wsed for the feedbad are the two pairs of BPM’s for ead beam (atotal of 8)
used to determine the incoming and ougoing peth alongthe +8 m nea the IP. The BPM’s
are located in the IP focusing triplet structure. Information from the incoming BPM’s is vital
for two reasons. 1) typicd bean pulse to puse fluctuations are abitrary in phaese of origin
and equivaent to about 20% of the o, the spatial and anguar size of the beam, and 2 o, the
size of the beam’'s anguar divergence d the IP is around 300 ped, abou the same order of
magnitude & the observed defledion. Indeed, additional incoming trgjedory information is

needed to further constrain the fit and gve more acarrate results.

Figure 10 shows the bean-bean defledion at SLC. In this plot, the kink angle caused
by the dfed of one beam on the other is plotted vs the steaing d one of the beams. To take
the data, the steeing is acomplished in a quick successon d pulses. The plot shows afit to
the expeded defledion function. The fitted parameter = shows the mnvdution d the two
beam’'sverticd sizes, 0.584 . The fit does not provide Information about the individual o
inthis caseit is estimated from measurements using more cnventional size monitors.
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Fig. 10 Bean-beam defledionat SLC

When the beams are right on top d ead ather, they are optimally in colli sion, and the
defledionis zero. Nea that point the defledionis linea as afunction d off set and the slope



isagoodindicaion d the width. Thus the feedbadk has arelatively smple jobto dg smply
apply the steaing corredion to ore beam in propation to the observed defledion. Sincethe
defledion is a reflexive dfed, it is nat possble to determine which of the two beans has
caused the eror from it alone. Some cae must be taken to avoid compensating the motion o
one beam by moving the other.

Even at transverse separations of many times o, , a substantial kick is clealy visible &
SLC. The figure shows this clealy, with a defledion many times the intrinsic aror in the
measurement till visible & the edge of the plot, approximately 20 o, from the central region.
This makes the loop qute robust and it often restore alli sions quickly even after a significant
time has passed o after bean steeing changes have been made. This is one feaure of the
linea colli der that compensates for some of its natural instabiliti es.

Table 4 summarizes the gplicaion d feedbadk and routine optimizaion in the SLC.

The seand column o the table indicaes the type of feadbadk, restoration to a spedfic

setpoint (F) or optimizaion, ‘best’” value tuning (O). Loops of types 1 and 3 have been the

most successul and are described in the text. Energy feadbadk is quite similar to steeing, and

uses locd spedrometer optics to estimate eat puse' s energy. Thistype of loopis also qute

succesdul. Other rows refer mostly to ogimizaion, dore ather manually or with the ad o
semi-automatic data gathering and processng todls.
Table4

Fealbad and opimizaionin use or planned at SLC

Parameter | F/O Detedion Bandwidth Features
Controlled I nstrument max 12Hz
1 Position and|F BPM 20Hz provides diagnastic
angle data
2 Energy F BPM 120Hz
3 Collision F IPBPM’s 120Hz
(defledions)
4 Compressor | O Wire scanners at hous Uses asymmetric
optics linaclaunch gausdan fits
5 IP spat O Defledions and minutes Can usedither
luminaosity mon
6 Linac F Wire scannersin minutes Uses asymmetric fits and
emittance linac skew moment
propagation
7 Bean phase|F BPM’susing dther | minutes All pulses must be
(linac eergy phase synchronows dithered to achieve
spread) excitation needed acaracy
8 Positron F Beam power 120Hz uses estimated
cgpture phase integrator temperature
9 Kicker timing | O LinacBPM’s minutes Correlates beam with
kicker thyratrontiming
10 |Arctuning M Arc BPM’s days Highly speaalized;
expert based ogimizaion




4.3 Reaults

Perhaps the best way to ill ustrate the impad of feedbadk on madine performance and
understanding is throughill ustrations of ‘ history’ or time record data from relatively longtime
periods. In the figures, we show examples of the kind d hints that feedbad can provide that
are subsequently used to gude improvement eff orts.

Through hstory records, feadbadk can indicate dignment degradation and componrent
drifts over day and week time scades. At the other end d the frequency spedrum, at very
short intervals, feedbadk and its related data aquisition can provide data relating to
medhanicd vibration, ancther form of poa mechanicd subsystem performance

Prior to the feadbadk era, the operator could examine the diange in trgedory with
resped to the saved reference trgjedory and make hand corredions to nul the difference
Sincethe dhanges are relatively slow, with multi-hou time scdes, thisis nat an urreasonable
way of respondngto this dow drift. However, as the number of such locations grows and as
better quality is required o the nulling process it beaomes unreasonable to exped the
operator to corred the trgjedory in ead locaion. The primary goal of feedbad at the SLCis
exadly this. Throughthe records kept by the feedbad process a diagnasis of the source of
the drift can begin. Withou feadbadk, with ead operator correding the drift using a slightly
different technique, the dea unfolding d the underlying causesis more difficult.

Figure 11 shows arecord o the beam trgedory at the exit of the SLC damping ring for
aperiod d several days. The two ‘history’ records in the figure show the performance of the
feadbadk at the «it of the dedron damping ring (top) and the beam intensity (bottom) during
the 10 cby interval May 5, 1996throughMay 15, 1996. There ae éou 10 data points per
day with apaint to pant spadng d 2 hous. In the figure the paints are mwnreded. The dips
shown in the bottom plot are the intervals when the bean was absent from the ring. During
that time, the ring codls substantially and the comporents in it move alittl e, maybe 20 to 40
um; the exad amourt is not known. In the top fdot, the @rredion required to ke the
verticd trgedory fixed to within a5 to 10 um rmsin the extradion transport is shown. This
isadualy I'u from Eq. (4).

An interesting asped of this plot is the movement required by the rredors to stabili ze
the orbit after the beam isrestored. Typicd decay constants are ~1 hou. One of the eventsis
noteworthy, ealy in the dternoon d May 7 the resporse is more severe due to the de-
excitation d the magnet power converters. In ead o the other events, orly the bean was off.
To further reinforce this, nae the two large @rredor events late on the 13th and duing the
afternoon d the 14th. In these eisodes the bean was present, bu at a much lower duty cycle,
abou 15% of nominal. Thus the power disgpated in the ring by hgher order mode losses in
the ring' s internal structures and synchrotron radiation is reduced. These two taken together
amourt to 25kW for nomina, full repetition rate, operation at 9 x 10° e- in two burches (120
mA). The motions caused bythe ‘beamn off’ events are cmrreded bya50 prad kick, equivaent
to amagnet strength of 1 to 2 Gaussmeters. The arredion elementsinvolved produwce al G-
m kick with an excitation o 0.12A. Their tolerances are set at 10% of that.
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Fig. 11 Ten-day history record of extradion from the dedron damping ring showing
correlation with beam intensity

Figure 12ill ustrates ancther kind d thermal instability, this one aciated with the ever
present day night temperature dianges of the California dimate. The figure shows the
temperature inside the SLC fina focus (solid) during a 10 day interval in July 1996
superimposed onthe verticd feedbad corredion command (dashed). The tunnel temperature
changes are small (within 2.2 & or 1.2 <C), bu they are large enoughto cause the bean
trajedory to move. The outside temperature is siown abowve the plot in order to indicate the
extent to which it contributes to the goparent motion. Note the phase shift between tunrel
temperature and the feedbadk aduator. In this example, the temperature of the outside
environment is causing slight misalignments of the macine comporents. This can be fixed
with improved environmental control and byexamining the loca optics snsitivity.
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Fig. 12 Ten-day history of initial beam launch condtionsin the SLC final focus showingthe
correlation with temperature

Figure 13 shows anather result from the SLC final focus. The data was not derived
from the feedbadk processitself, as in the other examples, bu from a similarly constructed
monitor or ‘watchdog process The watchdogin this location is intended to monitor the
pasitions of the CCS sextupdes. It does this by keeuing tradk of the average BPM readingsin
the *-I' spacal sextupdes. The presence of an incoming and ougoing beam is an added
fedaure of the fina focus that adds redundancy to the monitor. The sextupde pair paosition
illustrated in Fig. 13 exhibit rougHy 100 pm pe&k to pes verticd day to night motion. A
thermocoude mourted on the suppat of one of the magnets ows the temperature
correlation, presumably indicaing the caise of the problem.

The performance of the feedbadk depends on the incoming puse fluctuation
charaderistics. For example, if the feaedbad is tuned for a broadband, smooth frequency
pulse to puse jitter spedrum with no rticular single frequency lines, it will respondin a
different way than if these lines were suddenly to appea with some strength. Causes for this
may be asciated with eledronic or mechanicd failures. The verticd motion spedrum of a
pathdogicd linacquadrupde is shown in figure 14. The quadrupdeis pushed longtudinally
a its suppat’s resonant frequency by the water coding the neaby accéerating structure.
Normally this would have no impad on the magnet’s verticd position bd, in this case, the
suppat isnat diredly under the magnet so the longtudinal motionis couged into the verticd.
Figure 15 shows the bean jitter spedrum in the SLC linac. Resonance lines associated with
the medhanicd suppat systems may be seen at 10 Hz. The bean sizein thislocaionis about
80um. Using this analysis, we have been able to identify and corred various suppat related
instability signaturesin the 5to 40Hz range. Figures 14 and 15show two such problems.
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Fig. 14 SLC linac quadrupde verticd position Fig.15 SLC Linacbean jitter

motion spedrum

In the pathdogicd example shown in Fig. 14, the quadrupde has residual resonant
behavior at 20-30 Hz. The top dot is the power spedrum from the commercia
acceerometer. The bottom part of the figure shows the integra of the spedrum, starting from
high frequencies. This plot shows the total amplitude of the motion in the frequency range 2—
100 Hz. In this range, feaedbadk performance is poar, bu its data strean can be used to
diagnase problems. The steps in the bottom plot, show by what fradion the total motion is
reduced if the suppart is giffened.

The BPM data shown in Fig. 15come from a pair of digiti zers per plane (x,y); the ratio
of the numbers gives x or y. Since the numerator is close to zero, its bit noise is much more



significant and, in the top part of the plot, this digitization quantizaionis easily seen, with the
least significant bit size of abou 20 pm. However, the 10 Hz comporent of the bean motion
isaso clealy seeninthefirst seaion (0 - 1 s) of thetop dot.

In the last example, Fig. 16 shows how feedbad can be used to trad jitter over long
time scdes. It shows the history of the pulse to puse stability of the dedrons at the entrance
to the linac integrated over abou 10 seconds, for a 92 cay period from May 1 to August 1.
This case, also ill ustrating an anomalous event, the bean jitter grew in late July 1996 byabout
afador of 2. The cause for thisincrease is not understood typicd anguar beam sizesin that
locaion are 50 prad, so this jitter is quite small by comparison. The jitter ‘floor’ of abou
30nrad intheplot is caused in part by instrumental noise.
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Fig. 16 Threemonth history record of beam rms horizontal motion, a jitter', at the entrance
of thelinac(1.2GeV)

5. APPLICATIONS—NEXT LINEAR COLL IDER

Widespread use of fealbadk systems forces a more caeful look at instrumentation,
particularly BPM, performance In effed, by wsing BPM’s as the primary sensors for
feaedbadk systems, the BPM system bemmes part of the power converter control system. It is
therefore aiticd to avoid systematic arors in the instrumentation, such as thermally
dependent gains and df sets sncethese will compete with similar off sets arising from thermal
effedsin the power converters and medanicd suppats.

In the NLC linac an online BPM offset cdibration scheme must be devised for
generating corredions. If a monitor system with inherent off set stability or equivalently, an
acarrate offset cdibration system were devised, then a beam based BPM cdi bration scheme
would na be a criticd. Most BPM systems do nd have an dff set cdi bration mechanism that
is part of the BPM and cdibrates the monitor, cable resporse and eledronic offsets.
Reference [19] is the only one found and it includes no longterm performance data. It is
anticipated ore will berequired at NLC. Figure 17 shows how it might work.
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Fig.17 NLC LinacBPM cdibration

Beam based BPM cdibration schemes have been tested at LEP [16] and SLC. The
schemes rely on either 1) sub-tolerance ecitation and synchronows detedion a 2) use
multiple kinds of beams, such as positrons and eledrons traveling in the same diredion, a
beams of different energies. In most of these caes a BPM offset, arising from within the
instrumentation itself is not easily distinguished from the off sets of the beam line mmporents
themselves. Sincethe driftsin the instrumentation are equaly as ®vere & movements of the
comporents themselves, automated schemes are required for finding and correding them.
The schemes, bah tried and poposed, fal into two caegories, invasive and norinvasive.
Non-invasive is smewhat of a misnomer since the procedure may still have an impad on the
luminosity. We list here threeschemes.

Reference [15] is a good example of the sub-tolerance ecitation referred to in sedion
3.3. Individua LEP quadrupde magnet windings are excited using a sine function current
source with 10" strength of the nominal current. BPM zeo dfsets with resped to the
gquadrupde center are determined by watching the magnitude of the beam resporse to the
excitation. If the offset is large, the resporse will be rrespondngly large. Since the
excitation is narrow band, in the range of 1 to 17 Hz, and the data aquisition is broadband
and can provide data from ead LEP turn, the signal/noise ratio is very good. Different
frequencies can be used with dfferent quadrupdes 9 that optimizaion o several can proceed
at the same time. A bean pickup similar to those used for the tune measurement provides the
line strength information. A locd beam bump nea the quadrupde in gquestion can be varied
until the transfer of the sine signal is minimized. An acaracy of abou 100 m has been
adieved.

In the cae of SLC linac[17] BPM’s offsets can be estimated using the trajedories of
the e+e- beansin a short, threeBPM sedion. The simple geometry isill ustrated in Fig. 18.
The pasition monitor measurements, y,., can be related to the incoming pasition and angle of
both beams and the off sets of the intermediate magnet and BPM using:

J. =MV+C (5)

where
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is the vedor of initia condtions and the ceantra monitor’s offsets, ¢ contains adjustments
asciated with the small corredion dpoles and M is the transformation matrix between these
vedors. The last two elements in v are the offset of Q2 with resped to the line drawn
between Q1 and Q3 (y,) and the offset of the BPM inside Q2 with resped to its magnetic
center (y,). The latter term has contributions from the mecdhanica BPM eledrodes, the céles
conreding the BPM to the dedronics and the dedronicsitself.
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Fig. 18 SLC BPM alignment test schematic

The analysis works well where the phase alvance per cdl is gnal compared to 90« and it
asuumes that y, is the same for et and e. This is nat dways be gpropriate since the
eledronics will respond dfferently for oppasite polarity signals. It has been used to monitor

off set stability.

The NLC linac will use a ombination d these three cdibration mechanisms. NLC
linac quadrupdes are mourted on movers D that their off sets with resped to eat aher can
be perturbed and therefore nulled. With the can based mover mecdhanism [18] it is possble to
move the magnets in increments small compared to the single mmponrent position tolerances.
This may also work with synchronous detedion techniques.

6. CONCLUSION

In the last decale, commercialy available test instrumentation with integrated
processng hes grealy improved in performance  This is clealy illustrated in the
improvements to alignment instrumentation. It isimportant to develop thistechndogy and try
to redize the benefit and cost saving that it affords in the next generation d accéerators.
Linea colliders and freeeledron laser accéerator systems are perhaps the first to require such
acarate mporent paositioning, bu they probably won't be the last.
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