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1. INTRODUCTION

In this paper we report on the slatue of the SLAC Linear Collider {S8LC), the first of
& now kingd of colliding-beam dsvice. We axpect this new tachnlgoe to allow the extamion
of sleclron-positron colliding-besm stodies beyond the energies that can be achieved in s
cost-effacilive manner by the use of colliding-beam storsge rings. It has been recognised for
soma time Lthat ihe extension of the stocage ring techniqwe 1o «nergies highet than a fow
hundred GaYV is very difficuli because of the rapid increase of enargy loss from synchrotron
radiation in the bending magnets of such machines. The synchrotron radiation keases rerlt
in @ scaling lnaw whers the cout and aive of eleciron storage rings increases as the square of
the center-of-mam energy.

In addition to ila role as a test vehicls for the [insar collider principla, tha SLC ks
dmigned to do important experiments in high eneryy physkcs throogh operation at an
enargy equivalent to the 3* mase, and thus to be & coploos source of these particle. The
small ¢iss of the SLC enlimion region and the potential for colliding polarised bearme give
experimental opportanities that will probably not be avallable elsewhere.

The project received its first funding im October of 1983, and constrection was com-
pheted in March of 1087 at & cost of aboat 3115 million. Since the completion of coostruc-
tion we have boen engaged in commbmioning Lha machine to briag 14 to e performance level
sufBclant to start the high ensvgy physics ressarch program that we wish to canry cul in
paraliel with the accalerator stodies requited to fully understand the problems mescciated
with this pew kind of hacility. Wa have somewhat arbitrarily set the performance Jevel at
which we will begin the physlca program at a lumincsity that yields about 18 % per day
(1077 of Mo} design luminosity).

Table 1 shows a brief summary of progress to date giving soma of the critical design
parametars, the valven of these paramelers required Lo reach tha goal for initial physics
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axperiments, and pt-mt status. In the m@ we will dhcull ¢ major lnb- \--
sywterns and their performance and problame. Wae aleo discuss the initiad physica program ~3

snd some enhancements to the facility which are underway to imprave the machine aa m
hbhmn physics research tool.

Tha cecomplishments reported on in this paper wre the results of the a¥orta of a large
namber of iIndividusls. No attempt bas baen made herein to refer 1o all of them or cite all
of the published documents. Details on most of these sysiema are reporied on fally In the
procesdings of the U.8, Accelerator Conferencs held |n Washington, D.C. in April of 1087
{to be published).

~—
Tabia 1. Basic Paraumetier Specifications
Design Goal | Initia) Goal| Achieved Unlts
Beam Energy 50 46 18 GeV \‘ &
aiIP
Beam Energy 3] 47 53 GeV '
at End of Linac S
Electrona at T x 10 100 | 2.6 x 10% o
Enirance of Arcs :::.
Positrons st T x 10'° 1010 0.3 x 10 ~0
Entrance of Arcs
Tepetition Rato 180 80 5 s
Bunch Length 1.3 1.5 1.5* mm
oy in Linac
Normalised Trans-| 3x10-% | 10x10-" [3-20x10°%| mrad
verse Emittance
al End of Linac
(Eleclrons)
Spot Readias at IP 18 28 — Microns
Luminosity ax o™ ax 10M —_ em~? mec—!

*Bunch length increases with current. At 1.2 x 102 /bunch the bunch
Jength s 1.5 mm in the linac.

2. PROJECT DESCRIPTION

An overall layout of the SLC is shown in Fig. 1. Two 20 em long bunches of electrons are
emiilad from u gated thermionic gun and accelerated to 160 keV. The bunches pass through
two 178 MHz RF cavities and drift spaces and are compressed Ip length. Finzl compression
is accomplished in a saction of 2.8 GHx cavities. After passing through these cavities the
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Plgure 3

bunches have been :omﬁum! to an rms length of about 2 mm sach, The short bunches
ure accelerated in a linear sccelerator to 200 MeV, At this point the two electron bunches
are joined by & 200 MeV positron bunch and all Uhrea bunches are sccalersled ta 1.2 GeV.
A splitter magnet deflects the eleciron bunches into » slarage ring where their transverse
amitiance Is damped by synchrotron radiation. The pesitron bunch s deflectad into a
different storage sing whers ita transverse emittance is also damped. Afier a time Interval



of 5.5 o or longer, dcpmdlu on the aceeleralor sepelition mte, the positron bunch b
extracted from the pulhon storage xing. Approximately sixty nanoseconds Jater the Brst
of the two sleciron hunchios in the electron storsge ring is extracted. Sixty nanoeecondn
later the nocond election bunch s also exteactad,

The beam tranaport lines between Lhe storsge zings and the accelerator are provided
will: sections of 2.8 GHz accelerator which are used to introduce s correlation between
the energy of the pariiclos in the bunches and the positions of the particles along the
bun:h. This correlation, in combination with tha non-lsochronous beam Aransport, causes
the length of the buaches La be compressed from the equilibrium value in the atorage rings
{0.6 cm) to the length needed far ncceleration in the linear nceelazator (1.5 mm).

Tha posiiron bunch and the Brat electron hunch which follows it in the linac are
accelerated to 51 GeV (for 100 GeV at the collision palnt). The two bunches ere separated
sl the high snergy end of the nccelerator and travel through beam transporta which bring
them Ixio collision nt the interaction point. Afler Interacting, the bunches are defllected
Into beam dumps

The second cloctron bunch accelerated in the linnc s extracted at the 3/3 point of the
linac, at an energy of 33 GeV, In order to produce positrons. The poaitrans ure accelarated
1o 200 MzV and are returned to the injector end of the nceelerator,

3. BTATUS OF COMMISSIONING OF THE MAJOR 5LC SYSTEMS
Electron source and 1.2 GeV linear accelerator booster:

The dwign goal for the electron injector s 10 provide two bunches of vlectrons with
s populstion of 7 x 10!? ezch and a momentum spread of less than 1% for injection at
1.2 GaV tu'l.o the electron storage ring. The design goal for the transverse emitlance of
the bunches from the gun depends on the repetition rate of the linnc. A lower repatition
rals permita u longer time for synchrotron radiation damping in the storage ring. The
specification for 180 Hs operation iz a maximum transverse emittance of 30 x 10-% mrad
while the specification for 120 Hx operation is 180 x 10-® mrad.

Tn the recent commizsioning period bunch populations of 6 x 10'? have been present nt
40 MaV and 5 x 101° at 1.2 GeV at the Injection septum of the electron storage ring. The
energy spread and iransverse emittance specificalions have been met without difficulty
under this operating condition. Up to now the commissioning hias been conducted with
the acceleration of s single bunch of elecirons, When » faster rise time extraction kicker
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Is installed in the lluctron ll.onp rln; i -lll ba poniblc to work with two bunches of
_ electrons,

Slonn l.!\l_nlr
: Two ldanllul ml.ll lloruu rlnp m uud In the SLC 2:sign to damp the transversa
i emlthucu of positrons or electrons to meet the SLC invariant emittance specification of
3.0 x 1078 mrad. The commissining of tlngs has been completed. Figure 2 shows a
' mmrementoflhemmmlmnudthaumdahcmnbumu-rummnof
storage time. At l.lu present time the SLC cannot operata at & repetition rate greater
than 120 Hs (8.3 ms etorage time) becauss of power limitations on the linac modulators,
; The llaule'rlnp essily meet the SLC specification for emittance at 120 Hs. To meel the
.SLC specification at 180 Hy it will be necessary to couple vertical and horisontal bejatron
motion to decrease the horisontal nmltunea
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Fig. 2. Invariant beam emittance ve. time after
Injectlon into the SLC damping rings. The design
value is 3 % 10~* mmd,

The apecification on the equilibrium rms bunch length In the storage rings is 8 mm.
The bunch compression systzm between the rings and the linac was dmigned to allow the



compression of a @ mm bunch to us littie as 0.5 mm. Figure 3 shows a measurement
of the bunch length of the beam exiracted from the electron ring ve. the charge per
bunch. The increase with current of the bunch Jength was not anticipated in the design
of the compression sysiem. Because the storage ring bending magnets aperate at » fleld
of 3 Tealn an objective of the |nitial design was to make the sizse of the vacuum chamber
ar small as possible. Recent calculstions have indicated that the longitudinal impedance
of the vacuum chamber is too large. There are many transitions where the shape of the
vacoum chamber changes. Although an atiempt was made in the original design to smooth
theze transitions, recent calculations show that the impedance reduction that was achieved
was Insufficient. Until the rings and compression system are modified it will not be poesible
to resch the SLC design luminosity. Modifications to the compression system will be made
in the fall of 1087 which sheuld allow > 8 x 10'° particles per bunch to be compressed.

Full current operation may require further modifications.
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Fig. 8. Bunch length ve. charge per bunch in the
damping zing,

The SLC specification calls for the simultaneous Injection and extraction of two elec-
tron bunches separated by about halfl & ring circumference. The difficulty of constructing
sufficiently fast injection and extraction kickers was not appreciated st the time the rings
ware designed. The space allowed for the kicker magneta turr :d out to be too emall for
magnets that could be conatructed enally and the first kicki  .esign did not meet the
required specifications. A new kicker system hun been designed and the first example con-
structed haa been installed us the injection kit ker. Two bunches with & population greater
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‘ Tha prlnclpn.l dlﬂ‘i:ulﬂu whichmmmmtand 1n the production of the new kiystron
mu wlndnw brnh.n. nlhm!a [T lmluhn. and micrownn instability. Despite » consid-
mhll effort, no Iinﬂ' v ludow aolution was l’onnd. The outpul power from the kiystron

‘ "is now cpllt in hllf lnd, [mctad throu;h two wlndm and then is recombined. Window
g 'I:ru.kua s now a ury Infrequant event. The emlsslon of gas from the cathodms has been

ellminltad by ulmlnl the :uhode mnnu!'u:tudn( procedures. Flnnlly. a beam breakup
lmtabllily hes bun Improved by amall changes In the kiystron cavities. The present yleld

I‘ur producing a ullﬁl.mry tly:tron frem puu in the ELAC factory s greater than 75%.

. The linag is' now equlpped with 200 dthe new klyatrons and 44 of the old kiystrons.
: _Tha average enarl;y n!n pmidad by 40 feet of accelerating structure powared by one of
L the new klystrons is 340 MeV. Over one millian operating hours have bean accumulated,
‘mostly ata repel.lﬂcm rate of 10 Ha. The cuhode lifetime Lt now projected to be grester
than 40,000 houry and tha mesn time betnm failures ks now about 18,000 hours and is

g rhin;

Space durge forcu 'wllhin the accelmt]nl structure are very lnm In order to keep
-transverse wnke fields from displacing the phase space of the lnllln; part of the bonch from
the phase spacé of the head of the bunch, strong (ocusing and accurate beam centering
within the lnac irises s necessary. The BLC design calls for an rms beam centering error
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3 ‘ of 300 microns or I-anlt full current. Typical recent operation ia with an rme ereor of 200
microna ‘ K ‘f' . ‘
SR T L s ‘

Figure 4 Is the profile of the electron bewm at 47 GeV. The profile has s amall tall
caused by wake Belds Ilnd a residval shape from mismatch from compression in the transfer
line behl'um the ltoruu 'ng md the linsc. Figure 5 shows a profita tvhen‘ihe beam in
the linac Is not clrdu!ly centered in the irisow. The tails coniain a larger proporiion of the

charge than when the beam i centered in the irieca.

Fig. 4. Beam profile at the end of the linac for w
well ateered bunch, The horizontal beam size is
about 350 micronas (FWHM).

Fig. 5. Beam profile for a poorly steered bunched,
The long tails are produced by the transverse
weke field.

Table 1 ll‘IOWI 'y lummu}‘ of apparent invariant emittance messurements made at
vurious distances llolll the linac, The vertical emittance meets the SLC design apecification

]



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
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mendation, or favoring by the United States Government or any agency thereof,
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof,



of 3x107" mrad at bunch popuolstions up to 1 x 10'°. The horisontal emittance s somewhst
Iarger. 1t in bellaved that this difference results from resldual disparsion present at the
injection point in the linsc whare the horisontally-bending beam transport batwesn the
stotage ring and the linae are joinsd.

Table 2. Summary of Transverss Emittance Msayurements
' Invarisnt emittance in units of 1 x 10~* mrad.
Iisin unitsof 1 x 10'° and & In GeV.

Location in Linac I E Yis ey
Ring Exlt 2 12 |23203[04201
0 Km 2 1.2 { 13+3 |13+03
1Km 07 [ 83 81
1Km 15 | 88 | 1143 |2B202
3Km 04 | 4 741
3 Km 08 | 47 1244 {11403
3Km 10) 34 | 2525 [321%10
3 Km 15 | 43 | 2025 411

Al bunch populations below 1 % 1012 [t [ roulinaly possible to maintain a total energy
spread in the beam of less than 0.4%. When larger populations are accelerated, the energy
spread increases because of the bunch lengthening in the storage ring. It  Intended Lo
maintain the energy and energy spread of the linac beamns constant by the use of fesdback
systems. The rms energy Jitter ia typlally lase than 0.13% with the feedsack system
operaling.

Foaliron Source:

A schematic dingram of the SLC positron production system s shown in Fig. 8. About
2.4 positrons are present in the momentum-analyzed 200 MeV return line beam for avery
electron incident on the positron produoction target. About one positron per sleciron e
present at the damping ting Injection septum which should give about 0.8 reinjeclad inte

the linac.

The presently installed positron source hl.l‘d'I.IU ls not operating st the design speck
fcation. In particular, the solencidal focusing throughout the sywtem e opersting at from
0.6 to 0.75 of the design yalues. Furthermors, the sccelerating gradient in the ssction
where the positrons are captured into RF buckets ls operating al 0.5 of the design valoe.
Finally, the channel in the septum where the electrons are extractod from the linac con-
talns a partially collapsed vacoum chamber. All of the componenta that are not operating
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Fig. 6. The positron production system of the SLC (not to scale}.

according to specification will be replaced in the fall. When these changes are made, it ia
sxpacted that the positron yield will double.

4. BEAM TRANSPORT BETWEEN THE LINAC AND THE FINAL FOCUS

A very high gradient beam transport system (n = 32824) Is used between the linac
and the Anal focus. Strong gradients are used Lo nuppress the emittance growth caused by
quantum fuctuations in the emission of eynchrotron radiation. Figure 7 shown & schematic
croms seclion of the beam transport magnets. Because the gradients are high, it was
necessary 10 survey the magnets into place with 100 micron accuracy. The survey task
‘was complicated by the fact that the high gradient transport is not all in one plane. 1t is
steaply tontoured to follow the slope of the site on which the SLC is censtructed.
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Fig. 7. Cross section of the high gradient bend-

ing magnets of the SL.C src showing physical sl
and magneilc Bux distribution.
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Beam ira]actory correction is accamplhhed with & system of beam position monitors
and mechanical magnel movers. An electron beam bas been transportad from the end of
the linac to the final focus, It is relatively l!u:ple to correct the trajectory In the arc to an
tma error of about 300 microns. -

Tests have shown a high sensitivity to systematic phase shift errors In the arc. The
problem occurs because of the “terraln following™ nature of the transport line which is
broken into 34 achromatic sections, each composed of 10 F-D cells and deslgned to haven
total phusa shift of 3 x 2« per achromat. The beam is made to follow the terrain by rolling
an schromal with reapect to the preceding one. To illustrata tha problem, consider the
example of s simple change in level of the beam. To accomplish this an achromat is rolled
by an angle # with respsct to the preceding (level} one, and the next ls rolled by an angle
—#. The first roll Introduces s horisontal - vertical coapling and the sscond roll cancels
this coﬁplin; if the phuse shift batwean rolls is an lnt;:',u timea 2x. If the phase shifi In
not correct & coupling remains and s mismatch in the § function occurs. The cumulative
phase error In the SLC arc waa, inftlally, beyond tolerunce. It has been corrected by o
combination of magnel poaltion shifls and correction coils,

5. FINAL FOCUSB

The final focus optica) sysiem is dewigned Lo produce a chromatically corrected 1.7 mrad
beamn spot at the Interaction point. Whan the momentum of the incldent beam s wlithin
40.5% of the design valus, the optical system produces & beta value at the intarsction polot
of 0,76 cm. The fina! focus system basically conststs of four matn subsyslama — frst, a
matching sectiop to adjust the optical proparties at Lhe ands of the arcs to those required
for the Bnalasctions; sscond, a demagnifying sactlon; third, s chromatic correction section;
and fourth, & Anal demagn|fer.

A 7 micron dizmeter movabla wire has been installed at the interaction paint Lo measvss
the beam profile. When beam profiles that are amaller than the wire diameter have bamn
achieved the 7 micron wire will be replaced with a 4 micron wire. After the optical elementa
have been adjusted to produce @ eamall beam spot, the beama will be brought lnto collision
through the uss of & precision beam position monitor at the interaction point. This monltor
has sufficient accuracy to bring Ithe beams to within 10 microns of each other, When the
beams are separated by less than 40 microns the steering effect of ons beam on the other
can be detected with other beam position monitors. The stearing affect, which vanishes
when the beamns collide head on can be used to center the beamns with an accuracy of better
than one quarter of their transverse dimenslon. Finally, detectors have been constructed

1



to cheerve synchrotron radiation amitted during the collisions. Thae synchrotron radiation
strength will be used to reduce the spot sise below that which can be resclved with the 4
micron wire,

Electron and positron beams were simultaneously sent to the collision point for the
firet time near Lthe end of March 1987, and the first beam-beam colllslons occurred on
March 37th. Bince that time we have returned Lo working with a singl» beam to properly
tune up the system. The minimum beam aixe measured at the collision polnt lu 4.8 x 7.5
microns. Figare 8 shows & horisontal scan of the beam with the 7 micron wire. Unfolding
the measure sizs of the scan und the wire alza ylelds u 4.8 micron rma horlzontal slxe. A
reduction in slae to the design value requiren the completion of the arc correction program
and the proper tune up of the {inal focus system.

600 ) 640 6060
v WIRE POSITION  (micrans]  swivs

Fig. 8. A scan of the bearn at the SLC colli-

sion point with the T micron diameter wire. An

unlold of the wire size contribution give an rou
. beam size of 4.6 microns.

8. EXPERIMENTAL PHYSICE PROGRAM

The Mark 1l detector stands completed and is running on coamic rays cutalde of the
BLC collwlan region. The detecior was upgraded from the configuration in which It wea
used at PEP by the replecament of the old main drift chamber with a new drift chamber
with many more layers of wires to improve tracking and with de/dr capability to allow
x /e scparation; the replacement of tha old timeof-flight scintillntors with new thicker
scintillators; the addition of new end cap clectron calorimeters with a measured resolution
[a;/w/f) = 17%; the replacement of the damaged sluminum coil with & new room tem-
perature coll bringing the fleld back to its design value of 5 kilogausa; the addition of &
new high resolution vertex chamber designed to take advantege of the small SLC beam
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uutmmpnmmb-mpw This tast allowed the new components
tobochuhadmdnﬂowdlhmtndiumdnabﬂmhbﬂmdup The
new compenents all met or excesdad thelr dwign speciicatlons. Because of the test Tun, .
we expact the time between the installation of the Mark 11 dstecior at the SLC and tbe
production of good quality data for analysls to be conalderably reducad oves that which
would be required for a completaly naw and untestad facility.

Ammdmmudbmu&mmﬁhm.mﬁw,hudumu@
by & broad collaboration conslsting of many U.8. groups and groups from Cansda, Great
Britain, and Italy. The new detactor Includes full sclid angle electromagnetic and hadron
calorimetry, w well as pariltle identiBeation throngh the use of Cherankor Ring Imaging.
A very high resolntion veriex detector fabricated from an array of CCD chipe is also under
construction. The pace of this detactor is being determined by the rate of fonding made
available t0 the laboratory by the DOE. It could In principle all be ready to uee In 1089,
but it is doobifol that the funds available In tha naxi two U.S. facsl years will ba sufichant
to complets the datector on that schaduls.

Two lmprovemants to the physies capabilities of the SLC machins are mow under
construction. The first of these Is the so-called energy speciroinster. This s & pair of
devices which are set in the transpori sysieme which carry the SLC beams after cpllision
to the beam dumpe and messurs their energy to very high precision through the we of
the most clastic tachnique — & prechion measuremant of the bending angle in & precisaly
determined magnetic Aeld, We expect these davices 10 be installed sometipe in FY§8, and
they ahould allow the determination of the energy of sach beam o about 30 MeV oo each
pulsa of the SL.C. With this system we can determine tha mase of the Z° to about 40 MaV,
allowing a high-precision determination of sin® fy.

The second improvement project be the devalopment of a loagitudinally polarised shec-
tron beam for the SLC. We know from previous sxperiments st SLAC that polarbeed
electrons are not depolarized by transit through the Ensar sccalerator. Thus, i we can get
the polarisation right on injection into the Hnar we 2an preserve it during the scoslaration
process. The production of polarized beams le complicated by the mecassity to iake the
electrans through the SLC damping ring complex. We have already produced longitudi-
nally polarised eloctran beame at the gua, and to preserve thair polarimtion throngh the



damping ring it s necessary 1o rotate the spin of the eloctrons from Jongitudinal to trana-
vorse and paralie] lo the damping ring magnetic Aeld before injaction into the damping
ring. This ks done by taking sdvantage of Lbe § — 2 precession that occurs in the first part
of the linsc-to-dsmping ring transport system which rotates the spin from longitudinal to
trameverse and in the plane of the damping ring, and following this by a superconducting
solmold which turns tha spin paralle] to the fleld in the damping ring. After extraction, a
comblnation of two solanaids plos tbe g — 3 bending kn the transport line back to the linac
allows the splu veclos Lo be pointed in en wrbitrary direction. This Is necessary because
the g — 2 precemion In the hotisontal and vertical planes in the transport system frem the
end of the linsc to the collision point requires an initial spin direction which depends on
energy U the spin i to end up longitudinal at the collislon region. We aim 1o have ths
polariied beam capabiiity availuble late in 1689,

7. CONCLUSBION

The construction of the SLC in & pericd of three and one-half years has been a great
challenge to Lhe laboratory, We have learned a lot and it will be much eanier to build
ths pext linear collider than to build this one. I summarise the status of the machine as
follows:

e The linac has been somewhel casier to bring to SLC specifications than we expected.
There are no problems making the nacemary energy or with the stability of the
machine. We do need to make some improvements in the positron eource wnd in the
dumping ring to handle the bunch lengthening problem. We expect Lo tackle both
of ihese in the fall, and hope to have a positron per electron ratio of > 1 and to be
able to handle the damping ring bunch lengthenlng at feast up to charges per bunch
of 3 to 4 x 1017,

« The arce hare been somewhat barder than we expected. The coupling problem that
comes from the terfain-following nature of the SLC ia anderstood, and the firat pass
at correcting it has been made. We may have to go through the eystem aguin ta
tightan Lhe tolerances atill further. Beam transmission through the arce is now 100%
and it is skmpls 1o get rma orbit erars of 200 to 300 microns.

e Tune-up of the machine s continuing, and we hope to begin the move of the Mark
II detector on to the bewn line sometime in the fall of this year. Given good luck
wa may start taking dats at the 29 around the first of the year and hope to have
sevaral thowsands X% for analysis by the phyvicisis by the time the summer of 1088
comas aronnd.
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