STATUS OF THE FERMILAB MAIN INJECTOR AND RECYCLER

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

Abstract interaction. Hence, increasing antiproton availability
remains, and will remain for thiedeterminateuture, the

The Fermilab Main Injector is a new 150 GeViey toimproving Tevatron collider performance.
synchrotronunder construction at the Fermi National

AcceleratorLaboratory. The FMI has beedesigned to 2 RUN || PERFORMANCE GOALS

support afactor of five increase inluminosity available

from the Tevatron proton-antiproton collider whileRun Ilis the name applied to the first operatpegiod of
simultaneously providing a 2 mA resonantxtracted the Tevatron colliderfollowing commissioning of the
120 GeV proton beam. Recently a new antiprattmmage Main Injector. Goals established fdinis run include
ring, the Recycler, has been incorporated withinst@pe  achievement of a luminosity ok031cm2secl early in
of the project with an expected luminosity gain d&eor  the run, ultimately growing tox1032cm 2secl once the
of two. Project statusschedulefor completion, and fy| capabilites of the Recycler ring are realized,
expected performance characteristicsh& Main Injector  ,~-ompanied by aapability of resonantly extracting

and Recycler will be presented. 3x1013 protons per pulse at 120GeV in support of a
variety of fixed target experiments.

) 1 INTROPUCTIO’_\I ) In order to achievethe collider goal the Fermilab
The Fermilab Tevatron is the higheshergy collider complex will be required to support:
operating in theworld today. As such it isuniquely « More protons in collision
positioned as the world's forefront High Energitysics « Many more antiprotons in collision

"discovery facility"--a position it will retain until the « A sianificant incr in the antiproton stacking rat
advent ofthe LHC approximately eightearsfrom now. signitica crease In the antiproton stacking rate
* A capability forrecoveringantiprotons at thend of

Fermilab is committed to exploiting the Tevatron facility

to the fullest extent possible over the perimween now stores

and 2005, and to tha&nd hasundertakerthe construction The Main_Injector, accompanied by avariety of

of the Main Injector accelerator andthe Recycler improvements to the Antiproton Source facility, is

antiproton storage ring tgrovide improved Tevatron designed to supportthree-fold increase ithe antiproton

luminosity performance starting in 1999. production rate, accompanied by goodantiproton
The Tevatron proton-antiprotorcollider currently transmission efficiency from the Recycler to Tevatron and

operates at a center-of-mass energy b8 TeV, amodestincrease in coalesced proton bunch intensity.

accompanied by &iminosity greaterthan 1.5103lcnr TheRecycleris designed to capitalize on the existence
2secl. The luminosity in theTevatron collider is given of the Main Injector toextend furtherthe performance
by, potential of the Tevatron complex. The Recycler dbés
- 3N, (BN ) F(azlﬂ*) by relieving the Antiproton Source of responsibility for
B (e +£.) mamtglmng high §tack|ngrqte at hlgh stacks, by
[ doubling the effective stacking rate via antiproton

wherey is the relativistic factor, f is the revolution recovery, and by providing a platform for further
frequency, B is the number of bunchesesichbeam, \y  performance enhancements within the Tevatron complex.
(Nﬁ ) is the number of protons (antiprotons) in a bunch, Designparameters for the next Tevatraollider run
€p (€ ) is the 95% normalized transverse beam(Ru.n I) arelisted in Table 1. For cqmparison typically
emittance,oz is the rms bunch lengtt* is the beta achievedparametersand performance inthe mostrecent
function at the interaction poingnd F is aform factor ~collider run (Run IB) are listed in the first column. As can
dependent on the ratio of the bunch lengtf*to be seen from the table tfactor of ten increase in
Under current operating conditions, themost luminosity is supportedprimarily through afactor of

. . . o . eight increase in the number of antiprotons in the collider.
important factor influencing luminosity performance Is It should also benotedthat theincreaseduminosity will
the total number of antiprotons in the ringsNﬁ. The

) - require operationsvith 36 bunches pdream,rather than
secondmost importantfactor is the proton phasepace g in order to mintain the number of interactions per

density, Np/ep. A large increase in plep is precluded by crossing as seen in the detectors at a reasonable level.
the beam-beam

* QOperated byUniversities ResearchAssociation under
contract to the United States Department of Energy

0-7803-4376-X/98/$10.00 [J 1998 IEEE 47



Table 1: Collider operational achievementRun 1B and
goals for Run Il. Run Il is the first rusupported by the
Main Injector and Recycler rings.

description of the Main Injector is given in Table 2. It is
expectedhat after some years of operation thuelivered
intensities may rise by a factor of two to thieeyond the
formal project goals.

RUN TB(1993-95)] T1(1999-)
Protons/bunch 231000 2 70¢10LL Table 2: Main Injector parameter list
Pbars/bunch 550<1010  7.00¢1010
Total Pbars 3301010 2.5¢1012 Circumference 33194 m
Pbar Production Rate 6.00¢100 2 0ox1011] pbar/hour Injection Momentum 8.9 GeVic
Proton emittance 23 20rt| mm-mr Peak Momentum 150 GeV/c
Pbar emittance 131 15| mm-mr Cycle Time (@ 120 GeV) 15 s
B* 0.35 0.35m Cycle Time (@150 GeV) 24 s
Energy 900 1000 Gev Protons/Bunch 61010
Bunches b 3p Number of Bunches 498
Bunch length (rms) 0.60 O._38 m Number of Protons >§}1013
Form Factor 0-38 0-90 Average Current 433 mA
Typical Luminosity 161037 2.0¢10%2 cmZsec’ Maximum Beta Function 57 m
- Maximum Dispersion Function 19 m
B Spaci ~3500 396 . .
une _pacmg i preec Nominal Horizontal Tune 26.425
Interactions/crossing 2.7 5.8 - -
Nominal Vertical Tune 25.415
(@ 50 mb) i
Transverse Emittance 20t | mm-mr
(Normalized @ 8.9 GeV/c)
3 MAIN INJECTOR AND RECYCLER Transverse Admittance >0 mm-mr
PERFORMANCE GOALS
The Main Injector is a 3319 met@ircumference, 150 | Harmonic Number (@53 MHz) 588
GeV, conventional-magnet-based accelerator. It is desigrieRF Frequency (Injection) 52.8| MHz
to perform all duties currently assigned tp the Maing, RF Frequency (Extraction) 53.1| MHz
the original 400GeV accelerator aFermilab, but with RF Volt 4 My
significantly improvedperformance. In additiothe Main c.)_age
Injector creates anew capability at Fermilab fomodest | Transition Gamma 21.8
energy (120 GeV), high average intensity extracted beams.ongitudianl Emittance 0.2 | eV-s
Improved performanceelative to Main Ring is | (950, per bunch)
largely attributable to a larger design aperture. The Mg o .
Injector is designed to provide an admittance aift #m- r]_ong|tud|nal Admittance 0.5 | eV=s
mr (nhormalized at 8.9 GeV) as compared to approximatgty :
12min the Main Ring. This improvement is the result of Number of Dipoles 216/128
implementation of a lattice with beta functions reduced QyDipole Lengths 6.1/4.1] m
a factor of two (55 meters vs. 1heters)anddispersion | pipole Field (@150 GeV) 172 kG
re.du.ced' by a factor of th'ree (2'meters vS. 6 meterg), and tmumber of Quadrupoles 128/32/48
elimination of vertical dispersion. laddition better field
quality is beingachieved ainjection through the use of | Quadrupole Lengths 2.1/2.5/2.9] m
lower coercivity steel (<1 Ognd ahigher injectionfield Quad. Gradient (@150 GeV) 200kG/m
(0.1 Tesla vs. 0.04 Tesla).

As a result of these improvements the Mhijector
is anticipated to have a capability of deliveringpre
protonsper cycle (51012 vs. 3x1019) at a fastercycle
rate (1.47 sec. vs. 2.4 sec.) than curreatlyieved in the
Main Ring. A new capability of slow extracting
protonsper pulse at 120GeV is also provided. Fast or
slow resonant extraction cyclese plannedwvith a 1.93
and 2.93 second cycletime respectively. Aparametric

The Recycler is a3319 meter, 8.0GeV (kinetic
energy), permanent-magnet-basstbrage ring situated
within the MainInjector enclosurg1,2]. The choice of
permanent combined function (digradient”) magnet
technology for this ring wabased onconsiderations of
constructionand operational costand reliability. The
purpose of theRecycler is toimprove the stacking



capability of the existing Antiproton Accumulator by
relieving this facility of the responsibility of maintaining
a high (>23<1011 antiprotons/hour) stackingate athigh  Civil construction on the Main Injector is wedbivanced
stacks (>31011 antiprotons). Perhaps more importantlyfollowing completion of theundergrounding enclosure
the Recyclemill createthe capability torecoverunspent and above ground servicbuildings in 1996. Currently
antiprotons at thend of collider stores. Since typically under construction are the cooling ponds, a new
>70% of all antiprotons initiallystored inthe Tevatron Substationandthe transmission lineequired to deliver
remain at the end of a collider store, a signifidantease >+> KV power tothe substation. The majoutstanding
in available antiprotons will benadepossible through CIVI.| construction jOb'InV0.|VeS the final connection of the
. . ) . . X Main Injector beam lines into the Tevatron at the interface

recycling. This operation willrequire deceleration of hepyeen the two machines. This work is scheduled to start
antlprotonslfror.n 1000 GeV to 8 GeV followed by transfe[ the fall of 1997.
to and cooling in the Recycler. Magnet production is now nearing completion [4,

Specific design goals for th&ecycler include a 5]. Of the 344 dipole magnetequired,307 have been
stacking capability of 21011 antiprotons/hour up to a built and 280 are now installed in the ring. dddition all
total stack size of 81012 antiprotons. The initial 80 newquadrupolemagnets have been completdthese
implementation is based on stochastic cooling. An R&Will be augmented by 128uadrupoles recoverdtbm the
program aimed at developing electron cooling at 8 GeV Main Rlng following the s_hutdown of _that machine in the
currently underwayElectron cooling will berequired to fall- Dipole powersupply installation isearly complete
support stack sizes in the range 3102 antiprotons at andtesting should be initiated in June. Prototypaver

stacking rates up to 18 antiorotons/hour forfuture amplifiersand modulatorsrequired todrive the 53 MHz
applica?ions P P cavities have been constructed and placed in service in the

Main Ring where they have accumulate®4,000 and
14,000 hourgrespectively of failurefree operations [6].
The actualacceleratingcavitiesused inthe Main Injector
will be recovered from the Main Ring.

4.1 Construction and Installation Status

Table 3: Recycler parameter list

: In September of 1995 it was decided to construct the
Circumference 3319.4) m 8 GeV transfetine connecting the Fermilab Booster to
Operating Momentum 8.9 GeV/c the _Main Injector _utilizing permanent magnets [7]. This
Total Antiprotons 31012 choice wasmade in order togain experiencewith the

technology under consideration for the Recydleg. The
Number of Bunches 498 permanent magnets (about 120 in totatjuiredfor the 8
Average Current 43 mA GeV line have now been constructednd installed, and
procurements for Recycler permanent magnbtse
: - commenced.
Maximum Beta Function 5 m
MaX|.mum Dl.sperS|on Function 20 m 4.2 Recycler Status
Nominal Horizontal Tune 24.425 A o © the erinto the Mai
. . proposal to incorporate ecyclerinto the Main
Nominal Vertical Tune 24.415 Injector project, without modification to theroject
Transverse Admittance >40rt| mm-m budget or scheduleyas presented tache Department of
(Normalized @ 8.9 GeV) Energy in November 1996. As part of the propdsar
Momentum Acceptance (full) 0l6 % prototype gradient nagnets were built with field
uniformity sufficient for use in a storage ringhese
. magnets culminated a nearly eightemonth period of
Number of Gradient Magnets | 216/128 R&D on permanent magnets for this application. The
Dipole Lengths 45/3.1] m proposal wasapproved inFebruary1997 and work on
Recycler construction commenced in April.
Number of Quadrupoles 12 The Recycler itself is estimated to cost $12.6M. The
Quadrupole Length 0.6 m low cost results from the utilization opermanent
A detailed description of the lattice is contributed to thesmagnetsandthe alreadyexisting MainInjector enclosure
proceedings [3]. and service buildings. The goal is to complete installation
of the Recycler in the spring of 1988d tocommission
4 PROJECT STATUS over the remainder of the year.

The Fermilab Main Injector Project is currently in its

sixth year of funding. Funding over the period FY1992-9% 3 Commissioning activities

amounts to $198.65M, with $30.95K8cheduledfor the o )

final year of funding, FY1998. Currently (sch 31, Ihe 8 GeV lineis now completely installed over ~80% of

completion is scheduled for March 1999. February 20, 1997 and beam vaisserved athe entrance

to a temporary dump situated at the ~60% pafter two
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hours of tuning. Currently beam transmission is measur@dagnetandvacuum systems will be installed, allowing
at 955% with most losses coming in the upstreamgommissioning with beam to canence in the summer
electromagnet, matching sectionvhere the most of 1998. Final installation of beamlinemd Recycler if
restrictive aperturesre located. A measurement of theandstochastic cooling will not happen until the fall of
averagebending inthe lineindicatesthat thedipolefield 1998, to be followed by conmissioning. Current
in the permanent magnets is £042% less than that planning calls for startup in fall 1998 with tA@evatron
requiredfor “8 GeV” beamdeliveredfrom the Booster. in a fixed target configuration. Parasiticcollider
This offset is well within theacceptance othe line and commissioning activities will continue until thiate
will be corrected inthe future by either realigning the spring of 1999followed by a changeover to collider
gradient magnets or by reducing the Booster energy. configuration.

Commissioning of the 8GeV line has occurred
nearly a year ahead of schedule--the original plan called for
utilizing magnetsecoveredfrom the Main Ringduring 6 SUMMARY
the upcoming shutdown. Commissioning activities in th

S : . n tha plan for enhanceditilization of the Fermilab complex
ring itself areexpected tostart in late winter/early spring

in the upcomingdecade(s) isxow well underway. By the

1998 end of the century the Fermilab communiian expect to
see:
5 SCHEDULE TO COMPLETE L
_ _ _ « A luminosity in therange of5-20x1031 cnr2secl
The current working schedule to completion of fineject in the Tevatron Collider.
is given below.
April 1997 Start Recycler construction * A new capability for study of neutrino oscillations
) and rare K decays based di?0 GeV resonantly
May 1997 Award FO construction contract extracted beams
September 1997  Start shutdown (Main Ring o .
P ( g off) e 120 GeV test beams to the experimentaleas
October 1997 Start FO construction (demolition) coincident with collider operations.
March 1998 Start half turn commissioning of the :
Main Injector g « A complex capable ofbeing upgraded to ~41033
o cn2secl with further improvements to antiproton
June 1998 Main Injector under vacuum, start full - t5rgeting and cooling.

turn commissioning
Summer 1998  Recycler under vacuum, start Following the recent enhancemenepresented by the

commissioning addition of the Recycler ring, the Main Injector project is
] proceeding rapidly taconclusion, with installation now
July 1998 FO  partial occupancy. Start well underway and completion scheduled for spring 1999.
FO/beamline reinstallation
September 1998  Start Tevatron cooldown 7 ACKNOWLEDGMENTS
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