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Abstract

Fermilab has embarked on a luminosifygradefor the
Tevatron. The major components of thisgrade are the

2 LUMINOSITY CONSIDERATIONS
The luminosity of the Tevatron is given by

Main Injector project (including the Main Injector and ON OF(B°,8, .. ,0-
Recycler Rings), improved stochastic cooling in the L = 3yf*0 (BNﬁ) P ('B Xyl PP p’p)
Antiproton Source, and increasing the numbebwiches B &p E 1+¢, /€,

in the Tevatron from 6 to 36. The goal of the next

running period is to accumulate 2*of datafor each of Wherey=E/mc, f, is the revolutionfrequency,B is the
the two experiments. number of bunches in each bealy, (N;) is the number

of protons (antiprotons) in a bunch, (&;) is the proton
1 HISTORICAL PERSPECTIVE AND (antiproton) emittance (95% of the beanea),3* is the

GOALS OF RUN 1l beta function at the interaction poirand F is a form

The Tevatron proton-antiprotasollider luminosity has factor.with a complica'teddependence ometa functions,
grown dramatically over the last 10 years as illustrated ffOSSing angles, emittanceand bunch lengths.  The
Figure 1. The initial design goal ok10% cni?sec! was numerical factor 3 arises from the use of 95% emittances
achieved in the 1988-89 run. In this run, the 6 proton afd the normalization 6<1. The quantity BNy) is the
6 antiproton bunches collided at 10 poiateundthe ring total number of antiprotons colliding in the Tevatron.
in addition to the desired interactipoints at BOand DO. The scarcity of antiprotons is the chlehitation to the
Electrostatic separatomsere subsequently installed, andluminosity of the Tevatron proton-antiproton collider. In
the beam-beam effect was thereby eliminated from the ®oder toobtain the maximum number of antiprotons, the
unwanted collision points. As a result, in the run startingain Ring wasdevoted(as will be the Maininjector) to
in 1992 (and known as Run 1), it was possibleoperate antiproton productionproducingabout 2 antiprotons for
with higher intensityandlower emittance proton beams.every 10 120-GeV-proton targeted. Thgecond factor
The separators, and improvementade inthe antiproton (N,/&,) is proportional to thebeam-beantune shift if
stacking rateresulted in an increase ithe Tevatron the crossing angle at the interactions regions is aedoif
luminosity by anorder of magnitude. Thispaper long rangeinteractions can be ignored. Theam-beam
concerns the preparations fRun I, whose goal is to tune shift, in this case, is given by
increase the luminosity by yet another order of magnitude. r N N
E=—"-—EN,=.000733— N
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100 wherer, is the classical radius of the proton awd is the

7 ] number of interaction regions (currently 2 for the
, .. ] Tevatron). Based onpreviousexperiencethe maximum
10 Eﬁ‘g i tolerable beam-beartune shift is thought to be about
.02—the distance between th& &nd 7" orderresonances
nearthe Tevatron working point of 20.61. In timeore
ﬁa general case with a crossing angle, the expression for the
B : ] beam-beantune shiftcan be very complicatethut there
A . ] is still a limit on the proton intensity and emittance.
o h ] The Run Il goalsare summarized byhe parameters
S A R BT R listed in Table 1. The initial Run Il goal is txhieve a
loss 1000 1062 1004 1006 1098 luminosity of 510** cmsec’ and an integrated
Year luminosity of 2 fo It is thought that the ultimate
potential of the initial Run llupgrades is to achieve
luminosities up to 210** cmsec’. Some of this
potential will beneeded toachievethe Run Il goal for
integrated luminosity in a reasonable length of time—say 2
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Figure 1. Initial luminosity ofeach Tevatron collider
store since 1988.
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years—aftethe initial luminosity goal isreached. Two penalty arising from the introduction of a crossiagle
sets of parameters are shown for Run II: one for the 21fdr the 132 nsec case (see discussion below). shbeer
bucket spacing (39@sec)and one for the 7 rfbucket bunch spacing is notequired to achieve the higher
spacing (132 nsec). With thgarameterschosen, the luminosity. However, if theluminosity reaches 210*
luminosity is higher for the 132 nsec case simipdgause cmsec’ it is desirable tspreadthe antiprotons amongst
the total number of antiprotons &ssumed to bgreater more bunches so that the number of interactions per
(the same intensityper bunch) despite duminosity crossing is reduced.

Table 1: Operational performance in Run | and goals for Run Il. The leftmost column ph@nsetersypical of the
last collider run, Run Ib. The middle column shows parameters exceeding the initial Run Il luminosity goalx&8h 36
operation,andthe rightmost column illustrates therformance obtainedith the same buncparametersut filling

121 antiproton bunches at a 132 nsec bunch spacing instead of the 36 thatusddingtially. Normalized emittances
containing 95% of the beamre quotedThe horizontaland vertical emittancesre assumed equahnd proton and
antiproton bunch lengths are assumed to be equal.

Run Run Ib (1993-95) Run I Run 1l
(6x6) (36x36) (140x121)

Protons/bunch 2.3x10 2.7x10* 2.7x10*
Antiprotons/bunch 5.5x10° 3.0x10° 3.0x10°
Total Antiprotons 3.3x18 1.1x10° 3.6x102
Pbar Production Rate 6.0x40 2.0x10* 2.0x10* hr
Proton emittance 28 20m 20m mm-mrad
Antiproton emittance 13 15m 15m mm-mrad
B* 35 35 35 cm
Energy 900 1000 1000 GeV
Antiproton Bunches 6 36 121
Bunch length (rms) 0.60 0.37 0.37 m
Crossing Angle 0 0 136 prad
Typical Luminosity 0.16x1% 0.86x1G? 1.61x16? cm*sect
Integrated Luminosity 3.2 17.3 32.5 pBiweek
Bunch Spacing ~3500 396 132 nsec
Interactions/crossing 2.5 2.3 1.3

"The antiproton intensities giveare merely examples. Higher antiproton intensitigigld proportionally higher
luminosities. The initial Run Il upgradese expected thavethe ultimate potential tachieveluminosities of 2x1&
with 36 antiproton bunch operation.

The typical luminosity at the beginning of a store has traditionally translated to integrated luminosity withdatp3%
factor. Operation with antiproton recycling may be somewhat different.

Inspection of Table 1 reveals that most of the gain in
luminosity in Run 1l comes from théncrease in the 3 DESCRIPTION OF THE
number of antiprotons: the intensity per bunch is ACCELERATORS

somewhat higher than in Run dnd the number of  1ho FermilabAcceleratorcomplex is shown in Figure
bunches increases from 6 36. A smallincrease in the 5 The 400 GeV linac feeds the Booster, which

proton intensityand a decrease ifongitudinal emittance  5.celerates protons to 8 GeV. The beartrassferred to
are expectedrom the higher proton intensities thetll ¢ Main Injector via the eV line and is accelerated to

be available from the Main Injector. ~ The highenog Gev for antiproton production or ta50 GeV for

antiproton intensity results from the higher intensity.o «tar to the Tevatron. The 120 GeV beartaigeted
. . . 2 . L
beam in the Main Injector ¢8.0* per batchcompared 10 4n antiprotonsproduced athe targetare collected and

. = . o
3.5¢10"%in the Main Ring)andthe higher repetitiomate gy, chasticallycooled in the Antiproton Sourcewhich

(1.5 sec instead of 2.4 sec). These improvements, plug fsists of theDebuncherand AccumulatorRings.  The
modest improvement in the antiprotaeceptancewill  giqreq antiproton beam is transferred to the Recydlery

result in a3-fold increase inthe antiproton flux. The 1.4 hours. At the beginning @ach Tevatron collider
larger transversandlongitudinal acceptance othe Main store, antiprotonsare transferredfrom the Recycler,

Injector s'hould largely elimi'nate the gntiproton I'osses thatcelerated irthe Main Injector,and transferred to the
wereroutinely encountered irthe Main Ring. Finally, taovatron. At theend of each store, antiprotons are

the ability of the Recycler to acceptdecelerated yocelerated inthe Tevatronand Main Injector, and
antiprotons accounts forfactor of 2 to 3 ofthe increase recaptured in the Recycler.

in luminosity.
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Figure 2. The layout of the Fermilab accelerator complex is shown.

3.1 Proton Source

The linac was upgraded frod00 MeV to 400 MeV in
1992. Nofurther changes are planném Run II, expect
modifications to improve diagnostics and reliability.

The Booster has a number of modifications bamragle.
The most extensive modification involves thddition of
steel shielding over the extraction region lbgéheath an
existing service building. The increase in shielding
became necessawhen the extractiorareawas relocated

production of higher intensity proton beams. This ability
is most useful to theollider for antiproton production,
leading to aprojected 3-fold increase ithe stackingate.
The higher intensity is possibleecausehe Booster can
provide higher intensity beams if @mcrease in emittance
can be tolerated. The Main Rirgffective aperture (about
151 mm-mrad normalized to 8 GeWyas too small to
take advantage othis capability, but the Mairdnjector
aperture of 4& mm-mrad shouldhandle the increased
emittance easily. Th&rger momentumaperture offers

for Main Injector operatiorandalso because we intend to the possibility of stacking multipl@ooster pulsesinto

use more of the 15 HBooster cycles to deliver beam inthe Main Injectorand targeting them for antiproton

the future to other users, such as neutrino experimerfoduction. This capabilitycould result in antiproton

An upgrade tothe orbit correction magnets in the intensities beyond those planned for Run Il.

g)ftra(;tion regi_on has removed the need to compromise t@es Recycler

injection orbit in order to cleanly extract the 8 GeV beam.

Improvements talecrease¢he extraction kicker riséime The Recycler isintended toperform two functions.

will also reducethe losses at extraction. We intend td-irst, it will store the high intensity antiprotobeam

operate the Booster with a missing bunch in the future poior to transfer tothe Tevatron. In previous runs, the

further reducethe extraction losses. Thisodification stackingrate in the Accumulatodecreasedhfter several

will require changes to the Booster rf synchronization, dwours of antiproton stacking. Beam transfers to the

does the fact that the Main Injector rf harmonic number iRecycler every 1 to 4 hours will eliminate ttecrease in

different from that of the MairfRing. Other modifications stackingrate in the Accumulator. Second, tRecycler

will improve the reliability of thenearly 25 year old will collect the unspent antiprotoradter they have been

machine. decelerated in the Tevatron and the Main Injector.

. . The Recycleruses permanent magnet technology for

3.2 Main Injector reduced fabricatiorinstallation, and operational costs and
The Main Injector provides the engine that powers thi@r increased reliability[1]. The Recyclaiill use afixed

luminosity upgrade. The Main Injector will allow the frequencyyvariable waveform, risystem tocreate barrier
buckets to bunch the beam for injectiand extraction.
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The Recycler will initially use stochastic cooling, but arcoalescedbroton bunches per cycle. Thidgcker will
upgrade toelectron cooling is planned. Theelectron allow us to finesse the beam loading problkemd operate
cooling is especially challenginigecause it requires a 4in the regime where we hawareadybeen able tachieve
MeV electron beam[2]. the required proton intensities. Aupgrade tathis kicker

to improve the rise-time to 132 nsec is planned, so that
we canapply a similar strategy at threducedthe bunch

Most of the modifications to the AntiprotoSource Spacing.
involve improvements to the stochastic cooling systems Our beam studies in 1996 alswlicatedthat weneeded
that arerequired tocool the higher antiproton flux. The t0 improveerrors in our kicker waveform—particularly
existing 2-4 GHz Debunchercooling systems will be during antiproton injection. Figure 3 shows theasured
replacedwith a 4-8GHz bandcooling system. The 4-8 emittance of the proton beaafter repeatedfiring of the
GHz system will use novel pickugnd kicker designs antiproton injection kicker. The grosfiferences in the
based oncoupling awave-guide tothe beamchamber €mittanceareattributed to ripple in the antiprotdacker
through a series of small holes. A sensitive pickup (@¥aveform. While it is likely that some improvements
kicker) can befabricatedwhen the phase velocity in the Will be made by optimizing the kickéiming, weintend
wave-guide is equal tthe beam velocity. The 4-8 GHzto build andinstall a novel, agile trimkicker magnet
cooling bandwill be sub-dividedinto 4 smallbands over Power supply that will be able to trim the kicker pulse by
which this synchronization condition remains valid. W% on a bunch-by-bunch basis. The titioker could be
chose to use the more difficult 4-8 GHz technologprogrammed by an arbitrary waveform aperated in a
because ofts potential to cool antiproton beams withfeedback system to damp injection oscillations.
intensities higher than those specified for Run IlI. Proton vertical emittance

The Accumulator stack tail (longitudinal) cooling Somliding -
system is being scaled in a straightforward way to the 2-4 60
GHz band from its current 1-2 GHz. Howeverpnder to ‘ ‘ |
accomplish the scaling, the transiti@nergy of the
Accumulator must be changed tokeep the stochastic
cooling “mixing factor” the same in the new coolibgnd
as it was in the old.

High speed, pulsechagnets will beused tosweep the AR e et et e
proton beam in acircle on the antiproton production 10 [ 1
target. The beam sweepingriquired in order to avoid L e ]
excessive peak energy deposition in the production target. 13 57 91113151719 21 2325 27 2931 B 35
Providedthat amatchedset of magnets isised upstream Froton bunch
and downstream of the target the bezan besweptover
the target without a loss in acceptance. The desighi®f
sweeping system is challengingecause ofthe short We plan to upgrade the Tevatron energytisat it will
duration of the proton beam pulse (jiec). run at 1 TeV(compared tothe current900 GeV). The

basic strategy is to useold compressors tageduce the
3.5 Tevatron two-phase helium to sub-atmospheric pressures (8 to 10

A project to build a new, fast rise-time proton injectiorpsi). The nominal operatinigmperature ishus reduced
kicker has been initiated. Initially, walanned toinject from a nominal 4.6°)K to 3.6 °K. A proton beam has
protons in 3 groups of 12. Thep2ec intervabetween been accelerated to 975 GeV during a period whercold
the groups of 12lid not require afast rise time kicker. compressorsvere tested. However, theerformance of
However, in beamtests performed in 1996 we were the Tevatrorappears tdimited by afew weak magnets
unable to obtain much more than 1/4 of the desired prottrat appear on the tail of a distribution apfench currents
intensity. Thecreation ofthe intense protorbunches that is about 800 A (2005eV) wide. Because of
neededor the Tevatron makes use of bunch coalescingregularities in the cryogenisystems, somelevatron
the combination of about 10 bunches in longitudinahagnet locationsare slightly colder than others. We
phase space tiorm a higher intensity, highezmittance intend to takeadvantage othis situation by“shuffling”
bunch. Severe beam loading in the rf cavitipevented the weak magnets into the colder locations.
us from achieving the Run Il intensity when agempted One of the major sources of heat leaks in Theatron
to coalescemore than 1 bunch at a time. While it mayis at theleads, the placesherethe high current copper
very well be possible to solve this problem wibtter conductors (carrying typically 5000 A) join the
beam loading compensation, we have chosen to builds@perconductingnaterial. A newapproach tahe design
“short batch” kicker with a rise time of 396 nsec. Thef the leads is possible with high temperature
rise time isadequate tcallow the injection of 1 to 4 superconductingechnology,and it promises to virtually

3.4 Antiproton Source
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Figure 3. Emittance of 36 Tevatron proton buncfes
repeated firing of the antiproton kicker.
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eliminate the heaload the leadspresent to the helium antiproton stacking rate. In Run Ib, 7% of the
refrigerationsystem. An R&Dprogram toreplaceleads antiprotonsproducedwere consumed ircollisions at the
with high temperature superconductor has been initiatedteraction points.  We project that thdamproved
and has produced a successful prototype. transmission efficiency in the Main Injectorand the
An interesting possibility for the future involvesantiproton recovery capability of the Recycler will

compensating thebeam-beamtune shift seen by the increase this fraction to 32-42% in Run II. Tlhiaction
antiprotons with a lowenergy (20 keV) electron beam. approachesthe fundamental limit on the average
The electron beam would collide with the antiprobmam luminosity: the antiproton collision rate can nottigher

at a location in the ringemovedfrom the interaction than therate of antiproton production. While there is
region but would provide a tune shift that woulddmeial room for improvement in this ratio, it seems likely that
and opposite to the proton beam. Tledéectron beam the major increases in luminosity will have to cofram
would be placed in a solenoidal magnetic field to maintaimprovements in the stacking rate.

stability. An R&D program is underway totest this If the combination of two Booster batches in the Main
concept. Injector proves feasible, it will be possible twearly
double the Main Injectomtensity thereby doubling the
4 SCHEDULE stacking rate. An additional factor of 2 can be obtained by

We expect the Main Injector to breadyfor beam in removing the aperture restrictions in the Antiproton
July 1998. We expect to have beam in the Majector Source that limit thebeamacceptance. Together,these
in Septemberafter the civil construction hagrogressed C€OU!d resultin a factor of 4 increase in flux. Thierease
to the point where the Boostean be operated. We hope!n flux would require improvements in the cooling
to have the Recyclaeadyfor beamandthe reinstallation SYStems in the Antiproton Souremdthe Recycler. It
of FO finished in October 1998. We plan a Tevatieed ~2aPPearsthat a modestipgrade ofthe 4-8 GHz cooling

target run in 1999ollowed by colliding beams operation SYStems in the Debuncher, a majopgrade of the
early in 2000. Accumulator system to 4-8 GHandthe implementation

of electron cooling in the Recycler would meet the
5 132-NSEC BUNCH SPACING cooling requirements.

After the luminosityreaches §10°* cni®sec’, we plan 7 CONCLUSION
to study operation with 132-nsec bunch spacing. The
major motivation fordecreasinghe bunch spacing is to
reducethe number of antiprotons per bunch (keeping t

total number fixed) so that the number of interactions p ) 5 )
crossing remains modest. At a luminosity oflg?? upgrades isthought to be 210°* cm’sec’.  Run I
cm?sec?, the number of interactions per crossiwguld luminosities can beexpected to be 2 to &mes those

reach5.8 if the number of bunches remains at 3e°Ptainedin Runll.

Operation at a spacing of 132 nseequires some

modifications to the kickerand rf systems, butthese REFERENCES
modifications seem to be straightforward. However, ifl] G.W. Foster, “Permanent Magnets fAccelerators:
also appears necessary to introduce a crossing angle at the Experience with Beam,” this conference.
interaction region irorder toavoid excessive beam-beaml[2] A.C. Crawford, et al., “Successful MeV-Range
tune shift from the collision pointsearest the interaction ~ Electron Beam Recirculation,” this conference.
region. The crossing angle will result inreduction of

the luminosity (compared to arossing angle of 0) and

also dramatically changes the nature of theam-beam

interaction. We anticipate that significaexperimental

work will be required to characterizeoperation at 132

nsec.

6 LUMINOSITY UPGRADES
BEYOND RUN I

Additional luminosity upgrades, beyonthose planned
for Run I, are possible Weexpectthat there will be
another run (Rurll) of the Tevatronbefore the LHC
becomes operational. However, it dear that the
modificationswill have to bemade on asubstantially
smaller scale than was done for Run Il. The upgradés
almost certainly bedirected towards increasing the

We expect to achieve colliding beams in e&g00.
pEhe initial Run 11 luminosity goal is *6L0* cmi’sec?,
while the ultimate potential luminosity of the Run II
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