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TEVATRON PERFORMANCE GOALS FOR THE COMING DECADE

Stephen D. Holmes, Fermi National Accelerator Laboratory*, P.O. Box 500, Batavia, IL 60510

Abstract now nearing completiorand will support reinitiation of
Tevatron collider operations in early 2000.

Fermilab is in the midst of a program to raise the . . . :
luminosity in the Tevatron proton-antiprotaollider by Table 1 “Sts. operational parameterachieved in the
most recentollider run, "Run IB",andthoseexpected in

at least dactor of five above the currentBchievedevel the upcoming run, "Run II". Two sets of Run I

1 cn2eeel i
of 1.6<1031 crrsect. Components of thisprogram Rarameters are presented: tased oroperations with 36

includethe construction of a new synchrotron, the Mai roton and 36antioroton buncheand a second based on
Injector, a new antiproton storage ring, the Recycler, ancﬁilo proton andp 121 antiproton  bunches.Bunch

variety of improvements  to th? §X|§tlng Armpmtonconfigurations durindRun Il will be chosen to maintain
Source and Tevatron. Commissioning of these

. : ) fewer than three interactions per crossing as seen by the

components will be underway in early 1999 with the nex . " . .

. . . two experimental detectorkitial operationsduring Run
Tevatron colliderrun scheduled tostart in April 2000. . . ) . 2

S S : . . Il will be with the 36<36 bunch configuration, rising to
Initial commissioning experience with these systemil e 2 ‘o 1
. . 140x121 as the luminosity surpassesl cnr4sec.

be described,along with developmentsunderway to

A The primary source of improvegerformancerelative to
supportfurther Tevatronluminosity enhancement®ver . ; . i :
. Run IB is an increase in the number of antiprotons in the
the coming decade.

collider, directly attributable to the Main Injector.
Achievement ofluminosities beyond %1032 cn2secl

1 PROGRAM GOALS are expected once the recovery of antiprotons at the ends of
stores is implemented. The initial programmatic goal for

The Fermilab Tevatron is the higheshergy collider Run Il is to deliver 2 fbl of integrateduminosity by the
operating in theworld todayandwill remain sountil the end of 2002.

initiation of LHC operations. The goal of thEevatron

collider program ovethe upcomingdecade is tcexploit

the capabilities of this facility to the fullesextent ‘operated byuniversity Research Association under contract to the
possible while it retains thigniqueposition. In support y.s. pepartment of Energy

of this goal a new protoacceleratorthe Fermilab Main

Injector, and anew antiproton storage ring, thHecycler

Ring, have recently been constructed. These facilities are

Table 1: Tevatron Collider operational parameters achieved mdsérecent colliderun (RuniB) and expected in the
upcoming run (Run 11).

RUN B Il (36%36) Il (140x121)
Protons/bunch 231011 2.7x1011 2.7x1011
Pbars/bunch 561010 3.0x1010 3.0x1010

Total Pbars 3.810t1 1.1x1012 3.6x1012

Pbar Production Rate 6:0010 2.0x1011 2.0x1011

Proton Emittance 23 20rt 201t | mm-mr
Pbar Emittance 13 151 151 | mm-mr
B* 0.35 0.35 0.3 m
Energy 900 1000 10000 GeV
Bunches 4 36 1231

Bunch Length 0.60 0.37| 0.31 m
Crossing Angle ( [ 136 prad
Luminosity 1.6¢1031 8.6x1031 1.6x1032 | cnrés1
Integrated Luminosity 3.2 17.3 32.5 pbllweek
Bunch Spacing 350D 396 13hsec
Interactions/crossing 2.b 2]3 113
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2 ELEMENTS OF RUN

The Iluminosity in the Tevatron
expression,

3nyp(BN_) .
L= Floz/B .9)
Y te
B*( D p)
wherey is the relativistic factor, f is the revolution
frequency, B isthe number of bunches ieachbeam, N
(N5 ) is the number of protons (antiprotons) in a bunc

@)

and development program is currently underway to support
future performance enhancements.

is given by the

2.2 Antiproton Source

Significant modificationshave been undertaken to the
Antiproton Source to capitalize on tirereasedntensity
delivered from the Main Injector for antiproton production.
The goal is toachieve astackingrate of x1011 protons

er hour for stacks containing up to approximately
EX1011 antiprotons. Modifications to achieve this

€p (ep) is the 95% normalized transverse beam emittanggy formance  included)doubling the bandwidth of the
0z is the rms bunch lengtB is the beta function at the accymuylator stack-tail stochastic cooling system to 2-4

interaction point, and F is a forfactor dependent on the
ratio of the bunch length tg* and to the crossing angle,
¢. Potential performancelimitations are related to the

number of protons per bunch, Np, and the total number nf

antiprotons in the collider,
protons per bunch is limited due to beam-beam effects,
primary performancéimitation in theTevatron has been,
and will remain, the availability of antiprotons. The

While the number of 4-8 GHz,

GHz; 2)increasing the transition gamma of the
Accumulator by oneunit (to 6.4), toaccommodatehis
increase inthe coolingbandwidth [3];and 3)doubling the
ndwidth ofthe Debuncherstochastic cooling system to

accompanied by the introduction of

mogenically cooled amplifiers [4].

current round of modifications to the Tevatron compleX.3 Tevatron

are aimed aproviding more antiprotons to theollider.
The scope of changes to the complarcludes
construction of the Main Injectomand Recycler, and
modifications to the Antiproton Source and Tevatron.

2.1 Main Injector and Recycler

The Tevatron has beereconfigured to support the
experimental prograrenabled bythe new MainInjector
and Recyclerrings. Primary modifications include: 1)a
modest number of magnet replacemeans relocations
aimed at supporting 1 TeV beam operations;
2)introduction of new injection equipment to
accommodate relocation of Tevatron injection from E-0 to

The Main Injector is a 3319 metaircumference, 150 £ 5nd 36 bunch operatiorend 3)construction of a new

GeV, conventional-magnet-based accelerator
Main Injectorreplaceshe recently decommissioned Main
Ring acceleratorThe Main Injector will fill all duties

previouslyassigned tahe Main Ring with significantly

improved performance. In particular the Main Injector has

been constructed to provide an impro by at least a
factor of three)antiproton production targeting rate,
modest increase ithe proton bunch intensitgnd a new
capability for delivery of high intensity (><ELO13 protons
every1.9 sec.) 12a5eV protons to supporfixed target
experiments.

The Reycler is a 3319 meter, 8.9 Gedermanent-
magnet-based antiproton storage ring [2]. Construction
the Recycler was formally incorporatedinto the Main
Injector project in April 1997. Th&ecyclerwill become
the third antiproton storage ring supporting thevatron
complex. The Recycler has been constructed to relieve
existing Antiproton Accumulator of responsibility for
maintaining high stacking rates laigh stacks, talouble
the effective antiproton stacking rataough therecovery
of unspent antiprotons from the collidend toprovide a

platform for further improvements to the complex. AP

constructedthe Recycler Ring will utilize stochastic
cooling and should be capable of supporting stacks
containing %1012 antiprotonsand a stacking rate of
2x1011 antiprotons/hour. Anrelectron cooling research

[1]. Tr‘l’,—;"xperimental hall at C-0 for possible future experiments.

3 INSTALLATION AND
COMMISSIONING STATUS

Figure 1 shows the Main Injector enclosure with the Main

Injector installednearthe floor andthe Recycler installed
nearthe ceiling. The Main Injectomstallation is now
complete.Recyclerinstallation is currently in its final
phase with completioscheduledfor early April. At the
time this is written theentire Recyclering is installed
pd undervacuum, with work on the abort line and
instrumentation in process. Installation of the stochastic
cooling systems is scheduled for late in 1999.

The Antiproton Accumulator lattice modification is
funpleteand the increased bandwidtistack-tail cooling
system will be installed by earhyApril. Debuncher
cooling system fabrication will continue through the
summer with installation late in 1999.

The Tevatron has beeaconfigured tosupport the new
eam transfers at F-0. Cooldown of the Tevatsah be
initiated in March in anticipation of 80GeV fixed target
run startup in mid-April. Achangeovefrom fixed target
to collider configurationwill be required following
completion of the fixed target run later this year.
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Figure 1: The Main Injector enclosurshowing the Figyre 2: Main Injector beam orbit for the first circulating
installed Main Injector (lowerandthe permanent-magnet- poom observed atthe 8 GeV injection energy. The

based Recycler (upper). horizontal orbit position is given on top, vertical position
in the middle, and beam intensity on the bottom.

3.1 Main Injector and Recycler Commissioning

Main Injector commissioning with beam was formall
initiated on September 26, 1998 with the fir
transmission of protons from thRoosterthrough the 8
GeV transferline and into the Main Injector injection
channel. Beam was transmitted through the first hatb-
cells at which point it waabsorbedThe first attempt at
circulating beam at the &eV injection energywas made
on October 10. Circulating beam washievedwithin one
hour of the initiation of beam transfers from tBeoster.
Figure 2 shows the first beam orbibserved inthe Main
Injector. This achievement wéasllowed by acceleration
of beam to the 12@eV antiproton production energy on
November 15and to the 150 GeV Tevatron injection
energy on Novembe?3. Figure 3 shows a typical 150
GeV acceleration cyclachieved inearly Januaryl1999.
Six Booster batches are injecteshd a total intensity

slightly in excess of 410+° protons isaccelerated to 150 Figure 3: Typicalacceleration ofprotons to 150 GeV

GeVv. . during early commissioning of the Main Injector. A total
In parallel with these efforts beam transfers from tr}?eam intensity of slightly more tharxk1013 protons is

_l\/Iatln”Irge;tor tol the Antlprotlo n ngrim;d _theJ partially 8 injected over six Booster acceleration cycles acetlerated
installed Recyclering were also initiated in January. 8 "o design energy of 150 GeV.

GeV protons were transported through approximatak-
third the circumference ofthe Recycler to a temporary
beam absorber on Janudry, and the first transfer of 8
GeV beam from the Main Injector to the Antiproton
Source was accomplished on January 26.

The Main Injectorand Recyclerare currently shutdown
for completion of the finaRecycler installation phase.
Current performance may be summarized as follows:

. 1.6x1013 protons routinelyaccelerated tdl20 GeV

with 90% acceleration efficiencyThis is to be
compared with the full design goal otBl3

« The full design operating energy of the Main Injector,
150 GeV, has been achieved with beam.

« Antiproton targeting cycles with beam have been run
with an averagerepetition rate of 2.5 seconds. The
full design goal is 1.5 seconds.

e Low intensity proton beam&ave been resonantly
extracted from the Main Injector.

e The Main Injector opticsare well understoodwith
excellent agreement betweeneasured andanodeled
lattice functions.
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Operations of the Main Injectoand first circulating
beam commissioning of th&ecycler are expected to
recommence in earhApril. At that time we expect to
bring the Main Injector up to its fulloperational
performance goals over a period of several months.

3.2 Antiproton Source Installation and
Commissioning

collider and controlling thebeam-beam forcesxperienced
by the antiprotons as the number of protbunches
grows. A number of development projectsirrently
underway at Fermilab are targeting these two areas.

4.1 Improved Antiproton Availability

Increasingthe number of antiprotons in theollider
beyond the quantities given in Table ZYequires the

The reconfigured Antiproton Source is currently being productionand storage of more antiprotons. Fortunately
installed. However, commissioning of the new Antiprotothe improvements to the Antiproton Source cooling
Accumulator lattice was initiated in January 1999 withowystemsdescribedaboveare sufficient to support dactor
the new stochastic cooling systems completely installeaf. three increase ithe antiproton flux into that facility.

Proton beamsleliveredfrom the Main Injector haveeen

As a result increasing antiproton availability wilepend

used torecommission the Accumulator as a storage ringn: 1)producing more antiprotons; and 2)providinglaace

with observedbeam lifetimes consistent witlvacuum
lifetime. Currently the Antiproton Source ishutdown
with complete installation of thepgradedAccumulator
stack-tail cooling systemscheduledfor early April, and
the upgraded Debuncher coolisgstemscheduledor fall.

Commissioning of the Antiproton Source éxpected to
recommence in April and continue through 1999.

3.2 Tevatron Installation and Commissioning

Tevatron reconfigurationand reinstallation is now
essentially complete. Followingooldown and power
supply commissioning the first introduction of be&am
the Main Injector is expected in mid-April.

4 ACCELERATOR SCHEDULE

The current schedule ofactivities leading up to the
initiation of Collider Run Il is as follows:

April 1999 Complete Recycler installation (except
for stochastic cooling). Initiatebeam
transfers from Main Injector to Recycler,
Tevatron, and Antiproton Source.

May Start Tevatron 800 GeV fixed target run.

November Complete Tevatron 80GeV fixed target
run.

December Complete installation obebuncher and

Recycler stochastic cooling systems.
Start collider changeover.

February 2000 Collider startup.

4 BEYOND RUN Il

Initial goals for Tevatron CollideRun Il include a

to store them.

Increasing the antiproton productioate is anticipated
as beingachievedthrough increases inthe acceptance of
the Antiproton Source and in the proton targetiaig for
antiproton production. Thiormer is possiblebecause the
apertures ofthe beamtransfer line downstream of the
antiproton production target and of tBbebuncherring are
limited in a few well-known locations. A program of
identifying such locationandopening theaperturecould
yield a 50% increase in acceptance. In additiorliguid
lithium lens development programow underway at the
Budker Institute will, if successful, increase the
accumulated yield from the target by up to 30%.

Increasing the number of protons on the antiproton
production targewill requireraising the proton intensity
delivered from the Main Injector. Orpossibility that has
been studied is a techniqualled"slip stacking" [5]. This
technique, which was firslemonstrated aCERN in the
1970s [6], involves stacking beams in longitudiphhse
space. Two subsequent Booster batares injectedinto
the Main Injector and captured at different energies
(different radialpositions) by subsets of the chavities
running one harmonic number abowead below the
nominal harmonic number of treeccelerato(h=588). The
two batches"slip" with respect to eactother and are
recaptured in the h=588 system once thmyalignedwith
each other. A simulation indicates that the beam intensity
can be nearlydoubledvia this process. Of course, the
longitudinal beam emittance is alsdoubled in the
process.

The combination of Antiproton Sourceaperture
improvements and slip-stacking sholgdd to afactor of
approximately threéncrease inthe antiproton stacking
rate. Unfortunately, the stochastic cooling systems in the
Recycler Ring will not be capable of supporting the
increased flux coming from the Antiproton Souer® so
implementation of electron cooling will be required.

luminosity of ~&1032 cn2secl, accompanied by a total 4-2 Electron Cooling

deliveredintegratedluminosity of 2 fl by the end of
2002. Improvements iperformance beyonthesevalues

An R&D programaimed atproviding electron cooling
of 8.9 GeV/c antiprotons is currentiiunderway at

will requireincreasing the number of antiprotons in the
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Fermilab [7]. Theelectron beam requirements feuch a
systeminclude a4.4 MeV beam energynd acurrent of
200 mA (dc). The electron beam is to frevided by a 5
MV electrostatic generator. Because of thability of the
generator to source more thafea hundredwatts, highly
efficient beam recovery is a importaegture ofany such
system. The program todate has concentrated on
definition of required electron beam propertieand the
achievement of a sustainbigh dccurrent in al.5 MV

at an energy of2000 GeV (center-of-mass)and a
luminosity in the range 0.5-1x1032  cnrésec],
accumulating a total of 2 fb of integrateduminosity by
the end of 2002. Further improvements taollider
performance arepossible based on increasing the
availability of antiprotonsandcontrol of thebeam-beam
interaction. Possible improvementmder study include
Antiproton Source aperture improvements, ahigher
gradientlithium lens, slip-stacking in the Maimjector,

electrostatic generator (known as a "Pelletron") at tldectron cooling of antiprotons at 8.9 GeVandelectron

National Electrostatics Corporation inMiddleton,

beam compensation of théeam-beam tune shift.

Wisconsin. The program at NEC is nearly complete, witlmplementation of these new technologiafords the

sustained currents of 200-500 mA demonstrated, apdssibilitf/
procurement of a 5 MV electrostatic generator is icnZsec

process. It isanticipated that a demonstrati@bectron
beam line could be assembled in2001, with
implementation in the Recycler possible in late 2002.

4.3 Electron Beam Compensation

of achieving luminosities iexcess of £1032
before the LHC becomes operational in the
middle of the next decade.
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