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1. INTRODUCTION AND SUMMARY"’

The Tevatron proton-antiproton Collider is the highest-engrggticle collider currently
operational anywhere ithe world. To exploit this unique toofully, and tomeet thegoals of the
Fermilab high energy physics research program thretugh990'sand into thewenty-first century,
a phased upgrade tiie Fermilab accelerator complexusderway.The initial Run 1l goal is to
achieve a luminosity of8.0* cmi®sec® and anintegrated luminosity of 2 fb. It is thoughtthat the

ultimate potential of the initiaRun Il upgrades is tachieve luminosities up tox20** cmsec™.

Some of this potential will be need to achieve the Run Il goal for integrated luminosity in a reasonable

length of time—say 2 years—after the initial luminosity goal is reached. The Run II luminosity goals are

about a factor ofl00 increase ovethe original 1.610* cm?sec! design goal ofthe Tevatron

Collider, accompanied by creation of simultaneous high intensity fixed target capability at 120 GeV.
The first phase of the upgrade program, an increase in the Linac energy fravie\2@0 400

MeV, was completed inL993 and has supportd@vatron collider operations at luminosities in the

range of1.5-2.5¢10* cni?sec’ during Runlb. The second phase dahe upgradenvolves the

replacement of the existirigain Ring with a newaccelerator, the Fermilaldlain Injector, and the
construction of a nevantiproton storageing, the Recycler, within a commorunnel. The Main
Injector and Recycler together are expectedujpport duminosity in excess of ¥10° cni?sec” in
the Tevatrorcollider. Improved performance is based on enhanced antippotauction, storage,
and recovery capabilities following initiation of Main Injector and Recyofarations. Iraddition the
Main Injector is designed to providestow (or fast) resonantlgxtractedl20 GeV beam containing
3x10" protons with a 2.9 (or 1.9) second cycle time.

The FermilabMain Injector is a largeaperture, rapid cycling, proton synchrotron designed
specifically to address the fundamental limitations inherent in the pfdséamRing. With the advent
of the Tevatron at Fermilab the role of tain Ring changed significantly from its original mission
of delivering 400 GeV protons forfixed-targetoperations.The conversion ofthe MainRing to a
supportingrole in the earlyl980sintroduced a completelgew set ofoperational requirementiat
were never envisaged the originalMain Ring design.Accommodating theneeds of antiproton
production, bipolar injection into theTevatron, and physicavoidance of the colliding detector
experimentshas inevitably resulted in reducet¥ain Ring performance characteristicBossible
enhancements to thghysics program, such asest beamsfor detector development and high
intensity/low energy proton beams for high energy physics reseaechllprecluded by the present
operational and physical constraints in the Main Ring. The replacement of the FéviaiilaRing by
the Main Injector addresses all of these issues in an elegant and efficient manner.

The Recycler Ring, which will be installed in the Main Injector enclosure, will provide a factor
of ~2 in luminosity beyond that projected with the Main Injector alone, as well as providing a platform
from which an additional increases in luminosity could be achieMael.initial (Run 11) performance

goals established fdhe Recyclering are a stacking rate ofx2 0™ antiprotons/hour, #otal storage
capability of %10 antiprotons, and eapabilityfor re-cooling relatively largemittanceantiprotons
recovered from the Tevatron via the Main Injector.

This report presentthe design and operating parameterstied FermilabMain Injector, the
Recycler, andhe remainder of the Tevatron complduring the initial operating cycle of thélain

* Last revised on July 17, 1998.
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Injector era--a cyclaeferred to as CollideRun 1l. It should benoted that while many of the
improvements described in this report are expected to form a basis for even greater luminosities, up to
1x10*® cm?sec’ in the long term. Some ofhese concepts and improvements discussed in
subsequent chapters, but a complete description of the nature and feasibility of these improvements is
beyond the scope of the Run Il Handbook.

Table 1.1 summarizes the operational performance of the last collider Run Ib,
accompanied by operational go&ts the complex inRun Il. Normalized emittances containing 95%
of the beam arguoted.The horizontal andertical emittancgoalsare equal as are th@oton and
antiproton bunch lengtgoals. The antiproton intensitghown inthe center column of the table is

more than sufficient to achieve the initial Run 1l goal ®1&* cni’sec’, but is not expected to be the
maximum that could be obtainedth 36x36 operation. In particulathe Recycleiwas designed to

stochastically cool enough antiprotons to obtain a luminosityx@D? cm?sec'. However, as the
luminosity increases the number of interactions increases and adversely affgugithee detector
trigger rates and the ability of the experimenters to interpret the data.

One way to reduce the number of interactions pEpSssing is toincrease the number of
bunches.The rightmost column illustrates operatiaith 121 bunches at 132 nsec spacing. The
number of bunches is tentative (see the discussion in Chapter 6) but the 132 nsec spacing is set by the
trigger hardware ahe experimentsThe bunch parameters ithe rightmost column arelentical to
those for 3836 operation, but morthan 3 times the number ahtiprotons (121/36 to bexact) are
required.The luminosity is increased Wdgssthan a factor of 2 because of the luminosity penalty
incurred by the introduction of the 1B6ad crossing angle. This mode of operatioattgeactivewhen
the antiproton productiorateand recycling efficiency arbigh andthe number of interactions per
crossing are a concern.rmore detailedliscussion othe considerations déminosity, store length,
store lifetime, and the number of interactions per crossing are shown in Chapter 6.
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Table 1.1. Operational performance iRun | and goals for Ruhl. The leftmost columrshows
parameters typical of the last collidem, Run Ib.The middle columrshows parameters exceeding

the initial Run 1l with 3&36 operation, and the rightmost column illustrated the performance obtained
with the samebunch parameters biiting 121 antiproton bunches at 832 nsec bunch spacing
instead of the 36 that will besedinitially. Normalized emittances containir@h% of the beam are
guoted.The horizontal andertical emittances arassumecdequal andproton and antiproton bunch
lengths are assumed to be equal.

'RUN b (1993-95) Run [ Run Il

(6x6) (36x36) (140x121)
Protons/bunch 2.3x10" 2.7x10" 2.7x10"
Antiprotons/bunch 5.5x10" 3.0x10° 3.0x10"
Total Antiprotons 3.3x10° 1.1x10° 3.6x10°
Pbar Production Rate 6.0x10" 2.0x10" 2.0x10" hrt
Proton emittance 23 20T 20T mm-mrad
Antiproton emittance 13m 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 urad
Typical Luminosity 0.16x10" 0.86x10° 1.61x10° cmsect
Integrated Luminosity 3.2 17.3 32.5 pb/week
Bunch Spacing ~3500 396 132 nsec
Interactions/crossing 2.5 2.3 1.3

“The antiproton intensities giveare merely examples. Higher antiproton intensitigeld proportionally higher
luminosities. The initial Run 1l upgradese expected thavethe ultimate potential tachieveluminosities of 2x18
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.

1.1 Tevatron Performance in Run Ib

The Tevatron Collider operated in Run Ib with a typical luminosity ab#genning of a store
of ~1.6x10* cm™sec”. In the absence of @ossingangle or positioroffset, the luminosity in the
Tevatron is given by the expression:

BN, N,
p_'p F I/ *
TCErA N [1.1]

where f is the revolution frequency, B is the number of bunches in each b@aﬁﬁﬁ)le the number
of protons (antiprotons) in a bunay (05) is the rms proton (antiproton) beam size atititeraction
point, and F is a form factor that dependstlea ratio of thebunch lengthgj, to the betdunction at
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the interactiorpoint, f*. The luminosity can be rewritten in farm that more directlydisplays its
dependences on the limiting factors within the Tevatron complex:

3yf{(BN;)

B* Ng(1+ ™
Enp . [1.2]

LU

F(a,/1B%)

Here g\ representghe normalizedransverseemittance containin@5% of the beam, Nr is the

number of interactiorregions, and ¢ is the totalhead-on beam-beam turshift seen by the
antiprotons:

r

N N
§=,% " Nip =.000733 2 Ny,
ey, En, (1.3]

where p is the classicatadius ofthe proton. The numericalexpression orthe right of (1.3) is
evaluated with N in units of 160 andaNID in units oftmm-mrad.

Fundamental limitations are related to the quantiesd (Bl\t ). The beam-beam turshift

that can be tolerated by thatiprotons is believed to bienited by the tunespace available between
resonances up to about tenth order; tune shifts as higltv24have beerfound to be tolerable. The

second quantity, (ngl), representthe totalnumber of antiprotons ithe collider. Notethat for a

given total number of antiprotonsthe luminositydoes not depeneéxplicity on the number of
bunches.

The performance of the Tevatron Collider during Run Ib represents a signifigaoivement
relative to thepreviouscollider run and isattributable to completion of the Linagpgrade and other
improvements within theomplex. The Linacupgrade haged directly to increasegroton bunch
intensities delivered from the Booster and throtighMainRing. The directresults have beemore
intense proton bunches in collisi¢®2.3x10" vs. 1.%10") and a significant increase in the number

of protonstargetedfor antiproton production(3.3x10* vs. 2.0x10" every 2.4 seconds). The
increase in targetgorotons has supported arcrease in the antiproton producticate (from about
4x10"hour to about 810'hour) and anncrease in the intensity of antiprotbonches in collision

(5.5x10% vs. 3.%x10").

When operating wittsix bunches, as in Run Ithere are twelve potential proton-antiproton
collision points in theTevatron.Ten of these araow avoided throughhe utilization of electrostatic
separators. In Run Ithe antiproton tuneshift atthe maximumproton intensitywas about0.015,
limited by theprotonbeambrightness. Arantiproton tune shift 00.024 wasachievedprior to the
utilization of separators when all the beam crossings contributed nearly equally to the beam-beam tune
shift. We expecthatincreases of 50% or so inpfdy arepossible befordseam-beam limitations set
in. Long rangebeam-beam effectsere relatively smallduring Run Ib butwill become increasing
significant in Run Il. One of the design goals for the Tevatron is to keep the effect of these long range
interactions to be sufficiently small such that the collisions at the interaction points produce the bulk of
the beam-beam tune shift.

1.4



Antiproton availability was the mostimportantfactor limiting luminosity in the pastand will
continueto besoin Runll. As demonstrated in Equatidn? and displayed explicitly ifrigure1.1,
the luminosity in the Tevatron is proportional to tiegal antiproton intensityThe totalnumber of
antiprotons inthe collider is determined by the product of the antiproton produciienthe typical
store duration, anthe transmissiorefficiency fromthe Antiproton Accumulator tstorage in the
Tevatron. Atypical store length of 1Chours, anaverage stacking rate ofx®0'%hour, and an
antiproton transmission of0% accountfor the observedaverage number of antiprotons in the
Tevatron inRun Ib. However, it should baoted that the antiproton intensignd therefore the
luminosity varied widely over the course of Run Ib.
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Luminosity vs. pbar intensity
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Figure 1.1. Luminosity observed irRun Ib vs. antiproton bunch intensitfor all stores over the
period July 23, 1994-July 9, 1995.

1.2 Run |l Performance Goals

Performance goals for Collider Run Il are presented in Table 1.1. A luminosity goall 65

cm?sec' hasbeen establishefbr this run, supported byhe Mainlnjector and the Recyclaings.
Two basic strategies afellowed to attain theluminosity goal:using a protorbeambrightnessthat
produces an antiprotopeam-beam tunshift close tothe anticipated limit;and accumulating and
delivering to the Tevatron as maaytiprotons as possible througirect production andhrough
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recovery at the end of collidetores. It isexpected that thaumber of antiprotonavailable will
gradually increase aRun Il progressebecause improvements in accumulatitgnsferring, and
recycling antiprotons.The betafunction at the interactiopoint, 3*, is assumed taemain at the
present value of 3&m. The bunch lengthshown inthe table isbased onthe achievement of
longitudinal emittances of 2 eV-sec in both the proton and antiproton beams. This emittance represents
a significant improvement over the currently achieved 5 eV\de the longitudinal emittance goal

IS aggressive, we expect improvements inNtaén Injector for coalescing fewer proton bunches and

from bypassing the coalescing of antiproton bunciiks. antiprotorbunch intensities listed ifiable

I.1 assume aecycling efficiency, defined abe fraction ofantiprotons leavinghe Recycler that are
returned following completion of a store, of 50%.

1.2.1 Protons

The Proton Source at Fermilab is composed of the 400 MeV Linac (with accompanyamy H
source and Cockcroft-Waltoaccelerator) and the 8 GeBboster.The Linac/Booster is currently

capable of delivering an intensity ofB)" protons per bunch with a transversgmalizedemittance
of lessthan 15t mm-mrad, and #&ngitudinal emittance aessthan0.1 eV-sec/bunch. Protons are

delivered from the Booster in 84 bunches spaced by 18.9 nsec. A total intensit@'dfoBotons per

bunch has been specified for the Main Injector era--a 2@8ovement over curremerformance. In

this mode of operation the Booster will be delivering<A@? protons pebatch to theMain Injector

for acceleration td20 GeV and delivery to the antiproton production target eveby seconds. As

described in Section 5.1, alternative scenarios are used during Main Injector fixed target operations.
The requirements on the Linac/Booster for proton loading of the Tevatron collidcemées.

A pulse train of 5 to 7 bunches, containing>86"“ protons each, will beelivered fromthe Booster

to the MainlInjector. Transverse andngitudinal emittances of about t5mm-mrad and).1 eV-
sec/bunch are required. These bunches will be coalesced at 150 GeV in the Main Injector into a proton
bunch containing 210" protons with alongitudinal emittance oR.0 eV-sec,the exact value
depending on the number bfincheshat arecoalesced. It i®€xpected that thaumber of bunches
coalesced into a single proton bunch ath@ number ofproton bunchesthat are formed
simultaneously in the Main Injector will be determined operationally. The maprbe advantage in
transverseemittance from coalescing lower intensitpunches,but there will be a penalty in
longitudinal emittance. With theew shortbatchkicker, Main Injector to Tevatron transfer will be

able to coalesce from 1 to 4 batches. After coalescing, protons will be transferred to the Tevatron.

In principle the Proton Source aihin Injector will be able tqroduce proton beams bright
enough to producéhe maximum tolerable antiprotdread-on beam-beam tuseift of 0.024 (cf.
Equation 1.3). As can be seen from Equation 1.2, for fixed antiproton beam parameters and assuming
operation in an antiproton beam-beéimited regime, luminosity increases #se proton emittance
increases. Howevediminishing returns set in ondke protonemittancebecomes much larger than
the antiproton emittancézigure 1.2 displayshe proton emittancerequired tolimit the antiproton
head-on tune shift to 0.022 as a function of proton bunch intensity, assuming two head-on collisions
per revolution. Ascan beseen from Equatiod.3, the requiredemittanceincreases linearly with
proton intensity.The figurealsoshows the corresponding luminosity athe proton parameters are
varied in this fashion witlthe antiproton parameters hdided. The proton intensity anémittances
chosen in Table 1.&re a compromise between the desire to keeprttigancesomewhat below the
currently achieved levednd tomaximize luminosity. However,increases in protoemittance are
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severely limited by the injection aperture and lthreg rangebeam-beam tunshift. It is not clear that
emittances muclbeyondthe nominal 2& mm-mrad ardeasible.The final optimization ofproton
parameters will most likely follow empirical studies after commencement of operations.
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Figure 1.2. Proton emittance (mm-mrad) and luminosity per antiproton (arbitraryfanitis¢ beam-
beam limitedsituation.The head-on beam-beam tusigift seen bythe antiprotons is.022 and the

antiproton beanmemittance 1% mm-mrad in thiscase. Longrange beam-beam interactions are
ignored.

1.2.2 Antiprotons

Luminosity in the Tevatron collider is proportional to ttotal antiproton intensity under
current operatingconditions. As described iBection 1.1, antiproton availabilityrepresents the
primary impediment to increased luminosity, both now and for the foresdaglnie. The Antiproton

Source is currentlgapable ofsupporting araccumulation rate of up to<I0'%hour atmodest (less
than x10') stack size, decreasing t81%'%/hour for stacks in excess of ¥B0'%. The stackingate
is limited by aperturescooling systemsand the number gfrotons on targefThe Main Injector is
designed to provide a 50% increasahi@ number oprotons pempulse,from 3.3x10" to 5.0x10%,
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along with a60% fasterepetitionrate, yielding a stacking rate iexcess of 1810'%hour atlarge
stacks.Planned improvements to the Debuncher Andumulator stochastic coolingystemswill

support a stacking rate of 00'%hour; a corresponding productioate may bepossible ifthe Main

Injector exceeds its design intensity or if modest improvementletdebuncher acceptance are
implemented. These planned improvements are sufficient to support the antiproton parameters listed in
the middle column of Table I.1.

The Recycler can increase the numbeamtiprotonsavailable at théeginning ofeachstore
by a factor of two. The Recycler accomplishes this by being able to store and cool as metitas 3
antiprotons, thuselieving the Accumulator stack-taslystem ofthe responsibility of coping with
antiproton stacks above 0 by recovering unspent antiprotonstaé end of Tevatron Collider
stores,and by improvingreliability in the long term storage of antiprotons during storesile
stacking.

In order toaccumulateantiprotons inthe Recyclering stochastic cooling will be utilized. As
described in Section IV stacks of up to abowil@? antiprotonscan be createdith the planned
stochastic cooling systems. This performance is adequate to support the antiproton needls @& Run
high stackingrate can be maintained kperforming frequent transfers of antiprotons from the
Accumulator to the Recycler. The frequency of such transfers will be determined operationally, but is
nominally about once every 2.7 hours.

An important feature of the Recycler ring is the capability to re-cool antiprtafires/er from
the previous store. It i®xpected that about5% of the initial complement o&ntiprotons will be
available at the end of a typical Run Il collidgtore. If two thirds othese can be decelerataad re-
cooled, the number of antiprotons in collision in the Tevatron at the beginning of a store twiltebe
the numberproduced duringhe interveningstore. This translates directly into a factor oo in
weekly integrated luminosity.

The MainInjector, Antiproton Source,and Recycler are expected to provide the antiproton
beam parameters specified in tight-most column ofTable 1.1. Typically the AntiprotonSource
will produce and deliver to the Recycler £1®" antiprotons during a 8 houollider store. These

will be combined with an additional 1x%0™ antiprotons recovered frothe prior store, cooled,
bunched and delivered to the Main Injector for acceleration and transher Tevatron.The required
transverse and longitudinal emittances af fftm-mr and 1.5 eV-sec in each of 36 bunches should be
achievable.

1.2.3 Luminosity Lifetime and Stacking Rate

The store luminosity will continually decrease frominiitial value asprotons and antiprotons
areconsumed through interactions andtlas bunch emittancesncrease. Fothe beam parameters
expected for Run I, the initial luminosity lifetime is dominateddogittancegrowth due tantrabeam
scattering, while after several hours the effect of antipriatssidue to luminosity becomeslatively
more important. Figur&.3 showsthe timeevolution of collider luminosity expectedr the initial
parameters of the 386 store listed in Table 1.1. This calculation is based upoadel that includes
the effects of beartossdue to luminosity,intrabeamscattering, and noise induced transverse and
longitudinal emittance growth. When compared with the observed evolution of high lumstosgy
(~2x10* cm?sec?) during Collider Run Ib the model agrees well.

The initial luminosity lifetime is 6.6 hours,but grows rapidly as thestore progresses. The
luminosity drops tohalf its initial value after 7hoursand to 1/e of its original value after about 12
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hours. At the end of an 8-hour store 76% of the original antiproton beam remties e@vatron, but
the transverseemittance isncreased to 18 mm-mrad and the longitudinamittance isincreased to

2.66 eV-sec. Without the Recycler ring the remaining antiprotons would be disgosed with the
Recycler they can be recovered for use in a later store.
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Figure 1.3. Predicted time evolution of luminosity for the two sets of ptoameters listed ifable
1.1.

The Run Ib performance an®un Il goals forantiprotonproduction, transferand recycling
are shown in Tablé.2. The Recycler stack sizgoalsare takerfrom the Recycler Technical Design
Report and correspond the number ofantiprotons required tachieve a luminosity of »210°
cm’sec' with a 7 hour stordéime and a 1 hour shot set-up tim&he initial antiproton intensity
depends on the store length, the stacking ratetrementiproton recovergfficiency. It isanticipated
that the optimum initial antiproton intensity and store length will ultimately be established lbasthe
of operational experienc&he improvements required to decreasestina setugime to 1 hour are
discussed in Chapter 7. Théiciencies given aréor the nominaldesignemittances given in section
1.3. Degradation in efficiency is to be expected for larger than design emittances.

Table 1.2. Operational antiproton stacking requirements for the current collider
conditions and for Run 1.

Parameter Run IB Run Il (Main
Injector +
Recycler)
Stacking Rate (E10/hr) 5 20
Antiproton at end of Store 73% 075%
Deceleration Efficiency 80%
Acceleration Efficiency 75% 90%
Store Duration (hr) 12 7
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Injection Time (hr) 2.5 <1
Required Usable Stack (E10) 44 278
Antiprotons Recycled (E10) 0 148

1.3 Subsystem Performance Requirements

Performance requirements for the variagselerators within the complex dvased upon the

considerations discussed Bection 1.2 and are summarizedelow. Detailed descriptions of
performance projections and required upgrades are contained in the remainder of this document.

1.3.1 Linac/Booster

L4

Antiproton Production
« -5x10" protons per pulse
e <20mmm-mrad transverse emittance

* Longitudinal emittance0.2 eV-sec
* 1.5 second repetition rate

Proton Coalescing in Main Injector
«  6x10" protons/bunch in 5-7 bunches, repeated 36 times with a 4 second period.

o <15mmm-mrad transverse emittance
» Longitudinal emittance in rang#®.15 eV-sec

Main Injector Fixed Target
« 5x10% protons per pulse

e 20mmm-mr transverse emittance
» Longitudinal emittance in range 0.2 eV-sec
» 15 Hz operation with a duty cycle up to 6/28

Tevatron Fixed Target
« 5x10" protons per pulse

* 20mmm-mrad transverse emittance

* Longitudinal emittance in range 0.2 eV-sec

» 15 Hz operation with 6 consecutive Booster batches delivered to the Main Injector; two
such ensembles, separated by 2.4 seconds, repeating about once per minute

1.3.2 Antiproton Source

L4

¢

Antiproton Production

« 2x10"hour stacking rate for stacks up td“@ntiprotons

Antiproton Extraction

. [_)elivery of 1-6<10™ antiprotons, in a bunch train Ju6ec long to the antiproton Recycler
ring.

* Transverse emittanc Ot mm-mrad

« Ap/p< 107 (full width)

1.3.3 Recycler

L4

Antiproton Accumulation
« Accumulate/cool 1-810", 8.9 GeV antiprotons, every 0.5 to 3 hr, up to a total stack of
3x10" antiprotons.
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» Equilibrium transverse emittance<fOrt mm-mrad
» Equilibrium longitudinal emittance &f60 eV-sec

¢ Antiproton Recovery
» Cool dilute antiprotons at 8.9 GeV with cooling time <2 hours.

 Initial transverse emittan&30rt mm-mrad
* Initial longitudinal emittance144 eV-sec for 36 bunches

¢ Antiproton Extraction (36x36 operation)

 Deliver to the Main Injector four bunches containingd G* antiprotons each, capable of
being captured in 2.5 MHz buckets. Nine cycles are required.

e Transverse emittanc0rt mm-mrad
* Longitudinal emittancel.5 eV-sec/bunch

1.3.4 Main Injector

¢ Antiproton Production
« 5x10% 120 GeV protons on target every 1.5 sec

e 20mmm-mrad transverse emittance
* Longitudinal emittance <0.3 eV-sec

¢ Collider Protons
» Coalesce and recapture into 53 MHz buckets, 5-11 bunches of 0.15 eV-sec each

containing 3-810'° protons/bunch delivered from the Booster. Accelerate to 150 GeV and
deliver to the Tevatron. A total of 36 coalesced bunches is required. The number of cycles
required depends on the number of Booster batches simultaneously coalesced.

* Transverse emittaneg 5tmm-mrad
» Longitudinal emittance&?2 eV-sec per coalesced bunch

¢ Collider Antiprotons
* Bunch rotate and capture into 53 MHz buckets, four bunches of 1.5 eV-sec each

containing %10 antiprotons provided from Recycler at 8.9 GeV. Accelerate to 150 GeV
and deliver to the Tevatron. Nine cycles are required.

* Transverse emittane Ot mm-mrad
» Longitudinal emittancel.5 eV-sec per coalesced bunch

¢ Antiproton Deceleration
» Accept 4 antiproton bunches at 150 GeV from the Tevatron with transverse emittance of

35mmm-mrad and longitudinal emittance of 3.5 eV-sec/bunch, decelerate to 8.9 GeV, and
transfer to the Recycler. Repeat nine times.

¢ Main Injector Fixed Target

« Resonantly extract@0" protons per pulse, at 120 GeV, with a 1.9 second repetition rate
and a several millisecond extraction time.

« Resonantly extract@0" protons per pulse, at 120 GeV, with a 2.9 second repetition rate
and a one second extraction time.

« Resonantly extract 240" protons per pulse, at 120 GeV, with a 1.9-2.9 second

repetition rate, after delivering<h0'* protons onto the antiproton production target in the
same cycle.

e <30mmm-mrad transverse emittance
¢ Tevatron Fixed Target
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« 1.5x10" protons per Main Injector cycle at 150 GeV

e <30mmm-mrad transverse emittance
* Longitudinal emittance in range 0.1-0.5 eV-sec

1.3.5 Tevatron/Switchyard

¢ Proton-Antiproton Collider Mode
» Accelerate and bring into collision 36 proton and 36 antiproton bunches, at 1 TeV per
beam, with the above listed beam parameters.

« Reliably produce a luminosity 0#&20* cm™sec".

¢ Antiproton Deceleration
* Remove protons at end of store, decelerate antiprotons to 150 GeV, and transfer 4
bunches at a time into the Main Injector. Repeat nine times.

o <25mmm-mrad transverse emittance
* Longitudinal emittance in range3.5 eV-sec/bunch at 150 GeV

¢ Proton Fixed Target Mode

« Accelerate and slow spilbA0" protons to the experimental areas at 800 GeV.
* Tevatron beam delivered to Meson, Neutrino, and Proton Areas

1.4 Accelerator Improvement Plan

Upgrades to the existing accelerator complex requirgdetet theperformance goals listed above
have been and will be funded mostly Ascelerator Improvemerrojects(AIPs). A summary of
projects required is given in Table 1.4-1. Furtdetails may bdound in subsequent chapters of this
report.

Table 1.3. Accelerator Improvement Projects required to meet Run Il performance goals.

AlP Why R&D Start Install/
Project Commission

Antiproton Injection Injection with 396 nsec Complete 1992 Summer 1995

Kicker spacing

Coalescig Cavity Upgrade| Improved coalescing Complete 1994 Spring 1995
efficiency

Antiproton BPM Upgrade | Reliability, simplification, [ Complete 1995 Summer 1998
dynamic range

MR/Tev TBT Upgrade Turn-by-turn capability at| Complete 1995 Summer 1995
all BPMs

Booster Extraction Pgrade| Improved aperture Complete 1995 Fall 1997

Debuncher Cooling 20E10/hour stacking rate | Underway 1996 Winter 1998

Upgrade

Accumulator Lattice Accommodate 2-4 GHz Complete 1997 Summer 1998

Upgrade Stack-tail upgrade

Accumulator Stack-tail 20E10/hour stacking rate | Underway 1998 Winter 1998

Upgrade

Antiproton Target 5E12 protons on target Underway 1998 Fall 1999

Sweeping*

Tevatron Dampers* 3E11/bunch Complete 1995 1998-1999
3E13 total beam

*These projects will probably be funded as R&D projects.
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2. BOOSTER PERFORMANCE AND PROJECTIONS

The Booster accelerates protons from 400 MeV to 8 GeV (kinetic energy). Performance of
the Booster has improved dramatically over the last few years following implementation of the
Linac upgrade and new damping systems. The Booster recently delivered a total beam intengity of
about 4.2¥1012 protons. At that intensity the beam transverse emittance filled the Main Ring
aperture. Figure 2.1 shows the tota intensity delivered from the Booster as a function of the
intensity injected from the Linac. Thereis little evidence of roll-off with intensity. As a result, we
expect that only modest improvements to the Booster will be required to meet the total intensity
performance goal of 5¥1012 protons (6¥1010 protong/bunch) in Run I1. These improvements are
described in Sections 2.3-2.7 below, after present performance is reviewed in Sections 2.1-2.2.

Injected vs Extracted Booster Intensity After the 400 MeV Upgrade

Extracted Bunch Intensity (E+10)

0 f ; I {

0 2 4 6 8

Injected Bunch Intensity (E+10)

Figure 2.1. Proton bunch intensity delivered from the Booster as a function of injected bunch
intensity for current operations.

2.1 Transverse Emittance vs. Intensity

The Booster has been known for some time to operate in a regime in which the transverse
phase space density is strongly influenced by space-charge forces a low energy. In the past the
transverse emittance rose in direct proportion to the beam intensity at high intensity. This behavior
has been interpreted as reflecting a space-charge tune shift limit of about 0.4. Raising the beam

" *This chapter was last revised on March 11, 1998.

2.1



brightness limit motivated the Linac upgrade, which increased the injection energy from 200 to 400
MeV in 1993.

Current performance is displayed in Figure 2.2. Measured horizontal and vertical
emittances at 8 GeV are displayed as a function of bunch intensity. The difference between
horizontal and vertical emittances may be entirely due to systematic errors in the normalization of
the data. The emittances are seen to display a small linear dependence on intensity a the higher
intensity levels. Based on extrapolation of the datain Figure 2.2, the transverse emittance delivered
from the Booster at the specified Run |1 intensity of 6x10™ protons/bunch is thus expected to lie in
the range 18-201t mm-mrad.

Emittance vs. Intensity at Extraction from Booster After the 400 MeV
Upgrade
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Figure 2.2. Measured 8 GeV transverse beam emittance delivered from the Booster as a
function of beam intengsity.

2.2 Longitudinal Emittance vs. |ntensity

Beam delivered from the Linac to the Booster is allowed to debunch prior to adiabatic
capture by the Booster rf system. The bunches thus formed have a longitudinal emittance of less
than 0.05 eV-sec. Historically, the Booster has suffered from strong longitudinal coupled bunch
instabilities driven by modes in the rf cavities above transition. Implementation of narrow-band
longitudinal dampers tuned to the most offensive modes has been effective a controlling growth at
present intensities. Current performance is summarized in Figure 2.3. The longitudinal emittance
delivered from the Booster is seen to be 0.1 e€V-sec/bunch, nearly independent of intensity up to
4.5x10" protong/bunch. Improvements to the damper systems, summarized in Section 2.4, are
expected to allow maintenance of thislongitudinal emittancein Run 1.
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Longitudinal Emittance vs Intensity at Extraction from Booster
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Figure 2.3 Longitudinal emittance of the 8 GeV beam extracted from the Booster as afunction
of bunch intensity. The points labeled "400 MeV" represent current performance.

2.3 Aperture

The Booster aperture was restricted in the vertical plane by the two extraction septa, one
used to transfer the beam to the Main Ring (at long 13) and the other to the AP-4 dump (at long 3).
These septaremain in place for operation with the Main Injector athough their roles change. The
septa were obstructing the top part of the aperture in the extraction regions. There was a set of four
bending magnets in each of the two regions that displace the beam away from the septum in a
double dogleg configuration. However, the displacement was small because the magnets are not
strong enough. The septa had to be vertically positioned to strike a compromise between the
aperture requirements of the circulating beam and the extracted beam. The vertical acceptance in the
extraction regions at injection energy was approximately half of that available elsewhere in the
Booster. The old dogleg magnets gave a normalized vertica aperture of [M2rmmm-mrad for
circulating beam at injection and a normalized vertical extraction channel acceptance of <20remm-
mrad for the 8 GeV extracted beam.

A new set of dogleg magnets has been installed for Run 11 to remove the vertical restriction
in the extraction regions. The new dogleg systems are designed for a normalized vertical aperture at
the septa of 40remm-mrad throughout the acceleration cycle and a full normalized 40remm-mrad
8-GeV extraction aperture. Early measurements indicate that the doglegs are functioning as
expected.

Aperture scans using 400 MeV circulating beam show that a both of the extraction straight
sections the transverse apertures in both planes are as large effectively as any corresponding
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straight section in the machine. The extraction septa have been effectively eliminated as aperture
restrictions. The measured beam position at 400 MeV under the septa show the beam to be at the
correct position to achieve a40rtmm-mrad (normalized) aperture.

Rather than ramping the dogleg magnets a set of ramped high field corrector magnets was
installed that ramps the orbit at the extraction septa. The combination of the ramped orbit plus the
deflection of the doglegs keeps the beam at the correct position (with respect to the septum) to
achieve a 40t mm-mrad (normalized) aperture throughout the cycle. This position appears to be
adequate, but no serious effort has yet been made to determine the optimum beam position.

Early measurements of vertical extraction apertures show that a Long 13 the extraction
apertureisvery large, much larger than the beam itself. At Long 3 the apertureis till limited. The
reason for thisis being investigated. It may smply be an aignment error of the septum or of the
upstream Booster magnet. Whatever the cause, it should be possible to adjust the septum to
compensate.

Outside the extraction regions, the Booster acceptance is determined by the apertures of the
combined-function magnets and rf cavities and by their alignment. Misalignment of the magnets or
rf cavities results in areduction of the available aperture. The most serious vertica misalignments
were removed in the last few years by moving some of the magnets and rf cavities. After the new
dogleg magnets are in place in the extraction regions, the quality of the alignment of guide-field
magnets and rf cavitieswill be critical in achieving the (normalized) design values of 271t mm-mrad
in the vertical plane and 62t mm-mrad in the horizontal plane. It is anticipated that it may be
particularly difficult to achieve the large horizontal aperture because of inadequate field quaity in
the gradient magnets and because of the difficulty in eliminating coupling between the horizontal
and vertical betatron motion. Fortunately, a modest improvement in the vertical aperture will be
sufficient to meet the Run 11 goals.

2.4 Damper Reguirements

Achieving intensities of >6x10" protons/bunch will require both transverse and
longitudinal dampers. The transverse dampers used during Run Ib can also be used for Run I
with very little modification, but more significant upgrades will be required for the longitudina
dampers.

The Booster produces beam with a horizontal emittance of <171t mm-mrad and a vertical
emittance of <12rmmm-mrad When the dampers are operating and the Booster is properly tuned,
the emittances of the extracted beam show no effects of horizontal or vertical coherent instabilities
a present intensities. This shows that the dampers currently have enough gain under these
conditions to overcome the instability growth rates. The growth rate is proportional to the beam
intensity and the proposed intensity is 1.2 dB higher than the current operating intensity. Provided
that no new instabilities appear, the existing dampers will suppress coherent instabilities if the gain
isincreased proportionally. There are severa simple options for increasing the gain of the system
by another 1.2 dB; therefore there isno need for any major changes or additions to the transverse
system.

The amplifiers for the longitudina system are aready saturated by longitudinal
instabilities, so the gain cannot be increased as easily as the gain on the transverse system. Also,
the longitudinal system only damps four specific coupled-bunch modes, and it is unclear how
many additional modes would become unstable with the increasein intensity.

A wideband, high-level amplifier and longitudina kicker should be designed and
constructed in order to meet the longitudinal emittance specifications for the Booster. This will
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make it possible to increase the gain of the current system and add other modes to the damper
system if the new intensity requiresit. The power amplifiers being used now are aready saturated
by the common mode signal, and although thereis a strong effort to achieve better common mode
rejection at the front end, it is doubtful that it can be improved to the level needed for the proposed
intensities.

2.5 Booster Extraction to the Main Injector

Booster extraction in the Main Injector era will not be dramaticaly changed. Beam will
continue to be extracted using a kicker/pulsed septum vertical extraction scheme from both areas.
The functionality of the existing extraction regions will be interchanged: Long Straight Section 3
will become the extraction areafor high energy physics, and beam to be dumped will be extracted
at Long Straight Section 13. The dump will be used for studies, for short batch extraction, and for
disposal of beam if an abort condition is detected prior to extraction at Long 3.

The extraction kickers in Long Straight Section 2 were modified for Run Il so that both
extraction areas could be operationaly independent. The modification consisted of adding 1
additional kicker magnet a Long Straight Section 2 and 2 PFN (Pulse Forming Network)
modulators. The modulators became available when the Main Ring was decommissioned. The
Long 2 Kickers are now functionally identical to the Long 12 Kickers.

The present extraction kickers are essentialy the same as those originally commissioned in
the Booster. Their effective rise time is too slow, resulting in a 2% to 5% beam loss on the
extraction septum each pulse. The measured kicker rise time is 50 to 60 nsec, far too slow for a
full Booster ring with 19 nsec bunch spacing. The kicker dc high voltage power supplies will be
replaced with resonant charging supplies of the Main Injector type. This change will alow the
thyratron operating point to be changed so that a rise time of 30 nsec can be achieved. The
resonant supplies should be installed and commissioned in summer 1998.

Further improvements in the rise time can be made by splitting the 20 nsec fill-time kicker
modulesin half to achieve a 10 nsec fill time, reducing the inductance in the thyratron cabinet, and
possibly by using pulse sharpeners. The decision whether to proceed on these improvements will
be made based on early commissioning experience with Run [1.

2.6 Booster L osses

High intensity Booster operation results in beam loss of about 20%. The losses can be
grouped into the following categories

1. Normal injection losses. These losses are probably caused by resonances driven by space
charge forces and possibly by non-linearitiesin the magnet fields.

2. Normal extraction losses. These losses are probably due mostly to the inadequate rise time
of the kicker (see section 11.2.5) but the small aperture in the vicinity of the septum may
also play arole (see sectionll.2.3).

3. Abnormal losses. Theselosses are typically caused by misadjustment of the Booster or the
failure of some component.

During normal operation most of the beam loss occurs at injection with a few percent loss a
extraction. The injection losses will be attacked by trying to increase the 400 MeV aperture by
moving magnets and by possibly improving the compensation of the low order resonances. It is
not clear how much progress can be made without major modifications, but the Run 11 goals do not
require any performance improvement in the Booster at 400 MeV. The extraction losses should be
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reduced by the improved aperture management that will be possible with the new dog leg magnets
and particularly by the faster rise time kicker. In addition, we plan to operate the Booster with a
missing bunch so that the kicker rise time requirement is reduced to about 30 nsec. The
synchronization of the Booster gap with the Main Injector marker will be one of the challenges of
operating the Booster with agap in the beam.

Experiments on Booster losses were in progress when this was written (December 1997).
Early measurements of extraction losses using the “notcher” (to create the gap in the beam) are
encouraging. Long 13 losses at low intensities are nearly zero. At Long 3 the losses are reduced
by over 90% with the beam gap. There are however known timing jitter problems the new Kickers
a Long 2 and, as mentioned above, the extraction aperture still appears to be limited at Long 3.
Nonetheless, losses at Long 3 should ultimately be aslow asthey areat Long 13.

2.7 Booster Shielding

The Booster Shielding is currently inadequate to fully contain the showers from loss of the
8 GeV proton beam, particularly in the vicinity of the Booster Tower Buildings. Fortunately, the
shielding is adequate to contain the injection losses a 400 MeV. However, improvements to the
shielding must be made to allow operation with the Main Injector and to support future projects like
NUMI. A particular concern isthat the extraction losses which formerly occurred on the septum a
Long 13 when extracting to the Main Ring, will appear a Long 3 underneath the West Booster
Towers. The plan to amdliorate the inadequate shielding has not been finalized but is likely to
include the following:

Minimizing normal losses to the extent possible as outlined in section 11.6

Adding sted shielding above the extraction septum at Long 3 inside the Booster Tunnel.
Adding steel shielding above the extraction septum at Long 3 outside the Booster Tunnel.
This shielding requires amajor excavation prior to installation.

Adding more interlocked detectors to protect against accident conditions

Modifying the aperture and/or orbit so that losses tend to occur a locations where the
shielding isthickest (i.e., not under the Booster Towers).

ok whpE

It appears that this combination of measures will be more than adequate for Run 11 (one Booster
pulse every 1.5 sec) and may be adequate for continuous operation of the Booster at 15 Hz.
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3. ANTIPROTON SOURCE PERFORMANCE AND PROJECTIONS*

3.1 Current Performance and Required Improvements

Figure 3.1 showshe general layout of the Antiprotddource. Abrief review of antiproton
production is given here in order to define terms. Apls&e-long pulse train of 82 bunches of 120
GeV/c protons is focused to a small spot size on a nickel target. Antiprotons producedaoyer a
spread of angles and energeesitered about therward direction and 8 GeV areollected and
focused by a lithium lens into the AP2 beam line. At the end of the AP2 beam line, thggcieel
into the Debunchering, wherethe antiprotorbunchesare rotated anddiabaticallydebunched to
form a dc beamThe dc beam is then stochastically cooledain3 dimensions by 2-4 GHz
systems.The beam is thetransferredvia theD/A line to the injection orbit of théccumulator
ring. Inthe Accumulator, eachulse ofbeam isrf-stacked to theentral orbit (the stactail) and
then stochastically stacked in momentum space to the core orbit of the Accumulator. There are 9
separate stochastic cooling systems in the Accumulator: 1-2 GHz stack tail momesntioad, and
horizontal, 2-4 GHzcore horizontal, vertical, and momentum, af@ GHz core horizontal,
vertical, and momentunsystems. (The stacktail horizontal system is currentlysed for
longitudinal cooling.) When a sufficient number of antiprotohasbeen accumulated in the core

(usually 80-2081019), stacking is stopped and the core is cooled to as high a density as possible.

Debuncher
(Bunch Rotation, g
Precooling)

Deb. to Acc.
Transfer Line

Accumulator
(RF Stacking, Cooling)

8 GeV Antiproton
Injection Line

Antiproton
Production
Target

'

8 GeV Antiproton
Extraction Line

120 GeV
Proton Line

Figure 3.1. Antiproton Source Layout
Beam is then extracted from the Accumulator viaARS line andinjected into theMain Ring

for acceleration and injection into the Tevatron. Typicdlj%6 ofthe stack is extracted gix 1.5
eV-sec h=2 bunches. Table 3.1 lists some relevant machine parameters.

* Last revised on August 5, 1998.
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Table 3.1. Debuncher and Accumulator parameters

Accumulator Debuncher
Central Momentum (MeV/c) 8815. 8883.
Revolution Frequency (MHz) .628820 .590035
Circumference (meters) 474.4 505.2
Frequency slip factay -.023 -.006
Momentum Aperture 2% 4%
Transverse Aperturegmm-mrad) 7-12 24 - 28
Maximum Dispersion (meters) 10.0 2.1
Maximum 3 function (meters) 33. 20.
Stochastic Cooling Bands (GHz)| 1-2, 2-4, 4-8 2-4

3.1.1 Antiproton Source Performance

During ColliderRun 1bthe AntiprotonSource hasdeen able to stack as much asx1@0

antiprotons per hour amall stacksizes (<581019) with 3.2x10'2 protons/pulséncident on the
production target ever.4 secondsThefirst column of Table 3.2 showsbeam intensities and
efficiencies atvarious stages dhe antiproton collection and coolipgocess for Run 1b. Ithis
table transverse emittances are the 95% real (unnormalized) emittances.

At large stacksizes,the stacking ratelrops due to adverse effects of the stdakk cooling
system in the Accumulator. Specifically, as the stack govevsthe core coolingystemscannot
overcome the transverse and longitudinal heating due to thetatatlomentumsystem.Beam is
then lost longitudinallyby rf phasedisplacement of the sta¢éil beamback towardhe injection
orbit) and transversely. Thisffect is shown in Figure3.2. The stacking rateloes not drop
noticeably until the core exceeds aboukB0L0. In practice, the stackingate is optimized by
decreasing the pulse repetition rate as the stackgcoves. During ColliderRun 11, the maximum
stack size is expected to be 100340

In preparation for extracting antiprotons, stacking is stopped ar&tthenulator core beam is
stochastically cooled iall 3 dimensions as much gmssible. Figure 3.&nd Figure3.4 show
transverseemittanceand oy, as a function of stack size just prior to antiproton extrac#diné
Accumulator core coolingsystemsare used in thisprocess. For &tack size of 181010
antiprotons, extrapolated emittances arer@40.61 mm-mrad (4tto 61 normalized) anar, = 2

to 3 MeV. Thetransverseemittance is wellwvithin the 10t mm-mrad (normalized) and more than
95% lies within the 10 eV-sec specifiédr transfers tdhe Recycler.However, the current core
cooling systems performance will be degraded by a factor of about 2heithccumulatofattice
change (the mixing factor iworse by afactor of 2)Furthermore, it should baoted that the
emittances quoted are asymptotic emittances obtained an hour or more after stacking has ceased.
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Table 3.2. Current and expected Antiproton Source performance under a variety of upgrades

Run 1l Runll [+ cooling + cooling, | + cooling, | + cooling,
no beam sweep beam sweep,beam sweep,
upgrades Lilens Lilens
upgrade upgrade,
25 aperture
upgrade upgrade 1  upgrade p| upgrade|3 upgrade 4
designation
protons/pulse op 3.2 5.0 5.0 5.0 5.0 5.0
target (18-2)
cycle time (sec) 2.4 1.5 1.5 1.5 1.5 1.5
yield into Deb. 21.0 17.8 17.8 21.0 22.5 28.1
(p /1C° proton)
B _ 6.7 8.9 8.9 10.5 11.2 14.0
p /pulse into
Deb. (10)
B _ 10.1 21.4 21.4 25.2 27.7 33.7
p /hour into Dely
(1019
initial Deb. emit.[ 20.0 20.0 20.0 20.0 20.0 25.0
(Temm-mrad)
final Deb. emit. | 4.1 6.9 - - - -
(Temm-mrad)
Deb. to Acc. .80 .60 1.00 1.00 1.00 1.0
transfer effic.
B _ 5.4 5.3 8.9 10.5 11.2 14.0
p /pulse into
Acc. (10))
B . 8.1 12.8 21.4 25.2 27.7 33.7
p /hour into Acc
(1019
Accumulator .90 .90 .90 .90 .90 .90
stacktail+rf eff.
B 7.2 115 19.3 22.7 25.0 30.3
p /hour stacked
(1019
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Figure 3.2. Antiproton stacking rate vs. stack size. The data are from April 1995.
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3.1.2 Antiproton Source Limitations and Required Improvements

For Run Il it isrequired to stack 2A.01%hour up tostack sizes of 1001010, At the end of

each stacking period (1 tohburs)the emittancemust be lesshan 10rmm-mrad (normalized),
and the amount of beam stacked must be contained in a 10 eV-sec longihdsekpace (about
6 MeV full width). The time allotted for the extractipnocess 5% othe stackingime (about 5 to
10 min) so as not to compromise the average stackitegy The major impediments to meeting
these requirements are the following:

1) Targetandlithium lenssurvivability: In order tomaintain a smalkpot size on thetarget,
which is necessary for keeping the antiproton yietth, abeamsweeping systemwill need to be
built. Thiswill increase the yield by approximateh8% overthe no-beam-sweeping cas€his
increase is reflected as the second upgrade of Table 3.2. If the lithiucafebs operated reliably
at a gradient 0900 T/m,the yield will increase anothér7%. This is reflected as upgrade 3 of
Table 3.2. These issues are discussed in detail in Section 3.2.

2) Debuncherstochasticcooling: The currentsystem isgain-limited because the stochastic
cooling kickers cannot handle the requineodwer andthe thermalnoise power is large. The
Debuncher-to-Accumulator transfer efficiensyffers as a resulgnd theAccumulator stackail
efficiency also suffers. In addition, the reduced cycle time in Run Il will necessitatedastiag.
The proposed upgradesre discussed inSection 3.3. Table 3.2 indicates that the Debuncher
cooling upgrade coupled with otheupgrades, should beapable of effectively cooling close to

30x1019%hour.

3) Accumulatorstacktail stochasticcooling: Simulationsshow that the current Accumulator
cooling systemswill stack 12x10*Ohour atsmall stacksizes. Anexperiment orproton stacking
achieved at rate of 12x3@hour! The flux of 8 GeV protons frorthe targetvas approximately 3
times theflux of antiprotons. By doublinghe bandwidth ofthe stacktail cooling systems to 2-4
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GHz and halvingn to -.012, wewill increase the stacking rate of the Accumulator to more than
20x139%hour. These issues are discussed in detail in Section 3.3.3.7.

4) Accumulatorcore cooling: The core coolingystemsare marginal, particularlyfor frequent
transfers tathe Recycler. We plan to improvthe performance of thd-8 GHz core cooling
systemsutilizing R&D work that hasbeen performed in thpast fewyears. Theseissues are
discussed in detail in Section 3.5.

Table 3.2 lists expected antiprotosource performance followintihe various improvements
discussedabovefor Run Il. Note that in the absence @y upgradesthe estimated maximum
stacking rate is about 11.5x¥hour.

3.2 Target Station Upgrades

The target station will bapgraded to handlthe increased bearffiux delivered bythe Main
Injector. Described below in summaaye thestatus of two new systenflseamsweeping system
and protoriens), upgrades tthe target SEM and the collectibens, and beam dump/radiation
shielding issues.

Figure 3.5 shows a layout of the future upgratdedetstation.The AP1beam linetransports
and focuses the 120-GeV protons from the Main Ring onto the target. Antiprotons produced in the
target are collected by a lithium lens and deflected by the pulsed magnet into theak®fne for
injection into the Debuncher. The upstreaweepmagnets will be installed at the end of the AP1
beam line near the focal point of theoton lens.The downstream sweemagnet will be located
between the collection lens and the pulsed magnet, near the focal point of the collection lens.

120 GeV Proton Beam

Pulsed
Magnet
— - Li Li H
_ | | Lens Lens | | f

Upstream Target Downstream
sweep magnets sweep magnet

8 GeV
Antiprotons

Figure 3.5. Components in the target vaulth@fupgradedargetstation. The pre-target SEM and
the beam dump are not shown.

3.2.1 Beam Sweeping System.

The efficiency of collecting antiprotons from the target rises as the size pifotioe beamspot
on the target is reduced. Howeveltla# samdime thepeak energy deposition on targestes. To
bring the density of energy deposition withi®@ A& mm (rms) spasize down tocurrently existing
levels, a system toapidly sweepthe beamspot onthe target isplanned: The calculated
dependence of yield on spsize is plotted irFigure 3.6 for aircular beanspot. Also shown in
this figure are MARS10 calculations of energy deposition ¥405 protons pepulse® Estimates
of the peak density of energy deposition per pulse achieved to date are about 800 J/g. This is above
the melting point otopper (about 600/g), and close to thenelting point of nickelabout 1000
J/g). Local disintegration of mickel targethasbeenobserved whetthe target rotation mechanism
failed. Less severdamagewas observed with a slowly-rotating tar§dnh order to holdpeak
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energy deposition below damagilgyels,the spotsizewasincreased t®.2 mm after theLinac
upgradeand undeMain Injector conditions (81012 protons in a 1.6us pulse),the spot size
would have to be increased to at least 0.30 mm. The alternative is to sweep the isatarget.
Reducing the spot size to the smallest attainable size (0.10-0.15 mm) leads to ait&2886 in
yield.

The beamsweeping system currently unddevelopment traces @.33-mm-radiuscircular
pattern on the target over the Ju§proton beam puls&@he magnets have zphase 4-conductor
stator excited bytwo power suppliedhat deliver625 kHz sinusoidalcurrent waveforms in
guadrature to generate a 625-kHz rotating dipole field. Three identical magnetswgi#dheApair
of upstream magnetglaced at thedownstream end othe AP1 beamline where the toroid
M:TOR109 now resideswill sweepthe 120-GeVproton beam. A single downstreamagnet
placed in a double module between the colledéms andthe pulsedmagnet will redirect the 8
GeV antiprotons exitinghe collectionlens parallel to theAP2 beamline. Thesweeping radius is
much smaller than the 2 cm diameter of the lithium collection lens and the aperture of theafriP2
line. Each magnet is 56 cm long. The deflecting field is 900 G. An air gap is used since the beam is
already transported through air from upstream of the target to downstreanpafsib@ magnet. A
water-cooled molypermallopressed-powdemagnetic coresurroundingthe currentconductors
provides a return path fdne magnetidield. Approximately 6 kA will be required in th&inding
to provide the deflectinfield, andthe inductive voltagelrop will be about 5 kV (peak voltage to
ground 2.5 kV). lonization of the air by the particle shower downstreatmeagrget will increase
the conductivity of the air between the condugiiates.Electrical losses throughhe ionized-air
pathacrossthe gap reduce the Q of tleecuit driving the magnet.Estimates based oGASIM
calculations predict that the current drain will leesthan 100 A, anacceptableamount.These
estimates have been confirmed by measurements of leakage current between two cqhahkertors
parallel to the beam path with a voltage drop of up to 16 kV.

Six power supplies will be required, 4 for the upstream magnet pair, andH flwwnstream
magnet.The prototypgpower supply is based on a 2-stagegneticpulse compression circuit.
Pulse compression is used becaihgerequirements ontayratron-based power supply driving a
linear circuit aresevere andreliable operatiorunder these conditions is questionaldlee solid-
state power supply is driven by a single thyristor, and pulse compression is provilfdgias®
cores.
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Figure 3.6. Scaling of yield (curve) and peak energy deposition (poirtts target as a function
of beam spot size.

3.2.2 Lithium Lens for Proton Beam

A lithium lens has been built to focus th20 GeV protonbeam on the target tospotsize of
0.1 mm? Improved focusing increases antiprotgield and compensate®r possible future
emittance dilution of the proton beam in the Main Injector. Depending on details of therétbi
beam-line tune, we expect that the praiems, combined withthe sweeping systemyill improve
performance with a ISmm-mrad (or larger) normalizegmittancebeam.The projected beam size

of the Main Injector proton beam for stacking is about 2n-mrad. Thdens, with a diameter of

6 mm and length o8 cm, isexpected to operate at a gradien2667 T/m and a current of 120
kA. Thelens is similar indesign tothe collectionlens. Itsmain disadvantage is thatabsorbs

7.5% of the incident proton beam.

3.2.3 Pre-Target SEM

This SEM, located directly upstream of tharget, measurethe width and position of the
incident proton beamThe titaniumwires of the SEM breakvith lessthan 3 months obeam
exposure at 21012 protons per cycle. Thus a newodule which permitshe SEMwires to be
removed fromthe beamduring operatiorhas beenconstructedWhen the SEM is placed into
position inthe path of the bearfor measurementshe proton intensity will betemporarily
reduced. The new SEM grid has a wire-to-wire spacing@.b25 mmand will resolve @.1 mm
beam spot. The SEM is crucial for the commissioning of the proton lens for Run II.

3.2.4 Lithium Collection Lens

The collection lerfsfocuses the antiprotons produced at the tafides. current-carryingdjthium
portion has aliameter of2 cm and a length ofl5 cm. The lithium is encased in a cylindrical
water-cooled titanium alloy (type Ti-6Al-4\Pressure vesseFkermilab lithiumlenses ofrecent
design havesurvived 8million pulses at a lengradient of abou740 T/m. Increasing thefield
gradient of the lens increases the yield. But even a small increase in repagdgeirthe titanium
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pressure vessel leads to a much shorter fatigue life of the metalofgénagion at even 5% greater
field gradienthas not proven possible beyond Inllion pulses.Several improvements in the
design of the lens are expected to further impreliability and fieldstrength.Our goal is reliable
operation aB00 T/m although we expect to operate dower gradient if we cannaichieve 900
T/m with the reliability of 10 million pulses. Atthe moment, we do noknow how much
improvement can be made with the modifications that have roade.Measurements of yield vs.
gradient (Figure 3.7) show that 900m will give an 18% increase in yield compared @0 T/m
with the existing AP2 beam-line at a fixathe. Improvements to the APBeam line aperture may
raise the antiproton yield at lower gradients while lessening the impact of gradient on yield.
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Figure 3.7. Measured yield vs. lithium lens gradient

A number of improvements to thenechanical design have beerdeveloped. These
improvements include thicker endcédps the cooling jacket, atrongerberyllium window, and
improved handling angblacement ofwelds during construction ahe cooling jacket. These
improvements have been incorporated into the ldéses,but have not yet been operated
extensively in the target vault. They are expected to enhance lens reliability.

During the filling process, lithium is pumped under pressure into the evaditatadn vessel.

The preloadserves to insur¢hat the lithium cylinder maintaings shape at mid-pulse, when
significant magnetic pincforcesarepresent. Lowepreload leads to lower operatistresses; a

small stress decrease on the titanium cooling jacket should result in a great increase in the life of the
lens for a given field gradient. A receamalysis using ANSYSshowsthat it ispossible to lower

the preloadpressure irthe lithium by at least5%. The originallens design preload ensurttt

the lithium would maintain its shape on the first pulse when the lithium is &.28¢ steady state,

the lens is at 65C and the additionahermalstress orthe titanium is approximately the same as

the stress due to preload. Thus, at steady state almost no preload is needed. If one could reduce the
lithium preloadfrom 2300 psi to 50@si, then thelens would beable to operate @000 T/m

3.9



without deformation of théithium cylinder. Lenses with preload dsw as 1500 pshave been
built for Run II.

Gaseous products fromhe 6Li(n,a)3H reaction betweefLi in natural lithium and thermal
neutrons are expected to build up over time, possibly affecting the operationl@figh&welling
of the lens is expected, due to the pressutbeotontainedjas, potentially limiting the lifetime of
the lens under an intense beam environment. To avoid this problem, we have idestiiedeaof
99% isotopically pure’Li. Collectionlenses forMain Injector operation will be builtising this
material.

3.2.5 Single-Turn Pulsed Magnet
The single-turn pulsedanagnethas survivednore than 25 milliorpulses at protorntensities

between 1.5 and 328102 protons pepulse. It isexpected that nohanges will be required for
Main Injector operation.

3.2.6 Beam Dump

The Antiproton Source beam dump now absorbs 25 kW of beam power. A capaaiykuy
is neededor Main Injector conditions.Since we areonly using half of the available cooling
channels, we can easily doultfe cooling capacity of thexistingsystem. Weplan touseall the
channels for Run Il. We can also incre#iseflow ratethroughthe channels, but it should not be
necessary.

3.2.7 Radiation Safety Issues

Since 1990, both the target vault shielding and the target air system have been upgraded. Under
Main Injector conditions, the radiation level on tlo®f of the APO service building is expected to
be less than 50 mR/hr. Posting a High Radiation Area sigheofencearoundthe ladder leading
to theroof of the APO service building will be sufficiefdir Run 1l. Noother shielding changes
will be needed in or around the APO service building.

The existing airsystem keepshe portion of APOthat can be occupied byersonnel at a
positive pressure withespect to theutside,the vault andooth adjoiningbeamlines. A HEPA
filter in the AP1lbeamlineremoves dust fronthe air(some ofvhich is radioactive)The flow is
controlled insuch a waythat airborne radionuclides havievo hours todecay in the tunnel
enclosure before exiting. This deemed to be sufficierfor all radionuclides which could arise
from proton-nickel interactions.

The 1991 Antiproton SourceRadiation Shielding Assessment document presdintis the
number of protons on target to 5.4E15 protons per hour. This i2dtyprotonger pulse for a
1.5 secondluty cycle. This document must be updatedeftect the Maininjector goal of 5E12
protons per pulse at a 1.5 second repetition rate.

3.2.8 Injection Line Transverse Aperture Increase

Using reversgrotons,the transverse aperture ¢iie Debuncher antiproton injectidine
(AP2) hasbeen recently measured to be about 220 mm-mradfor particles centered in the
momentum aperturedf/p=0). The aperture limitation is in thgownstream end dhe beanline,
which involves a vertical bendownward by alipole magnet, aerticalbend upward byhe off-

center traversal of a large Debunchaadrupole, followed byertical kicks by a septunmagnet
and fast kicker magneDetailed examination of the beapipe in thisarea verifiesthat the

maximum attainable transverse aperture is abaux2®0rt mm-mrad. Wehave started a program
to increase the AP2 aperture to nominallyr4G10t mm-mrad, withthe eventual goal of attaining
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a real aperture of 32x 32t mm-mradfor particles atdp/p=0. The transverse aperture of the
Debuncher itself has physical apertures which are typicaltyx480t mm-mrad orarger, but the

Debuncher acceptance is measured to be abouwt 281 mm-mrad adp/p=0.

The following upgrades are underway or being planned for the downstream end of AP2:

1. Minor beam pipe modifications neB®dQ4 toincrease the vertical apertui@ injected
beam to 46

2. Addition of a motorized stand to the Debuncher quadrupdi@8 toallow independent
horizontal and vertical position and angle control of the closed orbit in the vicinity of the
injection region;

3. Design of anew injection septummagnet,similar to the originabne, but with a 10%
larger horizontal aperture;

4. Modification to the Debuncher largguad used to benthe injected beanmipward to
allow for a 10% larger horizontal aperture beam pipe.

Upgrades 1 and above will increase thdownstream APZXertical aperture to 40 mm-mrad,
while upgrades 3 and 4 will increase the horizontal aperturerto®mrad. The upstream end of

AP2 is nominally 4@ x 40t mm-mrad, bubeamstudies will be required to understaotimum
beamsteering. In additionheamstudies will be required to understating current limitations in
the Debunchetransverse aperture tifie full 32t mm-mrad aperture is to be realiz8ble 3.3
shows projected antiproton yield increases under various upgrade scenaritabl&hgbased on
Monte Carlo calculations and assumes a proton beam size of .15 mm RMS on the préatgetion
and a beam line tuned to optimize yield into the Debuncher.

Table 3.3. Antiproton yield into the Debuncher as a function of lithikems gradient and
downstream transverse apertuiso listed are the betunction at thedownstream lensocus,

targetthickness, andarget-to-lens distance whiatptimize yield into theDebuncher.Yields are

normalized to Run | operating conditions.

yield (/10 protong B at ds lens | target thickness target center to

on target) focus (m) (cm) lens face (cm)
201, 740 T/m 21.0 4.5 6.5 21.2
251, 740 T/m 25.6 4.3 6.5 21.2
32, 740 T/m 30.0 3.9 6.5 21.2
201, 900 T/m 22.5 4.3 6.0 17.0
2511, 900 T/m 28.1 3.9 6.0 17.0
321, 900 T/m 34.1 3.7 6.0 17.0

3.3 Debuncher Stochastic Cooling

3.3.1 Performance of the existing 2-4 GHz system

Each pulse of beam is cooled in all 3 dimensions in the Debuncher theiegtire production
cycle. There arel28 LN, cooled pickup pairs anili28 kicker pairsfor eachtransversesystem.
Momentum cooling is done by the "filter method" using skken mode signals fronthe transverse
electrodes, and notch filteese additionallyused inthe transverse systems toinimize thermal
noise powerAll 3 systems nowoperate in th&-4 GHzfrequencyrange® After bunch rotation,
the momentum width (95% full width) is cooled frdh80% to 0.17%The transverseemittances

are cooledfrom 16-17 1 mm-mrad to3-4 m mm-mrad (unnormalize®5% emittances). The
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momentum width is inferred from the frequency widthtteé longitudinalSchottky spectrum. The
transverse emittance at the beginning of the cycle is determined by measuring yield as a function of
transverse scraper position, ahe transverseemittance at thend of thecycle is determined by
measuring the beam transverse dimensions with SEM's DVghéne. In addition,the transverse
emittancemeasurements are corroborated by measurements tirinthevolution of thepower in

the transverse Schottky bands during the cooling cycle (Figure 3.8).
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Figure 3.8. Power in a vertical Schottky band as a functiamefduring the coolingcycle. This
power (minus noise power) is proportional to transverse emittance.

The transverse emittance cooling rate is givef by

“_‘_“Fo%gﬂ]‘7bﬁﬂ(Ml+W)

3.1
‘ED dt [3-1]

[ |

where for simplicity we have neglected imaginary parts due to rthaithg", non-optimum pickup
to kicker betatron phassdvance, and microwave signal processiagdware.The summation is
over Schottky bands artle quantities within the summation are averaoesr beam frequencies
in each Schottky band. In the above equation:

g = % E—IEZL‘:E [Z,, [, (K is the gain functior;
M, = ;Ap is the average mixing factor for a Gaussian beam distribution;
|~/ T P
-iKN w)¥(w)dw
T = 1 is the shielding factor, wher&(w) = — 9 (@)w) and
1-Sw) 2 0=

T - % at the center of a Gaussian beam;
1+ ]

N2
U, = (thermal noise power density)/(average Schottky power density).
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where F is the revolutiorfrequency 3., andp, are the betéunctions atthe pickup andicker,

and Z,, is the pickup(and kicker) impedanceM, is determined by measuring the longitudinal
Schottky width duringhe coolingcycle, T, is determined by measuring the sigeappression
effect, g can be determined frorvl, and T, andU, can be directly measured by comparing the
Schottky spectrum with and without beaiffhese quantities can then be inserted into the basic
cooling equatiorabove,and thetime evolution of the emittances calculatadd compared to the
measured emittance cooling rate. The result is shown in Figure 3.9.

measured emi

----- calc. emit

emittance (pi-mm-mrad)
H
o

ol

05 1 15 2 25 3
time (sec)

Figure3.9. Comparison othe calculatecand measured evolution of transveeseittanceunder
Run 1b conditions. The observed cooling rate is slightly faster than the calculated rate.

o
o

At mid-band M, is 6 at the beginning of the cycle, increasing to 11 at the end of/¢lee U, is 10
at the beginning of the cycle, increasing to 40 at the end of the cycle. Optimum gain at the center of
the beam distribution is given by

g —_ 1
! peak,l l |
|

2 . 13.2]

The system operates substantially betbes optimumgain. In additionthe maximum cooling
rate is limited by the thermal powdd,). We are prevented from increasithg gain by thepower
limitation of the kickertanks -- these tankare limited toabout1200 W per system bihe power
handling capability of the terminatingesistors, solder jointsyacuum feedthroughs, and
microwave hybrids. (At 1200W 95% of the power at the kickers is thermal power.)

3.3.2 Overview of the new 4-8 GHz cooling systems

During Run Il the cycle time will be 2.4/1.5 = 1.6 times fasé®d the intensity pgsulsewill
be about 5.0/3.2 = 1.6 times greater than in Run 1lhimpovement in the Debuncher cooling is
required to meet the demands of Run Il. It is possible to meet these demands with improvements to
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the 2-4 GHz system. However, we have chosendease théandwidth to 4-8 GHz sthat we
will be able to accommodate antiproton fluxes beyond thoseipated in the initiastages of Run
1.

The most critical task is to develdp8 GHzpickup and kicker electrode$he 4-8 GHzband
will be spanned by &arrow band pickups and 4 narrow bdackers. The pickups and kickers
arebased on a new desigrthatwastested® in 1997. This narrow-band approach smilar in
concept to the one used at CERN.

The pickups will be cooled téessthan 10 °K by replacing the LN cryogeni(80 °K) with
liquid helium. The pickup signals will be amplified by commercial cryogenically cooled amplifiers.
The 8 pickupbandsthen be combined pair-wise intbe 4 kickerbands andhe signal will be
transmittedacrossthe ring usingcoaxial cable. It is unnecessary to ugptical techniquegsee
section 3.4.4.4) because of the low bandwidths involved.

The four kicker bandswill be implementedwith 16 TWT'’s driving 16 kicker electrodes,
namely 4 TWT/kicker pairs per band. The rated powahetystem is 1600 W. Aritical feature
of the kicker design is the ability of the structure to dissip@@ W at high vacuum. Achematic
of the system is shown in Figure 3.10.

P 1/22/98

Debunc her Cooling Upgrade Layout

Beam Direction

Upstream | Downstream
504 503 601 601 103 104 105 106
w05 2A&2BH x0t 2A& 2BV wes 1A & 1BV ue: 1A&IBH v | os 4A&4BH oer JA&ABV e
J\ J\ J\ \
hYe \Nr

L2Qs

aaeflan] v vegs [anl]wullanle vz < fre P 30
35 |
204 202 201

_w2H 2V / v 1H |
BAND DESIGNATION TUNNELTLOCATION

Notes: 12 total cooling systems. Eight narrow bandson pickup end. Two bands combined
to make four trunks for each of the Horizontal, Vertical and Longitudinal cooling. The Kickers
utilize wider bands consisting of the addition of two pickup bands. The signals are summed
axternally after the cryo amplifier. The momentum signal is combined from one H and one V
system in each band. Bands are located in the lattice so as to take advantage of beam size.

3and Designation Frequency GHz Span GHz
1A -4.64 0.75

3.89-4
1B 4.47-5.21 0.74
1 3.89-5.21 1.32
2A 5.01-5.72 0.71
2B 5.57-6.24 0.67
2 5.01-6.24 1.23
3A 6.10-6.73 0.63
3B 6.60-7.20 0.60
3 6.10-7.20 1.10
4A 7.05-7.64 0.59
4B 7.46-8.11 0.65

4 7.05-8.11 1.06

Figure 3.10. Layout of the4-8 GHz Debuncher coolinggystems.Momentum, horizontal, and
vertical cooling systems are shown.

3.3.3 Simulations

3.3.3.1 Assumptions

The basic beam parameters at®wn inTable 3.4. The beam size iassumed to be 26
mm-mrad (consistent with current estimates) although we hope to havewr8émrad beams in
Run Il. The pickup apertures are assumed to ber-mrad—rather largéor a 25t mm-mrad

3.14



beam. The momentum changes as momentum cooling procHegl€alculations ardone with a
fixed momentum spread corresponding roughly to that obtained at the end of momentum cooling.

Table 3.4. Beam Parameters

Energy spread (full) 18 MeV
Beam Energy 8938 MeV

Initial Beam Emittance 25 Tmm-mrad
Accumulator Acceptance 5 Ttmm-mrad
n=1y; -1y’ 0.006

Number of particles (Run Il) 1x10°

Number of particles (TeV33) 4x10°

We plan touse anentirely new 4-8 GHz system using elatively narrow bands. This
approach was used at the CERN AC. The parameters of the proposed 4k®fEdntal system
are shown in Table 3.5. The Vertical systendentical except thpickup and kicker impedances
are slightly different because of small differences inl#tice functions. The impedances were
calculated by DavécGinnis™ and are consistentith the recently measureskensitivity:® The
simulations include a more conservative 3 I0Bs atthe pickup andkicker, notthe 1 dBloss
specified in Table 3.5.

Table 3.5. 4-8 GHz Horizontal system parameters

PU/Kicker Impedance (peak) 3620 Q
PU’s/Kickers per band 8

Number of Bands 4

Combiner Loss 1 dB
Splitter Loss 1 dB
Amplifier Noise Temperature 25 K

Resistor Temperature 10 K
PU/Kicker Aperture 40 TTmm-mrad
Gain (typical) 147 dB

Power 400 W/band

3.3.3.2 System Gain
The definition of the system gaih per Schottky band is

2
LAREPFOS [3.3]
dt

whereA is the betatron amplitude an@ & the cooling rate for a particular Schottky band. A plot
of system gain versus frequency is shown in Figure 3.11. The variations in gain are large and are
entirely due to the variations in pickup and kicker sensitivity.
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Figure3.11. Cooling system gain.The gainresponse iglominated by the pickup and kicker
response.

3.3.3.3 Mixing Factor

The mixing factorfor the 4-8 GHz system is shown in Figu®12. The mixing factor
depends only on the lattice parameters and the frequency.

10\\\\‘\\\\

. \ ]

Mixing Factor

o Lol i e
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Frequency (GHz)

Figure 3.12. Mixing Factor.
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3.3.3.4 Signal to Noise Ratio

The signal to noise ratio is shown in Figure 3.13. The large variations come from variations in
the pickupsensitivity. It hasbeen assumethat sharp transversdilters are to filter unwanted
broad-band noise outside the pickup bandwidth.

2.57””
5] 2r p
2 0_5/ \/ v \//\\/\\//\\/\

4 4.5 5 5.5 6 6.5 7 7.5 8
Frequency (GHz)

Figure 3.13. Signal to noise ratio.

3.3.3.5 Signal Suppression

Signal suppression is a measure of the strength of the feedbhaeksignalsuppressiorfactor
is (1-GF), and is equal to 2 at the optimum gain. The faG#®is plotted in Figure 3.14 fdhe 4-
8 GHz Horizontal system.
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Figure 3.14. Signal suppression factor.

3.3.3.6 Performance in Run Il

The performance predicted Run Il underthe previously statecassumptions is shown in
Figure 3.15, which shows the horizontal emittance versus time. Similarly, Bid@eshows the
vertical emittancevrersus time. The system bandwidths and sensitivitiase not finalized, but at
this pointthe vertical coolingsystem performsoticeablybetter.. The nominal cycldime is 1.5
sec. Thefour-band 4-8 GHz system outperforrie 2-4 GHz system. The 2-4 GHz system
performs somewhere between 2 and 3 bands of the 4-8 GHz system.
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Figure 3.15. The horizontal emittance versus time for the various scenarios.
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Figure 3.16. The vertical emittance versus time for the various scenarios.

The transfer efficiency is computed as the fraction of blesmsthan 5t mm-mrad horizontally

times the fraction of beatessthan 5t mm-mrad vertically. The combination of thiatafrom

Figure 3.15and Figure3.16 (assuminghe 2-4 GHz cooling to be the same in each plane) is
shown in Figure 3.17.
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Figure 3.17. Transfer efficiency as a function of time for the various scenarios.

3.3.3.7 Performance with TeV33 parameters

We have also examindte system performance at higher intengifgV33 parameters). The
results are shown in Figure 3.88d Figure3.19. The transfer efficienciesre obtainedrom the
square othe fraction of the beamwith a horizontalemittanceessthan 5t mm-mrad. Since the
cooling is less effective in the horizonfahne,the transfer efficiency is probably underestimated.
The 2-4 GHz system performance is limited primarily because of its lower bandwidghlarger
particle losses incurred with this system ahdwn in Figure 3.2@re indicative of the need for
more bandwidth.
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Figure 3.18. Horizontal emittance versus time for Tev33 intensities.
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Figure 3.19. Transfer efficiencyversus cooling time for TeV33 intensities. The transfer
efficiencies are obtained from the square of the fraction of the beam with a horeroittahceless

than 5t mm-mrad.
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Figure 3.20. Fraction of beam retained as a function of cooling tirhe. limitedbandwidth and
relatively high gain of th€-4 GHz systemesult in significanparticlelosses athe beginning of
the cycle.

3.4 Stack-Tail System Upgrade

3.4.1 Overview

The beam parameters in the Accumulator will change irfioll@ving ways fromCollider Run
Ib to Run Il
1) The antiprotorflux will increase from2.0x10 (peak) t05.6x10 (average) pesecond.These
fluxes correspond to 7.2 mA/hour (peak) and 20 mA/hour (average) respectively;
2) Beam transfers from the Accumulator to the Recycler will take place every 1 to 4 hours.
3) The maximum antiproton stack size will be reduced from 230x&0.00x1a9,

The current stackail cooling system inthe Accumulator is inadequate to copdth the
increased flux. It is proposed itacrease thdandwidth ofthe stackail cooling system from 1-2
GHz to 2-4 GHz and to decreasgéy a factor of two from.023 to -.012.The bandwidth change

will supply the necessary cooling force to handhe increasedlux. The n change will avoid
Schottky band overlap, which causes excestigam heating, andwill allow the use of
conventional notch filterfor gain shaping. Ingeneralaspectsthe system will besimilar to the
current system.

The maximum attainablfux in a "perfect” stacking system having a bandwidth of a single
octave is given by

2
_LAWEN]
pF,

where W is the bandwidth, 1/E, is theslope ofthe exponential gaiprofile, p is the beam
momentum, andF, is the revolutionfrequency. Thisequation neglects thermaloise, signal
suppression, phase variations across the Schottky band, and the effestedid beamnjection,
but indicates that doubling theandwidth and halving will double themaximum attainabl@ux.
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E, is 10 MeV, so that we have for the current stack tail sygien= 21x10%hour. Inaddition to

the factors mentionedbove,other effects that wilfurther reduce the stackingte are intrabeam
scattering, intermodulation distortion IRWT's, realistic gain andohase variationscross the
microwave band, and cross-talk from transverse cooling systems. We have attempted to include all
of these effectgalbeit crudely insome cases) shat the current performance of the Accumulator
cooling systems is well predicted by the stochastic cooling simulation.
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3.4.2 Lattice Modifications
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Q2 -QT 0.9900 264.2 261.6

Q3 QT 0.9009 264.2 238.0[ 23.6
Q4 QF 0.9865 231.6 228.5

Q5 QD 0.9908 234.3 232.0

Q6 QF 1.1043 231.6 255.8

Q7 QD 0.9908 234.3 232.0

Q8 QF 0.9816 231.6 227.3 1.2
Q9 QD 0.9908 234.3 232.0

Q10 A5724*L.Q 0.9900 1294.3 1281.4 32.6
Q11 LQ 0.9900 1294.3 1281.4 32.6
Q12 -LQ 1.0152 1294.3 1314.G

Q13 -LQ 1.0152 1294.3 1314.(

Q14 LQ 1.0890 1294.3 1314.(

Note that column 3 above includes the quad bus changes below.

QT 10.3809T/m .9900 264.3 261.6

QF 9.66333T/m .9816 231.6 228.5 3.5
QD 9.74126T/m .9908 234.3 232.0

LQ 8.93989T/m .9900 1294.3 1314.0

Since the current in Q6 will be significantly different frahat of the other smatjuadrupoles,
a separatpower supplywill be requiredfor these 6quadrupolesTable3.7 showscritical lattice
parametergor the currentattice and they; upgrade.The tunesremain at6.609 (horizontal) and
8.607 (vertical), andthe phase advance from pickup to kickertire core and stactail betatron
systems remains closem®. The natural chromaticities in each plagg £ -11.2and¢&y = -13.0)
are correctable by decreasing the current in one afektipoles ireachsector.The dispersion is
similar to that of the present Accumulateith a slightly more negativdispersion inmon-critical
parts ofthering to accomplistthe change iry;. The betafunctions and dispersion function are

shown in Figure 3.21 through Figure 3.23. The physical aperture and beam envelope functions are
shown in Figure 3.24 through Figure 3.26.

Table 3.7. Lattice parameters for TEV | design gnggrade

Lattice Parameter TeV | Design Yt Upgrade
Maximum By (m) 33.23 71.15
Minimum By (m) 30.87 31.49
Bx @ high B (m) 7.58 2.60
By @ high Dx (m) 7.51 6.76
Bx @ low Dx (m) 7.56 10.03
By @ low Dx (m) 7.27 4.97
Vi 5.41 6.58
n -.023 -.0119
AQPU-K Core H 9.16r2 9.0872
A@PPU-K Core V 11.00v2 10.82v2
A@PPU-K Stack tail H 8.89r/2 8.9512
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Figure 3.21. Horizontal beta function in one sector (1/6th) of Accumulator.
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Figure 3.22. Vertical beta function in one sector (1/6th) of Accumulator.
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Figure 3.24. Horizontal aperture anbeam envelope on the central orbitone sector (1/6th) of
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Figure 3.25. Horizontal aperture and beam envelopth@®xtraction orbitAp/p = .0086) in one
sector (1/6th) of Accumulator; the formula used for the beam envelope is
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The phase advances fromjection septum to kicker anfilom extraction kicker tcextraction
Lambertson magnet remairrv2. The horizontal betdunctions atthe injection and extraction
kickers will be slightly higher than they an®w, sothat thepresent kickers will be adequate in
strength.Table 3.8 lists the latticeparameters at the injection septum and extraction Lambertson
magnetsfor beam on the injection or extractiaorbit. Small adjustments to thbeam line
guadrupoles can be made so that the beam lines are matchedhéovthecumulator lattice at least
as well as they are now.

Table 3.8. Lattice parameters at the injection septum and extraction Lambertson magnets.
Quantity Bu(m) By(m)  a ay  Ddm) DX g2m

Septa and Lambertson| 15.77 7.58 0.55 0.02 0.3¢ 0.10 0.21L
(r=5.42)
Injection/Extraction 11.44 | 13.46 1.01
Kickers {;=5.42)
Septa and Lambertson| 20.46 7.22 0.21 0.24 0.41 0.07 0.2p
(Y:=6.58)
Injection/Extraction 15.75| 13.68 0.92
Kickers {;=6.58)

Nonlinear effects beyond those whican be corrected by families eéxtupoles, octupoles,
andskew quadrupoleare probably difficult to model witithe magnetic field measuremertst
have been made tate.With the exception of the largg, variation atQ10-Q11,the proposed
lattice isvery similar tothat of theTEV | design, sathat these effects wilbrobably not change
much. Figure 3.27 showthe measured tune variatioasrossthe momentum apertunsith the
extraction Lambertson magnet on. Turning the extraction Lambertson nodigimétoduces dune
shift acrosghe aperture, but does nehange the basishape ofthe tunevs. momentumplot.
Introducing alocal largeorbit bump onthe extraction orbit at any of the threegh dispersion
regions will produce a large tushift. The Accumulator is operategith tunes decoupled on the
coreorbit, but the coupling is essentiall00% onthe extractionorbit. A major portion of this
coupling comes from the Lambertson magnet, and this couplingtreray function ohorizontal
position in the Lambertson magnet. By design, the dispersitreihambertson magnet 63 m,
but the average measured dispersion is 0.8 m, and most of this arises bleénwedraction orbit
and centrabrbit. In addition anomaloudispersion arises iall of the "zero dispersion” straight
sections wherthe beammoves betweerthe central orbit and the extractiambit, making it
impossible tooptimize the aperture atl beammomenta. Figure8.27 showsthe measured orbit
deviation between the core and extractiobits, compared withthe TEV | design.Beta function
measurements at the core orbit and the central orbit agree well with eacanotiveiththe design;
howeverbetafunction measurements at the extraction orbit deviate substarfit@itythe design
and have been difficult to interpret because of coupling.

3.30



0.63

B I
0.625 7 X x  horizontal tun f
- o  vertical tune i
0.62 7 % ]
() | O
b
5 0.615 - 5 . n
- X X
0.61 7 5 X % % .
i i)
) ) ) ¢
0.605[ * 3 3 E
i )
- X ]
O'g B L L L ‘ L L L ‘ L L L ‘ L L ‘ L L ‘ L L ]
00 750 800 850 900 950 1000

revolution frequency - 628000 (Hz)

Figure 3.27. Measured Accumulator tune variations across the momentum aperture.
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Figure 3.28. Measured and desiyocumulator orbit difference between extraction odnitl core
orbit on a scale showing dispersion errothat "zerodispersion” regions; high dispersion regions
are off scale (about 140 mm).

It is knownthat some higher order resonances caousating in the core for example, the
8/13th (0.6154) and the 11/18tH{0.6111). This is the motivationfor choosing to rumear the
coupling resonance; it provideslarge area in tune space free lnfjher orderresonances. In
addition, we currentlpperate with small negativehromaticities at theore, although there is no
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strongevidence that operating at zero fightly positive chromaticity at the comroduces any
instability.

3.4.3 Stack Tail Cooling System

The design ofthe 2-4 GHz stacktailsystem is based on scalitite TeV | 1-2 GHz stacktail
design. The following quantities are scaled:

1. 1-2 GHz becomes 2-4 GHz

2. All beam energies stay the same

3. n =1k, - 1/’ becomes 0.012 (see section3.4.2)
4. The gain functions stay the same

With this scaling, the maximum flux moubled. The powerrequirement is the same if the signal
to noiseratio remains constant -- #hould actually improvesomewhat. Thusrebuilding the
stacktail system is essentially replacirige entiresystem part-for-part with higher frequency
components. Some issues do need further investigation:

1. Fewer pickups are required to achieve the same signal to noiseDragianight be able
to achieve some savings in pickups.

2. The dependence of pickup sensitivity mansversedisplacementvas not what was
expected for the 1-2 GHz system.

3. The Accumulator is designed to operate with the Recycler and to accumulate antiprotons
for 1 to 4 hours. The optimumdesign for thigype of operation might differ from a
scaled TeV | design.

4. The effect on the stackingocess otontinualtransfers fromthe Accumulator to the
Recycler needs to be considered.

However, it is not foreseen that a better optimized design would differ dramatically in either cost or
performance from the design that is simply scaled from TeV I.

The ultimateupgrade of the stacktaslystem could be t4-8 GHz inthe TeV33era. This
upgrade is not foreseen as being possible on the 1999 time scale. The design of the ta8kGHz
tail system would be radically different from either the 1-2 or@HE systemsrequiring frequent
transfers tathe RecyclerRing to take advantage ddtacking capabilities of the electron cooling
system. The lattice modification € 0.012)implementedor the 2-4 GHz system would also be
appropriate for the 4-8 GHz system.

3.4.3.1 Design Considerations

Stochastic stacking is described in terms of the Fokker-Planck equation, relaigls thdime
rate of change of the partialkensity to thenitial density and the derivative of the density with
respect to energy:

175 7N v
— =—F¥+(D, +D, + D,W)=—
o dEa ( 0 1 2 )dEH

where W = dN/JE is the particle number densify|s the coefficient of the coolintgrm, the three
D terms represent heating due to intrabesaittering,thermalnoise, and mixing. Acomplete
derivationhasbeen given byMohl, etal.?° A simplified steady state solution (ignorifigr the
moment thermahoise, mixing,and intrabeam scattering)results in anexponential density
distribution, developed by an exponential voltage distribution. Our goalcigdte an exponential
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voltage distributionusing beam pickups, amplifiers,electronic filters andohase compensation
networks, and kicker electrodes. More complete details can be found in the TeV | Desigii report.
As mentioned previously, the Run Il stacktail system design is a scalthg BéV | design to
the frequency range of 2-4 GHz. The predicted pickup behavior as a funcheanoposition is
an exponential fallof* as the particle moves far away frahe center of th@ickup. The pickup
is placed in an area with large momentdispersion (orthe order of8.5 m), correlating position
with particle energy. With a symmetric lattice and non-zero valgetbkre is aime difference in
particle flighttime between pickup and kicker as a functionesfergy. Asthe electronicdime
between pickup and kicker fsxed, the netphase othe voltage on the kicker changegth the
particle energy. This phase slope leads to the use of multiple sets of pickups.
Three sets of pickups are used, two as the cooling inputs and temaensation inputs (one
set of pickups is used for both cooling and compensation). The compensatioramejpiiased to
null out the response in the region of the accumulated core. Thieditstespickup set 1 as the
cooling input and pickup set 2 as the compensation inplg. peakresponse foteg 1 is centered
in the vicinity where the input beam pulse is dropped off by the rf stacking. The second leg, which
uses pickup set 2 as the cooling input and pickup settl3easompensatiomput, is positioned to
best flatten the phasesponse. Athe beandensity is increasing as theamenergy decreases,
there are fewer pickups required in sets 2 and 3 to attain a good signal to noise ratio.

3.4.3.2 Pickup Response Measurements

During the summer 0997, a series aineasurements/as madeusing prototype 2-4 GHz
pickups. These measurements wenade in the Accumulatarsing antiprotons. Foudifferent
pickup designs were tested. A detailed account has been given by Dénigtire 3.29shows
a comparison of the measured responsepaadictedresponse (witharbitrary normalization) as a
function of thebeam revolutiofrequency. The modelresponse imormalized to theesponse of
design #1. The measured response is in very good agreement with the predicted response.
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Figure 3.29. A comparison of measured and predicted pickup response

Of the four prototype pickumlesigns, twownere similar toprevious loop designs (#1 and #2)
and two (#3 and #4) were designed to include phase compensation. By tilting the major axis of the
pickup loop, thus changing the relative arrival time of the signal on the loop, it is possialecéb
some ofthe phase slope acrodke aperture. However, tkeep the frequencyesponse in the
desired 2-4 GHz bandhe pickup sizdbecamesmaller. There is a tradeoff in thevo designs --
better sensitivity (in #1 an#2) versusbetterphase behavior (#3 artl). The impedance of the
tited loops isapproximately 1/2 the impedance of tsiandardioops, requiring a factor of 2 in
amplifier gain to get similar voltageesponse. This factor oftwo in amplifier gainresults in a
factor offour in noise power. Astacking simulations (discussed time next sectionpchieve
fairly uniform phase behavior usirige standardoops, better pickup sensitivithasbeen chosen
over better phase response.

3.4.3.3 Simulation Performance and Pickup Locations

The stacking simulationsed inthe system design is based on a simulation originally written
by S. van der Meer for the CERN Antiproton Accumulator. The code doemerical integration
of the Fokker-Planck equation with ®&oltage gain function including the pickusponse,
amplification and electronifiltering, and kickerresponse. Beam feedbackand thermal noise
terms, which contribute to beam heating, are included. Further details can be found in réference.
The codehasbeen modified to simulate tH&4 GHz stacktail and thet-8 GHz core cooling
systems. At this time, it only simulatéee longitudinal cooling andoes notinclude any heating
effects in the transverse plane.

The performance of the 1-2 GHz stacktail system, usiagneasured pickugsponse shapes
as an input, habeen simulated.With a minimum of optimization, the simulatigoredicts a
stacking rate of 12 mA/hour, with an input flux of 18 mA/hour. Studies done with proton stacking
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achieved a maximum rate &R.2 mA/hour (seeRef. 1), well matched to the simulatioresults.
This agreemengives confidence irthe predictions of the simulation in extrapolating to the 2-4
GHz system.
The 2-4 GHz Accumulator stacktail system is assumed to have the following properties:
e n=1A,-1/y¥=0.012
* Momentum Dispersion = 8.5 m at the pickup location
» Central Energy = 8.83 GeV
» Transverse aperture = 0.03 m at the pickup location
* Pickups and Amplifier are at 80 K physical temperature, with an amplifier noise temperature of
21 Kelvin (0.3 dB noise figure)
» Pulses are injected every 1.5 seconds
* RF stacking deposits 1e8 particles per pulse at an energy of +14 MeV with respect to the
central energy and with a half width of 7.8 MeV
These assumptions give a maximum stacking rate of 24 mA/hour.
In Figure 3.30 we showhe calculated gairesponse fothe choice of the pickupositions.
Pickup set 1 is at an energy of 15.3 MeV (a position of 14.7 mm from the centralpchitp set
2 is at an energy 6f3.8 MeV (-3.7 mm),and pickup set 3 is at an energy-282.9 MeV (-22.0
mm). The phase othe system (desire 180etween 2MeV and -60MeV) is shown inFigure
3.31 The phase staywithin 30° ofthe desiredralue, andhe magnitude of theesponsevaries
only 15% from optimum.
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Figure 3.30. The absolute value of the real part of dystem gain. The dips indicatewhere the
gain changes sign (from cooling to heating).
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MeV.

Simulations have beerun for three hours ofstacking with thissystem, putting in 1x10°
antiprotons every 1.5 seconds. Figure 3.32 shows the energy density distribution, withvene
every 30 minutes of stacking. The core is evident after the first half hour. The effextsaofion
to the Recycler have not been simulated.

Figure 3.33 shows the stack size (in mA) and statk(in mA/hour) overthe threehour time
period simulated.The stack rate is equivalent to the injectieck for approximately thdirst 90
minutes and then it begins to drop off slowly, going down ten2zhour after 3hours. Over the
3 hour time period, 70.5 mA are accumulated, an average of 23.5 mA/hour.
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Figure 3.32. The stack density distribution for 3 hours of stacking, shdlendistribution every
30 minutes. The bump on the left is the injected beam.
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3.4.3.4 Signal to Noise Ratio and Power

As the system uses high gain amplifiers, the dominant noise comgoném signal tanoise
ratio calculation is the noise coming frahe front-end amplifier. With 2 GHz of bandwidth and
80 °K temperature, thaoise power is86.3 dBm. The signalpower is calculatedusing the
measured impedance of the ltbp combinerboards, multiplied by the number of combiner
boards, and convoluted with the number density distribution fhenstackingsimulations. With
16 arrays at 15.8/eV, the signalpower is -80.8dBm; 4 arrays at3.8 MeV contribute-80.2
dBm. There is adequate signalioise forthe system in this configurationThe system design
described in th@revious sectiomsesslightly more tharb00 watts of poweafter two hours of
stacking, with 90 watts of the total in noise power.

3.4.3.5 Design Sensitivity

The performance of the stacktail system is dependent upon the momentum dispersion (since the
pickup sensitivity depends upon the position displacement) and ppdsipons. Simulationruns
have been done with variations in the dispersion and pickup position to quantify the sensitivity.

Two hour stacking simulations have been run with dispersion values of 8.1 m, 8rsl 18,9
m. Thepickups have been kept thie same physical locatiamith respect tadhe central orbit (at
14.7, -3.7,and -22 mm respectively)The electronipphase and gain settings were obanged.
Over the Zhourtime period, the stacking ratéor the 3 scenarios varied blessthan1%. We
conclude that small variations in thdespersion arounthe design goal o8.5 m shouldnot be a
significant problem.

The phase hand-off betwedag 1 and leg Zepends upotthe relativeposition, gain, and
phase othetwo legs. Displacement of théegs with respect tthe beam can change thgstem
performance. For example, assuthat the central orbit isot centeredhroughthe pickuptanks.

A coherent shift of the three pickigets is used teimulate thigpossibility. Alignmenterrors can
be simulated by moving the pickgets independently. Both scenariws/e been tested over a
+10 mm range of displacement. Figuf235 showsthe results of these simulations.
Displacements withied5 mm of the nominapositions, ineither leg orboth legs, lead to small
changes in the stacking rate. The stacking rate falls by factdrd ad 3 wherthe displacements
are extended t®©10 mm.
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Figure 3.35.The stacking rate as tip®sition ofthe pickupsets ismoved relative to the nominal
position. The open circles are moving Leg 2, keepieg 1 in the nomingbosition, the triangles

are moving Leg 1, keeping Leg 2 in the nomipasition, andhe diamondsare movingLegs 1
and 2 together.

3.4.4 Core cooling systems

3.4.4.1 Core cooling requirements

The core coolingystemsare required to provide teansversédeam size of I®@mm-mrad for
transfer tothe Recycler.The time allotted to achiewhis emittance is 5% of thetackingtime or
about 5 to 10minutes. Figure 3.36 showbe coretransverseemittanceduring stacking as a

function of stack size iRun Ib. At astack size of 10010 the emittance is 016to 1.0T1 mm-

mrad (6tto 10 mm-mrad normalized), whichmeets the Recycler criterion immediately after
stacking is turned off. Howevethe transverse coolingate will decrease because of the factor of
about 2 increase in the mixing parameféris fact should result in dactor of two reduction in
coolingrate, but it does ndbecause the core coolirgystem operates well belothie optimum
gain. While Figure3.36 provides a guidehere is no assurantdieat thetransverséneating of the
new stack tail system will be the same as the old sy§terauld be better oworsedepending on
construction details).
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Figure 3.36. Transverse emittance vs. stack size during stacking

There is no specific requirement on the longitudinal density obe¢laen. We do nagxpect to
be able to capture 100% of theam longitudinally in a 10 eV-sg@hase spacéur experience is
thatfor afixed longitudinal phasepacemore beam can be extracteith a larger stack than a
smallerone, but that the fraction of the stack that can be extradetteases monotonically with

stack size. If, for example, we start with a stack of1%f antiprotons and we stack additional

50x10™ antiprotons , then we must bble to captur®0% ofthe beam irorder to return to the

initial condition. The increase in the amount of beam captured with larger stacks, however, must be
balanced against the larggansverseemittanceand the frequency and duration wtansfers
required in order to maximize the efficiency of transfer to the Recycler.

During the course of Run 1b a@ariety of RF bucket areas wetsed for unstacking 6
antiproton bunches, but the total longitudinal phase space area was always 10 eléss#¢ Bhe
fraction of the antiproton stack extracted as a function of stack size for each size rf babkstns
in Figure 3.37. Figure 3.37 showshat the fraction of the antiproton stawkich is removed
during the course of unstacking decreases with increasing siiaek At anintensity of100x10°
antiprotons it is possible t@move 50 tc60% of the antiproton stack However, these results
were obtained long after the staelt system had been turnedf and weexpect at least a modest
decrease in cooling rate because of the increase in the nfxatgr. The stacksize, the
longitudinal emittance, and thensfer frequency wilkll be optimizedoperationally in order to
accumulate antiprotons at the maximum rate in the Recycler.
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Figure 3.37. Fraction of Accumulatbeamunstacked as a function of stack diae different RF
buckets. Note the suppressed zero on the vertical axis.

3.4.4.2 Performance of the current 4-8 GHz systems

The currently installed core coolingystemsare characterized bpw gain (compared to the
optimum gain) at the low end of the frequency band and even lower gain at the high fresquancy
A measurement of signal suppression is shown in Figure 3.38. The measurement shows perhaps 1
dB of signal suppression (12% thfe optimum gain) a4.5 GHz. Ameasurement of thieansfer
function isshown in Figure3.39. The system gaindrops about 15 dB from 4 to &Hz. We
believe that the gain can be substantially increasedmipyroving the pickupresponse and
improving the method of signal transmission across the ring.
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3.4.4.3 Core cooling pickups and kickers

The core coolingickups and kickers do not have a unifaresponse ithe 4-8 GHz range.
The measured signal to noise ratio of skn mode fromthe core vertical PU ishown in Figure
3.40. The amplifier noise power is nearly independent of frequency, so thadiedte a decrease
in sensitivity of about 10 dB oveahe frequencyrange. The non-uniform responsenakes it
difficult to achieve the full cooling bandwidth of@Hz. The problem is particularly severe in the
kickers which have an additional 1/f factor in the frequency response taittsverse kiclapplied
to the beam.
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Figure 3.40. Signal to noise ratio measurement of the 4-8 GHz Vertical Core Cooling system.

We do not have a specifigroposal for improvinghe frequencyesponse othe 4-8 GHz
pickups. However, our wortith the Debuncheprototypesshows that high sensitivitycan be
achieved in this frequency range subjecthi requirements afost and space ithe lattice. We
intend to develop a practical plarhenthe design work ofthe stacktail cooling system isnore
advancedThe goal will be to increase the sensitivity at tbe frequency end by 3 dB and to
produce a pickup response that is flat to within 5 dB over the 4-8 GHz band.

3.4.4.4 Transmission of the 4-8 GHz signals

Aside from the pickup and kicker response, the most serious problem in shaping the gain of the
4-8 GHz cooling system ihe transmission ofhe signalacrossthe ring. The cableused for this
purpose has a variation in attenuation across the 4-8 GHz band of about 10 dB. While it is possible
to compensate thisss withequalizingfilters, the equalization achieved lisssthan perfect. The
measured gain of the electronicssisgown in Figure 3.4hndshows agenerally rising gain with
frequency. However, it ixlear from the sloping gain function (see Figur@.39) that the
equalization is far from perfect.
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Figure 3.41. Electronic gain of the core vertical system from 4-8 GHz.

A R&D program wasstarted in Februaryi996 to studythe possibility of transmitting
microwave signalsisingfree space laser opticechniqueslnitial calculationsshow that signal
transmission is indeegossible over distances of hundreds to thousands of feettethisique
will reduce the severity of the equalization problem in the Accumuatdris essentidbr the
Recycler stochastic cooling systems.

Wide band microwaveptical transmission habeen inuse atFermilab since théate 1980's.
Signal bandwidths exceeding 12 GHz have been transmitted over 6 kilometers of single mode fiber
with flat gain and phase response, plus minus 2 dB and 15 degrees ofTiegapenalty ofusing
fiber optic transmission links is @ominal 35-40 dB insertionloss due to matchinghetworks
between the microwave source/termination and the low impedance laser diode and paigaieoto
The insertion loss of the single mode fiber is ondraer of0.2 dB/kilometer anddoes noteffect
system performance fdne delays associatedth systems at Fermilal®Another consideration of
optical transmission techniques is the dynamic range requireientdevelopment of Distributed
Feedback Lasatiodes, DFB, hasicreased the dynamic range of lasgstems by providing a
monochromatic laser source that also suffers less from the dispersienfitfer opticwaveguide.
Dynamic range in excess of 40 dB is obtainable over moderate microwave bandwidths.

Unfortunately,the velocity of propagation on single mode fiber is approxim#&eéds that of
light in freespace. This slovpropagation makes it impossible gendstochastic cooling signals
across the ring in time synchrony with the beam. A solution utilizing free space propagation
solve this problem Externally modulatedasers do not havectave microwave modulation
bandwidths. Solidstate lasers are the only available source of wideband analogptical
transmission. Testing of free space opticatansmission usingfiber optic based optical
transmission links was started in February of 1996. A test at the A0 test facility with the help of the
University of Rochester graduastudents showethat a series ofbeam expanding telescopes
could be successfully employedrmake the fiber to free spatensition. The early test utilized
componentghat were not properlycoatedfor the 1310 nanometer wavelength of thaptical
system. Nonetheless successful transmission was madégbn tablewith acceptableesults for
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stochastic coolingystems. Based oaihis earlysuccessprocurement of catalog optical devices

with the proper wavelength coating was initiated. The fiber to free space expanders and telescopes
werereceived in the summer dB96. The bench test of theew optics proved tbave 10 times

less insertion loss than the original bench test from February.

Mechanical stabilityproved to bethe nextobstacle.The core of the single mode fiber is 9
microns indiameter making alignmenery sensitive to temperature variations amdrophonics.
The alignment stability of theystemcan be measured minutes, so somgpe of feed back is
required. Fortunately, our system is not the first to suffer fromptiolslem anccataloghardware
is available to remedy the alignment instability.

An additional requirement is that the free spp@pagation medium have an extremely stable
index of refraction, on the order tédn parts per million. This specification dictated by thé-20
picosecond delay stability requiréal 4-8 GHz bandwidth coolinglhe only conceivable means
of providing such atable medium is thase of anevacuated pip&vith end windows that are
transparent at 1310 nanometers. This requires some conventional construdtienpfacement of
optically flat pipes buried athe tunnel ceilingevel. ( There is insufficientime of flight in the
accumulator systems to come to the surface.)

A prototype system has been built, installed in the AccumulatoGKBcooling systems, and
tested in the summer of 1997. The optical system was installed as a parallel {haihitscould be
tested concurrently with normaperationsThe gainwas measured to b#at within +2 dB. The
optical system behaved as expected, but requemslization before becomingperational. We
plan to design the equalization when the new pickup and kicker assemblies are installed.

3.5 Unstacking Scenario

The scenario we propose for extracting antiprotons ftemAccumulator to the Recyclases
only the 2.5 MHz H=4 rf system.The frequency oftransferswill be determinedbased on
experience, but in this section we assume transfers abouttexehours.When the Accumulator
stack reaches Q0™ antiprotons intothe core, the injection of new beam pulses will be
interrupted and the core will bemediately adiabaticallpunched withthe H=4 RF system. The
2.5 MHz voltage will be raisecdiabatically to abou?50 Volts corresponding to #otal bucket
Area of 10 eV-sec irorder to capture about 4010 antiprotons.The four buncheswill be

acceleratedacrossthe aperturavith a synchronous phasangle of 3 while the voltagekeeps
increasing to 450 Volts. Ahe extraction orbit the bucket area will be ak®uteV-sec while the
longitudinal emittance of eadunch will be aroun®.5 eV-sec.The beam in eacbunchwill
occupy about 240 nsec out of 400 nsec leaving about 160 nsec for the extraction kicker rise time.

At this pointthe antiprotons will be transferred bucket to buckethte RecyclelRing. The
Recycler low level rf RRRF has opened a beam gap and has cogged the Recycler aa marker (RRaa)
to the gap.

The Accumulatosynchronizes téhe Recycler aa marker (RRaa) at the Recycler Revolution
frequencyFrr and the MILLRF andVIBS will also synchronize td-rr and RRaa.The required
Recycler voltage for a synchronous bucket to bucket transfer is 2.3 kV.

Following transfer, théccumulator will recommence stackimgth aninitial stack consisting

of the remaining 210" antiprotons. Assuming a stackingte of 2x10' antiprotons per hour
transfers will occur every 2 hr.

! With a 5 sec main ring repetition rate. A stacking rate of 9X¥kiur was achieved with a 2.4 sec repetition rate.
See M. Church, Pbar Note 560 (unpublished) for more details.

F. M. Bieniosek, K. Anderson and K. Fullett, Proc. 1995 US Particle Accelerator Conference. F. M. Bieniosek,
Fermilab-TM-1857 (1993).
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5. MAIN INJECTOR PERFORMANCE GOALS

5.1 Project Overview

This chapter contains a description of the design and construction schedule of the Fermilab
Main Injector (FMI) Project. The technical, cost, and schedule baselines for the FMI Project have
been established and may be found in the Fermilab Main Injector Title | Design Report, Revision
0, issued in August 1992. The FMI Technical Design Handbook (TDH) updates and expands upon
the design and schedule for construction of dl subsystem components and associated civil
construction described in the Title | Design Report. The facilities described in the TDH have been
designed in conformance with DOE 6430.1A, "United States Department of Energy Genera
Design Criteria."

The purpose of the Fermilab Main Injector Project is to construct a new 150 GeV
accelerator, and all required interconnections and interfaces to the existing accelerator complex, on
the Fermilab site in support of the Fermilab High Energy Physics (HEP) research program. The
construction of this accelerator will result simultaneoudly in significant enhancements to both the
Fermilab collider and fixed target programs. The FMI is located south of the Antiproton Source
and tangent to the Tevatron ring at the FO straight section. The FMI will assume al duties formerly
required of the Main Ring. Using the FMI reduces the background rates seen in the colliding beam
detectors. The performance of the FMI, as measured in terms of protons per second delivered to
the antiproton production target or tota protons delivered to the Tevatron, is expected to
substantially exceed that of the Main Ring. In addition the FMI will provide high duty factor 120
GeV beam to the experimental areas during collider operation, a capability which did not exist in
the Main Ring.

The location, operating energy, and mode of construction of the FMI were chosen to
minimize operational impacts on Fermilab's ongoing High Energy Physics program. The area in
which the FMI was situated was devoid of any underground utilities which might be disturbed
during construction, while the separation between the FMI and Tevatron was sufficient to alow
construction concurrent with Tevatron operations. The energy capability of the FMI was chosen to
match the antiproton production and Tevatron injection energies presently used in the Fermilab
complex. The FMI is being built from newly constructed dipole magnets, thereby allowing a large
portion of the installation process to proceed independently of Tevatron operations. The use of
newly designed dipoles was aso desirable from the standpoint of enhanced performance and
reliability, and will result in a reduction of the operating costs by 33% relative to what would be
obtained by recycling existing Main Ring magnets.

The Tota Project Cost (TPC) of the FMI is estimated to be $259,300,000, including a
Total Estimated Construction Cost (TECC) of $229,600,000 and $29,700,000 in associated R&D,
pre-operating, capital equipment, conceptual design, and spares costs. Included within the scope of
the project are al technica and civil construction components associated with the ring itself, with
beam lines needed to tie the ring into the existing accelerator complex, and with modifications to
the Tevatron and switchyard required to accommodate the relocated injections. The project involves
the construction of 15,000 ft of tunnel enclosures, 11 service buildings, and a new 345 kV
substation. Construction on the FMI project was initiated in June, 1992. Construction will be
largely completed late in 1998. Design of civil construction has been done by an outside

* Last revised on March 20, 1998.
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Architectural Engineering firm, Fluor Daniel, with support from the Beams Division and from
Fermilab Engineering Support Section. Design of technical components has been done by Beams
and Technical Division personnel.

5.1.1 Role In The Fermilab Il Program

The Fermilab Main Injector is the centerpiece of Fermilab'sinitiative for the 1990s, known
as Fermilab 111. Some of the more important goals of Fermilab 111 are to illuminate the properties of
the top quark, the most recently discovered fundamental building block of matter, to provide a
factor of two increase in the mass scales characterizing possible extensions to the Standard Model,
and to support new initiatives in neutral kaon physics and neutrino oscillation investigations. In
order to reach these goals Fermilab is planning to attain by the end of the year 2000 a luminosity in
excess of 5x10* cm™sec™ in the Tevatron proton-antiproton collider.

Severd projects have been completed over the past four years that have resulted in a factor
of 25 improvement over the initia 1.0x10*° cm™sec™ design luminosity of the Tevatron collider.
These include upgrades to the Antiproton Source, development of new low-[3 systems which have
allowed the implementation of a second high luminosity interaction region, development of
separators to allow multi-bunch operation, an upgrade of the linac energy from 200 MeV to 400
MeV, and the installation of cold compressors to lower the temperature of the Tevatron. As a
result of these enhancements, the Tevatron operated during Run Ib with initid luminosities in the
range of 1.5-2.5x10* cmsec™.

Further improvements to performance require the construction of the FMI. The present
bottleneck in the production of antiprotons and in the delivery of intense beams to the Tevatron is
the Main Ring. The Main Ring isnot capable of acceerating the quantity of protons which can be
provided at injection by the 8 GeV Booster. This is for the smple reason that the aperture of the
Main Ring (12t mm-mr) is about half the size of the Booster aperture (20t mm-mr). (These
emittances are 95% normalized values.) Asaresult the Booster is typically run well below its full
capability during normal operations. The restricted aperture in the Man Ring is due to
perturbations to the ring which have been required for the integration of overpasses and new
injection and extraction systems related to operations with antiprotons. With the 400 MeV Linac
upgrade the Booster aperture a injection has increased to 301t mm-mr due to increased adiabatic
damping within the new linac, and the ability to produce larger antiproton stacks has been
increased. However, the mismatches between Booster/Antiproton Source and Man Ring
capabilities have become even more acute. Only with the construction of the FMI will these
mismatches be removed, and the full benefit to the collider and fixed target programs of the
recently completed upgrade projects be realized.

The construction of the FMI will also provide beams of up to 3x10" protons at 120 GeV to
the experimental areas during collider runs. Such beams are envisioned as being used for detector
development and for supporting fixed target experiments such as rare K decay and neutrino
experiments which can benefit from the high average intensity deliverable from the FMI. The Main
Ring as presently configured does not support a slow spill, nor is it felt that implementation of a
high intensity dow spill in the existing ring would be feasible in light of the small machine aperture
and the need to minimize backgroundsin the collider experiments.

Specifically, benefits expected from the construction of the FMI include:
1. Anincreasein the number of protons targeted for antiproton production from the
current 4.8x10%/hour to 1.2x10"/hour.
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2. Anincreasein the total number of protons which can be delivered to the Tevatron for
fixed target to 6x10%,

3. Theahility to accelerate efficiently antiprotons originating in stacks containing more
than 2x10™ antiprotons for injection into the Tevatron collider.

4. The ability to produce proton bunches containing as many as 3x10™ protons for
injection into the Tevatron collider.

5. Thereduction of backgrounds and dead time at the CDF and DO detectors through
removal of the Main Ring from the Tevatron enclosure.

6. Provision for slow extracted beams at 120 GeV year-round and potential devel opment
of very high intensity, high duty factor (>1x10" protons/sec at 120 GeV with 34%
duty factor) beams for use in high sensitivity K decay and neutrino experiments.

It is expected that with the construction of the FMI and the completion of planned
improvements to the Antiproton Source the antiproton production rate will be 2x1011
antiprotons’/hour, and that a luminosity in the range 8-20x10*cm?sec will be supportable in the
Tevatron collider during Run I1.

5.1.2 Performance

The FMI parameter listisgivenin Table 5.1. It isanticipated that the FMI will perform at a
significantly higher level than the existing Main Ring as measured either in terms of protons
delivered per cycle, protons delivered per second, and transmission efficiency. For the most part
expected improvementsin performance are directly related to the optics of the ring. The FMI ring
lies in a plane with stronger focusing per unit length than the Main Ring. This means that the
maximum [-functions are half aslarge and the maximum (horizontal) dispersion only athird of the
Main Ring, while vertical dispersion is nonexistent. As a result physical beam sizes associated
with given transverse and longitudinal emittances are significantly reduced compared to the Man
Ring. The éimination of dispersion in the rf regions, raising the level of the injection field,
elimination of sagitta, and improved field quality in the dipoles al have abeneficial impact on beam
dynamics. The construction of new, mechanically smpler magnets is expected to yield a highly
reliable machine.

The FMI is seven times the circumference of the Booster and dightly more than half the
circumference of the existing Main Ring and Tevatron. Six Booster cycles will be required to fill
the FMI and two FMI cycles to fill the Tevatron. The FMI is designed to have a transverse
admittance of 40t mm-mr (both planes, normalized a 8.9 GeV/c). Thisis a factor of three larger
than that of the existing Main Ring. It is expected that the Booster will be capable of delivering a
beam intensity in the range 5-7x10% protons per batch with 20-30T mm-mr transverse and ~0.2
eV-sec longitudina emittance in Run 1. A single Booster batch needs to be accelerated for
antiproton production while six such batches are required to fill the FMI. The FMI should be
capable of accepting and accel erating these protons without significant beam loss or degradation of
beam quality. Yields out of the FMI for afull ring are expected to liein the range 3-4x10" protons
(6-8x10" delivered to the Tevatron for fixed target). By way of contrast, the existing Main Ring is
capable of accelerating fewer than 3x10" protonsin 12 batches for delivery to the Tevatron.
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Table5.1. Main Injector Parameter List

Circumference 3319.419 m
Injection Momentum 8.9 GeVl/c
Peak Momentum 150 GeVlic
Minimum Cycle Time (@120 GeV) <15 S
Minimum Cycle Time (@150 GeV) 2.4 S
Number of Protons 3x10%

Number of Bunches 498

Protons/Bunch 6 x 10%°

Max. Courant-Snyder Beta Function (3max ) 57 m
Maximum Dispersion Function 1.9 m
Phase Advance per Cell 90 degrees
Nomina Horizontal Tune 26.425

Nomina Vertica Tune 25.415

Natural Chromaticity (H) -33.6

Natural Chromaticity (V) -33.9

Transverse Admittance (@ 8.9 GeV) > 401 mm-mr
Longitudinal Admittance >05 eVs
Transverse Emittance (Normalized) 121 mm-mr
Longitudinal Emittance 0.2 evs
Harmonic Number (@53 MHz) 588

RF Frequency (Injection) 52.8 MHz
RF Frequency (Extraction) 53.1 MHz
RF Voltage 4 MV
Trangition Gamma 21.8
Superperiodicity 2

Number of Straight Sections 8

Length of Standard Cell 34.5772 m
Length of Dispersion-Suppressor Cell 25.9330 m
Number of Dipoles 216/128

Dipole Lengths 6.1/4.1 m
Dipole Field (@150 GeV) 17.2 kG
Dipole Field (@8.9 GeV) 1.0 kG
Number of Quadrupoles 128/32/48

Quadrupole Lengths 2.13/2.54/295 m
Quadrupole Gradient at 150 GeV 200 kG/m
Number of Quadrupole Busses 2

The power supply and magnet system is designed to allow a significant increase in the
number of 120 GeV acceleration cyclesthat can be run each hour for antiproton production, as well
asto alow a120 GeV dow spill with a35% duty factor. The cycletime at 120 GeV can be as low
as 1.5 seconds. This is believed to represent the maximum rate at which the Antiproton Source
could stack antiprotons, and is to be compared to the current Main Ring capability of 2.4 seconds.
The FMI dipole magnets are designed with twice the total cross section of copper and half as many
turns as existing Main Ring dipoles. This keeps the total power dissipated in the dipoles during
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antiproton production at roughly the samelevel as in present operations while keeping the number
of power supplies and service buildings low. The 344 dipole magnets are excited by 12 power
supplieslocated in six service buildings.

With the major exception of the dipoles, existing components from the Main Ring are, for
the most part, recycled. Such components specifically include quadrupoles and the radio frequency
(rf) systems. The use of all 18 existing rf cavities in a ring roughly half the size of the Main Ring
will support an acceleration rate of 240 GeV/sec compared to 120 GeV/sec in the present Man
Ring.

5.1.3 Operational Modes

At least four distinct roles for the FMI have been identified along with four corresponding
acceleration cycles for the configuration of the FMI in the absence of the Recycler. Operation of
the Recycler for storing antiprotons or for cooling protons for the Collider does not require any
additiona cycles, but it does change some of the details of how the Collider filling operation is
done. The one operation that is new with the Recycler is decelerating antiprotons which have been
recovered from the Collider. The operating modes are listed in Table 5.2. More detailed
descriptions of the acceleration cycles and power supply requirements are given below.

1) Antiproton Production. In the antiproton production mode a single Booster batch
containing 5x10% protons is injected into the FMI a 8.9 GeV. These protons ae
accelerated to 120 GeV and extracted in a single turn for delivery to the antiproton
production target. As mentioned earlier, it is anticipated that with this flux of protons onto
the target and expected improvements in the Antiproton Source the antiproton production
rate will exceed 1.7x10"/hour.

2) Main Injector Fixed Target. A much higher intensity, high duty factor (34%) beam
can be ddlivered at 120 GeV with a 2.9 second cycle time. The average proton current
delivered is about 2 pA (3x10" protons/2.9 seconds). Running in this mode does not put
any peak power demands on the power supply system beyond those imposed by the
antiproton production cycle, but it does expend 67% more average power. This cycle can
also be used to provide test beams to the experimental areas during collider running. In this
instance it is likely that a much lower cycle rate, accompanied by a much lower average
power, would satisfy experimenters needs. Additionally, a high intensity, low duty factor
beam can be delivered at 120 GeV with a 1.9 second cycle time for the production of high
flux neutrino beams.

3) Tevatron Fixed Target. For Tevatron fixed target injection, the FMI is filled with six
Booster batches, each containing 5x10% protons a 8.9 GeV. Since the Booster cycles a
15 Hz, 0.4 seconds are required to fill the FMI. The beam is accelerated to 150 GeV,
cogged, and extracted in a single turn for delivery to the Tevatron. The FMI is capable of
cycling to 150 GeV every 2.4 seconds for short periods of time. Two FMI cycles are
required to fill the Tevatron at 150 GeV at one minute intervals.

4) Collider Operation. The FMI operates on a4 second, 150 GeV cycle for delivery of
coalesced proton beams to the Tevatron for collider operations. A 1.45 second flattop is
provided for bunch codescing a flattop.  Phase-locking to the Tevatron and
synchronization of the transfer requires a few tens of milliseconds. Depending on the
multi-bunch coaescing efficiency, 1, 2, 3, or 4 bunches will be accelerated per cycle. A
total of 36, 18, 12, or 9 Main Injector cycles would be required, respectively, depending
on the number of bunches per cycle.
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The antiproton cycles are slower because of the unique rf manipulations described in
section 5.5.2 and section 5.5.3. The ramps for acceleration and deceleration will be similar, and
four bunches of antiprotons will be accelerated (or decelerated) per cycle.

Combinations of the above operational modes are also possible. One such example is
simultaneous operation for antiproton production and high intensity ow spill. One could load the
FMI with six Booster batches containing 3x10" protons, accelerate to 120 GeV, extract one batch
fast to the antiproton production target, and extract the remainder of the beam dowly over a
second. Thiswould produce dlightly more than half the antiproton flux into the Source and 83%
of the average M| fixed-target intensity of the dedicated scenarioslisted in Table 5.2.

Table 5.2 Main Injector Cycle Parameters. “Booster Cycles’ isthe number of cyclesrequired per
Main Injector cycle. “MI Cycles’ isthe number of Main Injector cyclesrequired to fill the
Tevatron (blank if beam does not go to the Tevatron).

Purpose Cycle Hattop Energy Extraction Booster Ml Ml Ml
Time Time Type Cycles Cycles Bunches Intensity
1) Pbar Production 1.467 .04 8120 1Turn 1 84 5x10%?
2) MI Fixed Target .
e Fast(Imsspill) 1.867 .04 8.120 Resonant 6 504 3x10%
e Slow (1sspill) 2867 1 8120 Resonant 6 504 3x10%
3) Tev Fixed 24 025 8,150 1Turn 6" 2 504 3x10™
Target
4) Tev Collider
 Protons 4 1.4 8,150 1Tun 14 369 1-4  2.7x10"—
10.8x10"
» Antiprotons 12 1.0 8-150 1Turn 9 4 varies
» Pbar Recovery 12 1.0 150-8 1Turn 9 4 varies

*The rise time of the existing Tevatron proton injection kicker istoo slow to inject two groups of 6 batches into
the Tevatron. The new short batch kicker will have afast enough rise time provided that an appropriate pulse
forming network is built.

The momentum program and the resulting total dipole bus voltage for each acceleration
cycle have been calculated, using conservative extrapolations from Main Ring practice and not
requiring the rf or power suppliesto run close to design limits. The bus resistance is assumed to
be 0.30 Q, and the inductance is 0.67 H. The lower resistance (relative to the value of 0.32 Q
used in Title 1) alows increasing the ramp rate to 270 GeV/c/s while limiting the power supply
voltage to ~11,500 V. The 2.8667 sec, 120 GeV cycle has been assumed to be run in rapid
succession for calculations of rms power when designing the cooling systems and pond sizes, and
for determining feeder currents and capacities. (The cycle times are required to be a multiple of the
Booster 15-Hz repetition period, 0.0667 sec.)

A useful variant on the 120 GeV fixed target cycles is to fast extract one Booster batch for
antiproton production before resonantly extracting to the switchyard. This approach, referred to as
"mixed mode", is extremely attractive for fulfilling the demand for protons per hour. The sixth
Booster batch isinjected into the center of the 3.2 usec gap that exists after the first five batches are
injected. The beam is accelerated to 120 GeV, the sixth batch is extracted in a single turn to the
antiproton production target, and then the remaining beam is extracted by resonant extraction to
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Switchyard. For aloss of 17% in fixed target intensity the two types of operation are efficiently
combined. Thelossin stacking rate is about 50% when the long spill is needed but only about 20%
when the short spill is used. The interleaving of single-purpose cycles is less efficient. For
example, when aslow spill cycleisinterleaved with an antiproton production cycle, the slow spill
flux isreduced by athird, and the antiproton production is reduced by two thirds. The expected
numbers of protons per hour that can be delivered in the various modes are given in Table 5.3.

The Tevatron isfilled for fixed target physics by two FMI injection cycles. Average feeder
power sets alimit on the frequency of the injection cycles; they can not be repeated more than afew
times per Tevatron cycle. The operating limits for the magnet power supply and the rf systems are
discussed in the TDH.

Table 5.3. Protons Per Hour Under Various Modes of Operation

Mode CycleTime Protons/Hour

(sec) AP Target Fast Spill Slow Spill
Antiproton Production 1.466 1.2x1016 - -
Fast Spill 1.866 - 5.8x1016 -
Slow Spill 2.866 - - 3.8x1016
Mixed - AP + Fast Spill 2.000 0.9x1016 4.5x1016 -
Mixed - AP + Slow Spill 3.000 0.6x1016 — 3.0x1016

This table assumes 6x10' protons per bunch and additional time required for bunch manipulations and turning off
magnetic switch at F17 in mixed modes.

There are two accelerator physics concerns which could lead to changesin the details of the
magnet ramps, especially the initial parabola. The first relates to the Main Ring experience that
bunches are serioudly disturbed if the synchrotron frequency approaches 720 Hz for even a few
milliseconds. Although the FMI has improvements on the Main Ring magnet power supply, there
is some possibility that the initia parabola might need to be slowed down to provide adequate
bucket area without approaching this critica vaue for the synchrotron frequency. It is not
anticipated that thiswill be adominant concern becauseit will be possible to pass through the 720
Hz region quite fast from a higher value. On the other hand, it may be highly advantageous to
speed up the initial parabolaas much asthe rf and power supplies will alow to pass the transition
energy quickly. There is further discussion of transition crossing later in this section, and in the
TDH.

5.2 Lattice and Performance Simulations

The Fermilab Main Injector is Situated in the southwest corner of the Fermilab site. The
details of itslocation are determined by requirements for transfers of both protons and antiprotons
into the Tevatron. The MI-60 straight section is paralel to the Tevatron FO straight section,
separated from it by 11.823 m (38" 9.5") horizontaly and 2.3253 m (7' 7.5") verticaly. The
reference point defining the plane containing the Main Injector design orbit lies at the intersection of
alinefrom the center of the Tevatron ring and passing near FO normal to the FO straight section,
and aline parallel to the MI-60 straight section and equidistant from the MI-60 and MI-30 straight
sections. Gravity at this point defines the normal to the plane. The plane containing the Main
Injector orbit dips at an angle of 0.231 milliradians (47.65") toward the southwest corner (project
coordinates) of the site.
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The nomind elevation of the FMI was specified in earlier design reports to be 2.332 m
below the Tevatron beam. To account for the relative tilt of the Tevatron and the FMI, it is now
specified that M1-52 and M1-62 are placed at this elevation. The line from MI-52 to MI-62 is offset
28.789277 m from the MI-60 straight section and parallél toit. The tilt of the FMI then places the
MI-60 straight section 2.3253 m below the Tevatron beam line.

The FMI contains eight straight sections; their numbering and their functions are as
follows:

MI-10 - 8 GeV proton injection

MI-22 - (unused)

MI-30 - (unused)

MI-32 - (unused)

MI-40 - proton abort

MI-52 - 150/120 GeV proton extraction; 8 GeV antiproton injection

MI-60 - FMI rf section

MI-62 - 150 GeV antiproton extraction
The straight sections are capable of beam extraction a 150 GeV. Due to the fact the ring lies 11
meters from the Tevatron, two of these (M1-52, MI-62) are required to provide injection into the
Tevatron, one each for protons and antiprotons. On the opposite side of the ring two straight
sections (M1-22, MI1-32) are added for symmetry. MI-10 is necessary for injection of protons
from the Booster, and M1-40 is placed symmetrically for the proton abort.

The FMI is designed to accelerate beams of energy 8 GeV to 150 GeV from the Booster,
the Recycler, and the antiproton source. The FMI lattice has two different types of cells, the normal
17.2886-meter FODO cdlls and the 12.9665-meter FODO dispersion-suppressor cells. The lattice
has two different length dipoles: 6 m and 4 m. Also there are three different lengths of
guadrupoles: 2.13 m for normal cells, 2.95 m for dispersion suppressor cells, and 2.54 m a the
boundary between the two types of cells. The dispersion suppressor cells have shorter dipoles (4
m), and match the horizontal dispersion to zero in the straight sections. The FMI lattice has fewer
magnets than the Main Ring. This requires higher field dipoles and larger bending angles. The
resulting sagittain a6 m dipoleis 16 mm. The new dipoles are being built with a curvature which
eliminates loss of aperture due to sagitta. A 90° phase advance per cell is chosen, resulting in a
maximum [3 in the cell of 58 m and a maximum n in the cdl of 1.9 m. The vertica dispersion in
FMI isvery smal. The Main Ring has maximum (3 and n of 110 m and 6.6 m respectively. In the
lattice design, the beta function 3 and the dispersion n are kept small to have minimal effect on the
beam size. The beam size due to transverse emittance is only 70% of what it isin Man Ring and
the maximum beam size due to momentum spread is down by afactor of 3. Theringis designed to
have twofold rotational symmetry. Figure 5.1 shows the lattice functions for one half the ring. The
lattice function is generated by the program TEAPOT.
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Figure 5.1. Main Injector latice functions for one-half of the ring. The pattern shown repeats
twice over the complete circumference. Bx,By label the square root of the horizontal/vertical beta
functions and &x, &y (=0) the dispersion functions.

5.2.1 Sources of errors

Simulations have been made to investigate the performance of the Main Injector by using
the code TEAPOT. Closed orbit errors and their corrections were analyzed. The extent to which
field errors perturb beta functions and dispersion functions was explored. The variation of the
betatron tunes, Q  and Q,, with respect to betatron amplitudes was recorded, and the expected
dynamic aperture was predicted. All the results quoted here refer to simulations of the Main
Injector at its most critical time, injection, when the beam is stored for approximately 35,000 turns
at an energy of 8.9 GeV. All smulations were performed with the alignment errors of Table 5.4
and the magnetic field errors of Table 5.5.

Table 5.4. Random misalignment errors used in the Main Injector tracking simulations.

Magnet type oh (mm) oy (mm) Oroll (mrad)
Dipole 0.25 0.25 0.5
Quadrupole 0.25 0.25 -
Sextupole 0.25 0.25 -
Beam Position Monitor 0.25 0.25 —
(Relative to reference orbit)

Although a complete explanation of al the errors listed in Table 5.4 and Table 5.5 is too
lengthy to be included here, some comments are in order. Multipole field errors for dipoles are
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quoted in unitsof 10™ at a displacement of one inch. "Short" dipoles will be constructed to have
2/3 the magnetic length of the "long" dipoles, 6.096 meters, a the slow extraction energy of 120
GeV. Long dipoles nominally bend the beam through an angle of 617904 radians. At 8.9 GeV
injection, the magnetic lengths of long and short dipoles are 0.3 mm longer than their nomina
values, 6.096 and 4.064 meters respectively, at 120 GeV. This is reflected in the non-zero dipole
multipole in the dipole ends. The average effect of this magnetic lengthening is compensated by
decreasing the dipole excitation, as reflected in the non-zero dipole component of the dipole body.
The remaining relative error between long and short dipoles has a significant but easily correctable
effect on uncorrected closed orbit errors. Figure 5.2 shows the field profile of the Main Injector
dipolefield at various energies.

Table 5.5. Magnetic errors used in the 8.9 GeV simulation.

Multipole Normal Skew
Order (b,) T, la) Ta,
Dipoles
dipole 1.10 15.30 - -
guadrupole 0.06 0.80 - -
sextupole -0.40 0.60 0.00 0.20
8 0.04 0.15 0.03 0.40
10 0.33 0.30 0.00 0.15
12 -0.01 0.10 -0.03 0.50
14 -0.03 0.20 0.00 0.25
Recycled Main Ring Quads (New Style)
guadrupole 24.00 - -
sextupole 0.50 2.73 0.12 1.85
8 5.85 1.02 -1.16 2.38
10 -0.10 1.12 0.42 0.47
12 -1.82 0.63 0.40 0.70
14 0.21 0.64 -0.55 0.44
16 141 0.64 -
18 -0.03 0.12 0.14 0.16
20 -0.80 0.06 0.02 0.07
Newly Built MI Quadrupole
quadrupole 24.00 - -
sextupole -0.51 2.73 1.08 1.85
8 3.41 1.02 -2.05 2.38
10 0.03 1.12 -0.75 0.47
12 -1.49 0.63 0.43 0.70
14 0.21 0.64 - 0.44
16 141 0.64 - -
18 -0.19 0.12 -0.07 0.16
20 -0.77 0.06 -0.12 0.07

Field errors for quadrupol es are quoted as the multipole field divided by the design quadrupole
field, again quoted in units of 10™, at a displacement of oneinch. All skew quadrupolefield
errors are turned off, for the convenience of the simulation, under the reasonable assumption that
the linear coupling effects that they cause are readily removed in practice, using a coupling
compensation scheme. Random error distributions are truncated at three standard deviations inside
the TEAPOT code.
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Figure 5.2. Field uniformity, AB/B, measured in the Man Injector dipole. The four curves
correspond to 8.9, 27, 120 and 150 GeV/c excitations.

5.2.2 Closed orbit and betatron function errors

Figure 5.3 shows two superimposed histograms, representing the distribution of
uncorrected horizontal and vertical closed orbit errors that are found when 19 different seeds are
used to construct independent sets of random errors. The average values over dl the seeds of the
root mean square orbit deviation for each particular seed is 5.0 mm in the horizontal, and 3.9 mm
inthevertical. In order to correct these orbits for a typica seed, the maximum required corrector
strength isless than 100 pr in both the horizontal and vertical planes. A typica uncorrected closed
orbit is shown in Figure 5.4, where the two traces represent horizontal and vertica displacements.
After three iterations of the orbit correction scheme, the average root mean square closed orbit
deviation is reduced to 4.8x10™ mm in the horizontal, and 1.0x107® mm in the vertical.
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Figure 5.3. Distribution of uncorrected horizontal and vertical closed orbit errors for 19 different
seeds.

0.020
E |
£ 0010 [l ]
o IR
= | B
o | Lty
S I “
e Ny RN by l
[a) ' r{\f\/l\ {JH[ le/\/\Hl\ \}\\R /Jv\
= \ ‘ #
o Pyt b
= Pyate |
& 0010 - ||l 1
) : I \‘ [ 11
ke |
&) X
-y
-0.020 ‘ | ‘ | ‘ |
0.0 1.0 2.0 3.0

Path Length in Km
Figure 5.4. Typical uncorrected closed orbits resulting from misalignment and strength variations.
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Figure 5.5 shows a plot of the typical variation of the horizontal and vertical beta functions
in the Main Injector dueto all sources of errors. These include dipole and quadrupole strength and
misalignment errors. The main source of betatron function errors is the random quadrupole error
of 2.4x10™® measured in the Main Ring quadrupoles that are to be recycled, and that is
conservatively assumed to be present in the newly built Main Injector quadrupol es.
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Figure 5.5. Typicd beta function variation resulting from expected gradient strength and
misalignment errors.

5.2.3 Tune versus amplitude and dynamic aperture results

The long-time behavior of the Main Injector at injection was tested by launching an array of
particles at different amplitudes. Inwhat follows, a test particle is labeled with an amplitude of A
millimeters when, in the absence of nonlinear phase space distortions, it achieves a maximum
horizontal displacement of A at alocation where the horizontal betafunctionis 70 m. This value is
chosen as a conservative maximum beta vaue—see Figure 5.1. The maximum vertica
displacement of the same particleis 0.4 A, aso & a beta of 70 m. Synchrotron oscillations were
included in the simulation by launching al test particles with an amplitude of dmax = (Ap/pP)max =
0.002, corresponding to twice the root mean square momentum width of the beam. Net
chromaticitiesin both planes were set to dQ/dd = -5, a conservatively large value with the correct
sign to combat the head-tail instability.

Base tunes of (Q,Q) = (26.425,25.415) were used in al the simulations, with
unoptimized fractional tunes that were derived as follows. Slow extraction requires that the
horizontal tune be moved onto the half integer without crossing a mgor resonance. It is
conventional practice to operate near the tune diagonal, but with the tunes separated by, say, 0.01,
with the horizontal tune larger to avoid crossing the coupling resonance during slow extraction.
Finally, all test particles had a tune modulation amplitude in both planes of 0.01, due to non-zero
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net chromaticity and finite amplitude synchrotron oscillations. It is necessary to be a least this far
from magjor resonances. Assuming that the 2/5 resonance is the resonance closest to the half
integer that must be avoided, all of the above conditions are satisfied if

Q, > 2541, Q =Q +1+ 001
The base tunes were moved an extra 0.005 away from the 2/5 resonance, without getting unduly
close to the half integer.

Figure 5.6 shows the variation of horizontal and vertica tunes in the Man Injector as the
amplitude of motion was increased, for a typicd seed. The numbers on the tune plane plot
correspond to the amplitude of atest particle, in millimeters. Points on the plot lie on astraight line
up to an amplitude of about 20 mm, with the spacing between points increasing linearly. That is,
both horizontal and vertica tunes depend quadratically on amplitude, for moderate amplitudes.
This octupolar detuning is dominated by a combination of the systematic octupole error in the
recycled Main Ring quadrupoles, and second order sextupolar effects. Points with an amplitude
above 28 mm did not survive for the full 35,000 turns of the ssmulation, for this particular seed.

0.42

0.41

Vertical tune, Q,

0.40
0.42 0.43 0.44 0.45
Horizontal tune, Q,
Figure 5.6. Tunes vs. amplitude in the Main Injector at 8.9 GeV/c, based on tracking for a typica

seed. The numbers on the plot refer to the launch amplitude of atest particle in millimeters, and the
position of the numbers indicates the tune. The lines represent resonances.

Figure 5.7 is asurviva plot, displaying how many turns a particle survives in the Man
Injector, as a function of its initiadl amplitude. Different symbols in the plot correspond to the 5
different seeds that were used. Particlesthat survived to the end of the simulation are plotted on a
plateau at the 35,000 turn limit. If the dynamic aperture for a particular seed is defined as the
amplitude of the smalest amplitude particle that does not survive for 35,000 turns, then the
dynamic aperture for the Main Injector at the injection energy is predicted to be 30.6 + 0.5 mm,
corresponding to a normalized emittance of 127 1t 4 Ttmm-mr.
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Figure 5.7. Surviva plot for the Main Injector at 8.9 GeV/c. The number of turns survived, up to
35,000, is shown as a function of the launch amplitude.

5.3 Aperture

The Main Injector, as discussed above, has a dynamic aperture at injection of over 1201
mm-mr, corresponding to £30.6 mm amplitude in the horizonta plane. The injection and
extraction regions, as discussed in more detall in the TDH, unfortunately require physica
restrictions near the center of the aperture. While these devices limit the available physica
aperture, it is il substantialy greater than 40t mm-mr. To preserve the large physical aperture,
good closed orbit control is required, especially at injection. To ease demands on the dipole
correction elements, it is intended to induce closed orbit distortions a the extraction-device
locations by intentionally misaligning quadrupoles in a controlled manner.

In the verticad plane, the dipole beam tube has an inner dimension of ~+24 mm,
corresponding to an admittance of over 80t mm-mr a injection and a a 3 of 60 m. The injection
devices will likdy limit the emittance of the injected beam (but not the circulating beam) to
somewhat less than this, but still provide an aperture much larger than what is required.

5.4 Transverse Emittance

The Main Injector and associated transfer lines were designed originally to accept 40Tt mm-
mr 8 GeV proton and antiproton beams. Continuing improvementsin Booster operation, however,
have since reduced transverse proton emittances below 20t mm-mr. In addition, pbar emittance is
also anticipated to be less than 20t mm-mr. Emittance dilution will result primarily from position
and optical mismatchesin transferring the beams between machines.!

An injection eror in position and/or angle produces an oscillation which eventualy
decoheres and manifests itself as emittance growth in the beam. Simulations of beam transport in
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the 8 GeV proton line including random field and alignment errors indicate that this effect will
neither be excessive nor completely negligible. For 20 error sets the injection position mismatches
were found to be Ax(rms) = 0.39 mm and Ay(rms) = 0.14 mm—comparable to the assumed
random alignment errors.?

At mid Q101 (B, = 10m & [, = 60m) thistrandatesinto < 0.5 1t growth horizontally and
essentially zero growth vertically for a 20rtmm-mr beam. A dispersion mismatch corresponds to a
position error for off-momentum particles. However, since the transfer lines are matched to the
zero dispersion of the Main Injector straight sections, emittance growth from this source is not
expected to be a problem. At Q101, with a momentum spread Ap/p = 107, dispersion would need
to be mismatched by at least An = 1.0 m for emittance to grow by 0.5 11. An optical mismatch in
the amplitude 3 will also lead to emittance dilution, but the pendlty is less severe in this case than
for position errors. The transfer lines are capable of matching into +20% variations of the
amplitudes from their design values. Even for a beam line-machine 3 mismatch as large as AR/ =
0.25 however, transverse emittance grows by only 0.5 rtfor a 20t mm-mr beam.

5.5 Longitudinal Considerations and Emittance Projections

5.5.1 Proton Acceleration and Coalescing

Proton acceleration and coalescing will be similar to the process in the Man Ring in
previous collider runs. Five to seven bunches containing 6x10% protons in a 0.2 eV-sec
emittance will be accelerated to flat top. A flat top the bunches will be codesced into a single
bunch of 27x10% protonsin a 1.5 to 2.0 eV -sec emittance.

5.5.2 Antiproton Acceleration

The cooled antiproton bunches will be synchronoudly transferred from the Recycler to
Main Injector in 2.5 MHz buckets, four bunches at atime for atotal of nine transfers. The cooled
antiprotons bunches will have a longitudinal emittance of 1.5 eV-sec and a typica intensity of
60x10° particles per bunch.

Following transfer from the Recycler, the 2.5 MHz voltage will be adiabatically raised from
2 kV (matching voltage for the transfers from the Recycler) to 60 kV. Then the antiproton bunches
will be accelerated through transition to a front porch at about 25 GeV. There the bunches will be

transferred to the 53 MHz rf system asfollows:
a) The 2.5 MHz voltage will drop from 60-6 kV in 0. 2 msec.
b) The bunches will be rotated a 6 kV of 2.5 MHz for 1/4 of sync. period ( about 100
MSEC).
¢) The 2.5 MHz voltage will be raised again to 60 kV in 0.2 msec.
d) The bunches will be left to rotate for 1/4 of sync. period ( about 30 msec).
€) The 2.5 voltage will be turned off and the bunches will be captured with 800 kV of 53
MHz.
The whole process of acceeration through transition and transfer to the 53 MHz rf system has
been smulated with ESME. A longitudinal emittance blowup of 25% is predicted with no particle
loss.

5.5.3 Antiproton Deceleration

The antiproton bunches that have been decelerated from 1 TeV to 150 GeV in the Tevatron
will be synchronoudly transferred to the Main Injector, four bunches at atime for a total of nine
transfers. The antiproton bunches in the Tevatron will have a typica intensity of 50x10° and a
longitudinal emittance less than 4 eV-sec.
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The pbar bunches will be decelerated to an energy close but above transition ( 23-25 GeV),
using the 53 MHz rf system. At this point the antiproton bunches will be transferred from the 53
MHz buckets to 2.5 MHz buckets. This transfer is necessary to reduce the momentum spread of
the large longitudina emittance antiproton bunches so that they don't exceed the momentum
aperture of the machine during transition crossing.

The transfer from the 53 MHz to the 2.5 MHz buckets will be take place in four steps:
a) Reducefirst the 53 MHz voltage till the beam fills the bucket.
b) Turn the 53 MHz voltage off and perform a 90 degree rotation with 60 kV of 2.5 MHz
and 12 kV of 5.0 MHz.
¢) Go to a capture voltage of around 300 Volts of 2.5 MHz.
d) Adiabatically raise the 2.5 MHz voltage to 60 kV.

After the transfer to the 2.5 MHz rf, the antiproton bunches will be decelerated through transition

with a dp/dt of 4 GeV/sec. The trangition crossing of the antiproton bunches with 2.5 MHz has
been simulated with ESME. The smulations predict a 25% emittance growth but no particle loss.
After trangition the rate of deceleration will be reduced to about 1.7 GeV/sec so that the existing 2.5
MHz system can continue to provide the required bucket area.

At 8.9 GeV the Main Injector will transfer cog to the Recycler, and the 2.5 MHz voltage
will be adiabatically reduced until the bucket area equals the beam emittance. At this point the
antiproton bunches will be synchronoudly transferred to the Recycler. The deceleration cycle will
be about 12 sec long.

5.5.4 Transition Crossing

A set of theoretical calculations has been performed to examine the transition crossing in the
Main Injector with a proton bunch of longitudinal emittance of 0.5 eV-sec and intensity of
2.7x10" particles—parameters applicable to preparation of collider protons with eectron cooling in
the Recycler ring. Electron cooling will not be available for the early part of Run Il, but it is
interesting to consider the demands of the potentially small emittance beams that could be produced
by eectron cooling. In the initia stages of Run |1, the Tevatron collider proton bunches will be
formed by coalescing 5 to 7 bunches each with 6x10™ protons in a 0.2 eV-sec emittance. Four
different transition crossing effects were examined: Negative mass instability, space charge effects,
microwave instability and non-linear effects.

5.5.4.1 Negative Mass Instability

The critical coefficient c defined by W. Hardt (W. Hardt, "Gamma-transition scheme of the
CPS", Proc. 9th Int. Conf. on High Energy Accelerators, Stanford 1974; dso: " Transition
Crossing in the Fermilab Main Ring, Past and Present” |. Kourbanis, K.Y . Ng, Proc. of the 1993
Particle Accelerator Conference, Washington, D.C., May 17-20, 1993) to give the negative mass
stability limit (unstable if c=1) was calculated for the intensity above with different longitudina
emittances. The critical coefficient c is plotted as afunction of longitudina emittancein Figure 5.8.
For emittances greater than 0.35 eV-sec it can be seenthat c <1 (c~0.3 for 0.5 eV-sec) so the
beam is expected to be stable.
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Figure 5.8. Critical coefficient ¢ versus longitudinal emittance for 2.7x10" ppb.

5.5.4.2 Space Charge Effects

The equations of motion near transition (with non-linearities neglected) have been solved
numerically by Sorenssen and others. To evaluate the importance of the longitudinal space charge
effects on the transition crossing, the space charge parameter n), (ratio of the space charge-force to
the rf force) is calculated. The space-charge mismatch at transition is defined as the ratio of the
bunch length at transition with space charge to the bunch length without space charge (and the
corresponding ratio of the dp/p at transition) as a function of the space charge parameter. The
gpace charge mismatch at transition is not so important provided the space charge parameter is
smaller than one. The calculationsfor the Main Injector have been done with a bunch intensity of
2.7x10" ppb and with different longitudinal emittances. The results of the caculation are shown
in Figure 5.9, where the space charge parameter is plotted as a function of the longitudinal
emittance. Figure 5.9 showsthat for longitudinal emittances greater than 0.2 eV-sec, n, <0.5, so
gpace charge is not expected to be important during the transition crossing.
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Figure 5.9. Space charge parameter n, versus longitudinal emittance.

5.5.4.3 Microwave Instability

The threshold for microwave instability to occur at transition for a parabolic bunch distribution
isgiven by (J. Wei):

3V|cos @, |6,

Z
n 8hl

<

[5.1]

where Vistherf voltage at transition, ¢, the synchronous angle, h the harmonic number, 6, the
bunch length at transition (in radians) and | is the peak bunch current. Based on the formula above,
the threshold Z/n for 2.7 x 10" protons as a function of the bunch emittance is plotted in Figure
5.10. For emittances greater than 0.3 eV-sec the threshold Z/n for the microwave instability is
greater than the estimated Z/n for the Main Injector (less than 3 Q), so no microwave instability is
expected at transition.
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Figure 5.10. Threshold impedance Z/n versus longitudinal emittance for 2.7x10" ppb.

5.5.4.4 Nonlinear Effects

Nonlinear effects are expected to dominate the transition crossing in the Main Injector under
the conditions above. First the maximum Ap/p at transition for a bunch without space charge is
plotted as a function of longitudina emittance in Figure 5.11. In these calculations a transition
crossing rate dy/dt of 255 s* and a voltage at transition of 3.0 MV were assumed.
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Figure 5.11. Maximum dp/p at transition as a function of longitudinal emittance.
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As can be seen from Figure 5.11, for longitudina emittances above 0.5 €V-sec, the peak
excursion in Ap/p at trangition is gpproaching the momentum aperture and beam scraping might
occur. Secondly the nonlinear time (the time AT that it takes the particle with the largest
momentum spread Ap/p to cross transition before the synchronous particle) was calculated
according to the formula

_(@+312)xy, o 52

TN L
y P

where a; isthe Johnsen nonlinear coefficient in the momentum compaction factor, taken to be
equal to 0.65 in this case, and y; isthetransition gamma. The results of the calculation are plotted
in Figure 5.12.
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Figure 5.12. Nonlinear time as a function of the longitudinal emittance.

Figure 5.13 shows that for longitudinal emittances greater than 0.2 eV-sec the non-linear
timeis comparable with the characteristic time T (time around transition during which the particle
motion is non-adiabatic), which in this case is calculated to be 2.04 msec. That will lead to the
development of tails after transition, which will filament and increase the effective bunch area. The
effective increase in the bunch area during the transition crossing depends on the ratio of T, to T,
(J. Wei Ph. D thesis) asfollows:

-
33.76 x L for T, <<T,
AS T
U
U
E2

T -1 for T, =T, [5.3]

Beam loss occurs if the effective bunch area S+AS after trangition is larger than the bucket area.
Theresults of the formulas above for different longitudina emittances are shown in Figure 5.13.
Since T, /T, isranging from ~0.4 to ~0.9, neither of the two regimes applies unambiguously, and
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most likely, the emittance growth will fall somewhere in between the two curves. Simulations are
needed to better understand the question of emittance growth in this case.
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Figure 5.13. Fractional emittance growth due to nonlinear effects at transition.

Ay, -jump of about 1.5 unit in 1 msec will decrease the nonlinear time by a factor of 6
while the characteristic time will be reduced only by afactor of 1.8, so for a given longitudina
emittance the ratio T,/T, will become a factor of three smaller, minimizing the emittance growth

and the particle loss. The gammat jump i
following initial operation for Run I1.

5.5.4.5 Conclusions

S a possible upgrade to the Main Injector project

The following conclusions are reached concerning trangition crossing of bunches
containing 2.7 x 10" protonsin abunch of area Sy = 0.5 eV-s.

Stability against negative mass breaku

N

p requires Sp > 0.32 eV-s.

Space charge focusing mismatch at transition is not seriousfor S, > 0.2 and isavery

weak function of S, for Sy > 0.4 eV-s.

transition becomes a consideration for
If S§p>0.32eV-sand Zj/n < 3 Ohmth

ok W

larger

However, the coalescing process proposed for
these effectsin a serious way.

The nominal momentum acceptance should support S, = 0.6 eV-s, but potential loss at

Sy > 0.4.
ere should be no microwave instability.

Emittance growth from the nonlinear bunch tilt becomes a serious consideration for

theinitial portion of Run Il should not suffer from
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5.6 Impedance and instabilities

5.6.1 Impedance budget and the microwave instability

The Main Injector is a high intensity proton synchrotron. In order to control beam
instabilities, it needs to be a low impedance machine. Components in the vacuum, rf, diagnostic
and injection/extraction systems have been carefully analyzed, and computer models have been
built. The following guidelines have been adopted in the machine design:

* Thebellows are to be shielded.

* Theflange gaps are to be shielded.

* Thegatevavesareto be shielded.

* The pump ports are to be screened.

¢ Thetrangtions are to be tapered.

* Thewedment gaps are to be minimized.

¢ Thedangerous higher order modes (HOM) of rf cavities are to be damped.
* Thekicker beam tubes will be coated

¢ The Lambertson joints are being designed with care.

There are two characteristic frequencies associated with the beam instabilities. One is the
cutoff frequency of the TMO1 mode of the dliptic beam tube (2"x5"), which is analyticaly
calculable and is about 3.6 GHz. Thisgivesann (whichisthe ratio of the cutoff frequency to the
revolution frequency) of 4x10*. Another is the rms frequency of the bunch spectrum (assumed
Gaussian), which is below 300 MHz and is more than an order of magnitude smaller than the
cutoff. Thisimpliesthat the broad-band impedance model is applicable in the analysis.

The preliminary impedance budget is listed in Table 5.6, where Z/n is the longitudinal
impedance and Z, the transverse one. The instability thresholds at injection and extraction are aso
listed. Theratio of the threshold to the budget, which is sometimes caled the safety margin, must
be greater than unity in order to avoid microwave instabilities.
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Table 5.6. Impedance Budget

Component Number Impedance
Z,/n Z,

RF cavities (HMO) 0.09 0.023

Main cavities (53 MHz) 18

Coalescing (2.5 MH2z) 5

Codlescing (5 MH2z) 1

2nd harmonic (106 MHz) 1
Transitions (tapered) 0.012 0.01

RF section 10

Injection section 2
Bellows (shielded) 552 0.37 0.67
Flange gaps (shielded) 552 - -
Weldments 2208 0.001 0.005
Gate valves (shielded) 34 0.04 0.05
Pump ports (screened) 577 0.1 0.07
Beam position monitors 208 0.18 0.3
Kickers 0.3 0.6

proton injection (2.27 m) 3

pbar injection (2.24 m) 2

pbar extraction (2.2 m) 2

Abort (2.2 m) 2
Lambertson laminations 0.1 0.3
Lambertson joints 0.3 0.1

L ambertson-quad 12

L ambertson-L ambertson 6

L ambertson-dipole tube 10
Resistive wall 0.11 0.092
Totd 1.6 2.2
Instability threshold:

At 8.9 GeV/c 39 7.9

At 120 GeV/c 8.0 16

Specific attention is needed during the bunch coaescing at 150 GeV/c. In the process of
adiabatic debunching, the minimum bunch height is constrained by the machine impedance. For a
bunch full height of 12 MeV, the corresponding microwave instability threshold is Z,/n= 1.0 Q,
which is already smaller than the budget.

Another critical stage during the cycle is the trangition crossing a about 20 GeV/c, when
the dip factor n tends to zero. Both analytical study and computer simulations have limited power
in predicting the instability threshold. From the experiences at other high intensity proton machines
(e.g., AGS a Brookhaven and PS a CERN), particle losses and emittance dilution have strong
dependence on the beam intensity. However, based partly on our Main Ring experience, we do not
expect the microwave instability at transition to seriously limit Main Injector performance in Run
.

5.6.2 Chromaticity and slow head-tail instability

The chromaticity in the Main Injector comes from four different sources: quadrupoles,
sextupoles, eddy current in the beam tube and dipole saturation. The chromaticity moddl can be
described as a summation of four terms:
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It is seen that the eddy current term has a ramp rate dependence. In order to have enough
room for manipulating the chromaticities in both positive and negative directions, it is necessary to
have bipolar power supplies for the focusing sextupoles. (The defocusing sextupoles do not need
to be bipolar.)

The head-tail growth time is inversely proportional to Re Zn(wg), the rea part of the
transverse impedance at the chromaticity frequency, which is equal to {weo/n. Table 5.7 lists the

growth time of the m=+1 mode at injection for different chromaticities.

[5.4]

Table 5.7. Head-Tail Instability Growth Time
& -33 | -20 | -10 -5
T (Ms) 26 27 22 17

It will be possible to adjust the crhomaticity to be negative at injection and to avoid the instability.
In addition, a damper will provide stabilization even if the chromaticity hasthe “wrong” sign.

5.6.3 Resistive wall instability

The beam tube is made of 316L stainless stedl. Its resistivity p is 7.4x10"7 Q-m and its
thickness A is 1.5 mm. At low frequencies near woAv , where Av is the fractiona tune, the skin
depth & is larger than the wall thickness. Therefore, the wall impedance is determined by the

thickness.
Assuming Av = 0.4, the wall impedance would then be Z; = (1 +j) 19 MQ/m. It

would give atransverse coupled-bunch mode growth time t = 1.2 ms, which is about 100 turns.
The actud growth time could be longer due to other factors (chromaticity, octupoles, etc.) as
observed inthe Main Ring. The Main Injector damper system will suppress thisinstability.

5.6.4 Coupled bunch instabilities

Based on the preliminary higher-order mode (HOM) tables of the Main Injector rf cavities,
the coupled bunch instability growth timeis calculated and listed in Table 5.8.

Table 5.8. Coupled Bunch Instability Growth Time

Direction Bunch Shape Mode Growth Time (ms)
8.9 GeV/c 120 GeV/c
Longitudinal m=1 8.5 69
m=2 33 86
Transverse m=0 1900 L
m=1 L L

Note: The entry "L"™ means L andau-damped.
The damper system should also be capable of damping these modes.

5.6.5 Transient beam loading

There are two transent beam loading effects that are of concern. One is the phase
modulation due to the gap in a bunch train. For 18 cavities, each having RIQ = 80 Q and Q =
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4500, the phase modulation of several casesislisted in Table 5.9. While these phase errors are not
too serious, the Main Injector will have a beam loading compensation system to reduce these
effects.

Another effect istheinstability driven by the fundamental mode (i.e., TMO1) of rf cavities
due to detuning. Feedback will be used to stabilize this potentially unstable mode.

Table 5.9. Phase Modulation from Transient Beam Loading

Case vt lo Gap Phase
(MV) (mA) (Us) Modulation
A.89GeV/c 0.38 430 1.7 5.3
6 batches
B. 120 GeV/c 1 430 1.7 4.9
6 batches
C.89GeV/c 0.38 72 9.5 207
1 batch
D.8.9GeV/c 0.38 358 3.3 9.9
5 batches

5.7 Damper requirements

5.7.1 Transverse dampers

The damping process can be described as follows. Let us define a vector that represents
the amplitude and phase of the collective beam oscillation:

3 O

n——+1 Bx
W . (55

where a and (3 are the lattice functions. When a feedback system with gain g is applied, the
amplitude |n| will be decreased. After N turns, we will have

DN sm(2nv(2N +1)) -sin2¢, [
4sin2mnv

In(N)[ = |n, | e><p 90,
g°H2 [5.6]

in which |n| and @y are the initiadl amplitude and phase, respectively, and v the betatron tune.
Thus, the collective amplitude damps as an exponential with a characteristic period of 2/g turns, but
the exponential also has some minor wiggles. The transverse feedback systems in the Man
Injector serve three different purposes that are described below.

5.7.1.1 Correction of injection errors.

If thereisaposition error X a injection, the decoherence due to chromaticity is described
by A=(x,—X)/x,, where xc is the centroid of the particle distribution in a bunch. The
decoherence factor can be caculated by
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inwhich ¢ is the chromaticity, gp/p the rms relative momentum spread, vs the synchrotron tune,

and N the number of turns after injection. Table 5.10 lists the maximum value of A as a function
of &, which occurswhen N = 1/2vg. It is seen that, for a large chromaticity, the damping time of

the injection damper must be shorter than haf of the synchrotron period in order to avoid any
significant emittance dilution due to decoherence.

Table 5.10. The Decoherence Factor

3 33 20 0 5
iy 1 0.99 0.72 0.27

5.7.1.2 2. Damping of the resistive wall instability:

Because this is a fast beam blowup, a feedback system with a large gain is needed. The
maximum bandwidth is determined by the batch separation.

5.7.1.3 3. Damping of the coupled-bunch instability:

In order to be able to damp the coherent oscillation of each individual bunch, this feedback
system needs a wide bandwidth. It is planned to build two feedback systems in each transverse
plane. System A has high power and medium bandwidth for correcting injection errors, while
System B has low power and wide bandwidth for damping the resistive wall and coupled-bunch
instabilities. The specifications arelisted in Table 5.11.

Table 5.11. Specifications of Transverse Feedback Systems

Feedback system A B
Purpose(s) Injection errors Resistive wall instability
Coupled bunch instability

Features High power Low power

Medium gain Largegan
Medium bandwidth Wide bandwidth

Gain 0.04 0.1

Damping time (turns) 50 20

Correction (mm) +3 +0.3

Kick angle (prad) 6 15

Kicker length (m) 1.4 1.4

Kicker voltage (V/mm) 160 400

Tota voltage (V) +480 +120

Kicker power (kW) 5 0.3

Bandwidth (MHz) 4 53
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The simplest implementation of afeedback system consists of a pickup and a kicker, which
are (n+1/2)Tt apart in phase advance. But this smple scheme is senditive to tune variations, closed
orbit errors, and theinitial phase of the bunch at the pickup/kicker.

Animproved versionis asfollows:

1. Two pickups taken together determine both x and X', thereby eliminating the sensitivity
to initial phase and tune variations.

2. Two-turn (or multiple-turn) measurement will reject the closed orbit signal.

3. Two kickers, which can get rid of the initial phase dependence, will (in principle)

provide almost exact orbit correction within one turn.

A new transverse feedback system, which has both high power (6 kW) and wide bandwidth (53
MHz), has been built for the Main Ring and will be used in the Main Injector.

Another important consideration for dampersisthe noise leve of the system. This may not
be a problem for the Main Injector because of its short cycle time, but it is critical for any proton
storage ring. The consequence of noise in the feedback system is the possible emittance dilution.
The emittance growth due to the feedback noise can be described by

g

% =g, %).64fO SIE_NEZAVZ 0

g = 8 [5.8]
inwhich & istheinitial emittance, fo the revolution frequency, x, the equivalent noise level &t the
pickup, oy the rms beam size, and Av the total tune spread. It isinteresting to note that the growth
rate is independent of the gain and is proportiona to the square of the tune spread (which is
somewhat contrary to one'sintuition). The theoretical limit of the pickup resolution due to thermal
and electronic noise, Ax, is also calculable. In designing a feedback system, Ax must be smaller
than xn, which is determined by a specified allowable growth rate de/dit.

5.7.2 Longitudinal dampers

Passive mode dampers will be used on the Main Injector cavities (which are being reused
from the Main Ring). In addition, phase feedback will be used as necessary to damp dipole
oscillations. Quadrupole feedback will be used for the m=0 mode.

5.8 RF Systems and Beam Loading Compensation

The 18 existing 53 MHz Main Ring rf cavities will be ingtaled in straight section MI-60
and operated at harmonic number 588. The operating levels below transition are determined by an
interplay between cycle time, bucket area, and synchrotron frequency. Since the FMI must
accelerate antiprotons as well as protons, a degree of smplicity and system flexibility will be
achieved by placing the cavities at spacings that are multiples of one-haf the rf wavelength. The
180" spacing of accelerating cavities will simplify the rf signal distribution (fan-out/fan-back)
system as well as providing ssmpler choices for coalescing stations.

A bucket area of a least 0.2 eV sec is required to accept beam out of the Booster.
Historically, it has been necessary to keep the synchrotron frequency in the Main Ring below 720
Hz to avoid resonance with power supply ripple at the twelfth harmonic of the line frequency. The
rf system has the capability of generating enough voltage a injection to produce a 1.0 eV sec
bucket area at injection, where the limit of 150 kV per cavity is set by the tendency of the tuners to
spark because they are close to parallel resonance. In this mode the synchrotron frequency lies well
above 720 Hz at injection and descends rapidly, crossing 720 Hz when the beam energy is about
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15 GeV. At thefrequency for transition energy the cavities are capable of producing 240 kV each,
so that 4.0 MV are avail able even with one cavity inoperative. If the rf system has more than a 50%
duty factor, it isnot possible to maintain the4 MV level al the way to top energy because of cavity
heating. Operational experience will dictate the exact ramp scenario that is used.

One limitation of the existing Man Ring rf system is the power that it can deliver. The
present requirements are 70 kW per cavity with the increased beam intensity provided by the Linac
upgrade. The FMI will require 112 kW for accelerating the full intensity a 240 GeV/sec, which is
excessive for rf amplifier reliability using the present Man Ring rf system. Provision in the
origina cavity design alowed for a second amplifier to be installed on the cavity. This choice,
while possible, places additiona amplifier components in the enclosure, thus increasing
maintenance. To overcome this limitation, a new 200 kW power amplifier is placed in the tunnel
with a 4 kW rf driver and 30 kV series tube modulator in the equipment gallery. R&D
development of a 200 kW rf power amplifier and a 4 kW driver has been completed. Tevatron
style 500 volt programmable grid and screen supplies are used for dc biasing. Rf drive is be
provided by a solid-state 4 kW rf driver coupled to the final tube cathode.

More than 200 kW of output power has been achieved with the new amplifiers. Reliability
testing is being done in a test station and in an active acceerating station in the Main Ring rf
System. Operation in a Man Ring Station since May 15, 1994 without failure, has given us
encouragement that the design is sound.

The transient beam loading from 6x1020 protons per bunch will require about 1.25 amp
delivered to the cavities, supplied by 15 A (12:1 cavity step-up ratio) of rf current generated by the
power amplifier. A 200 kW rf power amplifier operated at a dc plate voltage of 20 kV will produce
apeak rf current of approximately 21 A. The 40% surplus initid current capability will insure
adequate operating lifetime as the power tube ages.

In the present Main Accderator rf systems, two 30 kV anode power supplies provide dc
power to 18 rf stations. Nine stations are powered by each anode supply. With 200 kW amplifiers,
only six stations can be powered by a MR anode supply. One additional anode supply will be
provided. The two existing MR anode supplies will be rebuilt at the MI1-60 location when the Main
Ring is decommissioned. Design improvements proven to increase reliability in a smilar supply
used in the Tevatron rf systems will be implemented. This will make the Main Injector anode
supplies similar to the Tevatron supply. Uniformity of the systems will both ease maintenance and
provide consistent safety requirements in the two systems.

The FMI will usethe 2.5 and 5.0 MHz coaescing cavities from the Main Ring to prepare
intense bunches for collider loading; no significant modifications are required. The system consists
of five 2.5 MHz ferrite loaded cavities producing 12 kV per cavity and one 5.0 MHz cavity
producing 15 kV. These cavities are driven with solid state amplifiers which will be located in the
MI-60 Service Building. Because the harmonic number for 2.5 MHz is 28 in the FMI compared to
its Main Ring value of 53, the system will provide 1.4 times the bucket height available in the Main
Ring. For longitudinal emittance of 0.15 eV's, about 30 kV of 2.5 MHz rf is required, so thereis
substantial reservein this system. The FMI will al'so use a 15 kV, 106 MHz cavity from the Main
Ring. It isused to linearize the 53 MHz bunch rotation in the procedure called snap coaescing.

The four operating modes of the Main Injector are listed below.
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Table 5.12. Operating Modes of the Main Injector.

Energy Mode Beam Extraction
120 GeV Antiproton Production 1 batch 1turn
120 GeV Slow Spill 6 batch 1sec

150 GeV Tevatron Fixed Target 6 batch 1 turn
150 GeV Collider, 36 on 36 11 bunch 1 turn

For antiproton production and fixed target operation, the compensation is designed for an
intensity of 6x10™ per bunch with aramp rate of 240 GeV/sec. The maximum intensity that could
be accelerated at this ramp rate without running into instabilities is not much larger, perhaps
7x10%. The most critical beam loading compensation is necessary for snap coalescing twelve
batches of protons at 150 GeV.

5.9 Intensity and Transmission Efficiency

The Fermilab Main Injector is designed to have a much larger aperture, greater than 401
mm-mr normalized at 8 GeV, compared to the Main Ring aperture of 12rmmm-mr. The Main Ring
aperture, both transverse and longitudinal, limits the performance of the Fermilab Tevatron
complex. The Main Ring is not capable of efficiently accelerating the full intensity that will be
available from the Booster, namely 6x10% protons/bunch. The Main Ring is used in three
different modes: 1) proton acceleration from 8 GeV to 120 GeV for antiproton production; 2)
proton acceleration from 8 GeV to 150 GeV, coaescing and cogging for Tevatron injection; and 3)
antiproton acceleration from 8 GeV to 150 GeV, coa escing and cogging for Tevatron injection. In
the first two modes the Main Ring accepts beam from the Booster, and in the third mode from the
Antiproton Source. In al of these modes the beam intendity is limited by the admittance of the
Main Ring, and furthermore, the Main Ring has no transverse aperture left for any motion in orbit.

In the antiproton production mode the Booster runs with 84 bunches of about 4.5x1010
protons each. Main Ring delivers only about 3.5x10 protons/bunch to the antiproton production
target, with an efficiency of less than 80%. Figure 5.14 shows the efficiency of proton transfer
through the Main Ring for different Main Ring cycles. Inthe Main Ring about 10% of particles get
lost in the first few thousand turns. This loss is mainly caused by the small aperture of the Main
Ring at injection. The small aperture is caused by a combination of poor magnetic field quality a
low excitation and perturbations to the ring that have been required for the integration of
overpasses and new injection and extraction systems. The second considerable loss of particles in
the Main Ring, about 10%, is a transition energy. At transition the growing beam size aso
scrapes on the limited aperture of the Main Ring. Figure 5.14 also shows the transfer efficiencies
for the other two cycles of the Main Ring operation, which are used to fill the Tevatron for collider
operations. As in the antiproton production cycle, these two cycles have losses of particles from
injection to transition energy. The total loss is about 20%. A few percent (<3%) of particles get
lost between 20 GeV and 150 GeV. Dueto the limited momentum aperture of the Main Ring, the
proton loss during cogging and coalescing is about 25%. The average transmission through the
Main Ring during antiproton production cycles is at best 80%, whereas the average transmissions
of coalesced proton and antiproton bunches are 50% and 70% respectively. The antiproton
transmission is larger due to the smaller emittance of the antiproton beam from the Accumulator.
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Figure 5.14. Main Ring transmission efficiencies for different particle transfer cycles.

In the Main Injector era, the Booster proton emittance is expected to be about 181 mm-mr
for 6x10' protons/bunch. The Main Injector, with an aperture more than three times larger than
the Main Ring, will eliminate most of the losses currently caused by the aperture restrictions a
injection. Any loss due to small injection oscillations will aso be reduced. Figure 5.15 shows the
expected particle transmission for different Main Injector cycles. Due to much larger transverse
admittance of the Main Injector, the expected loss from injection to trangition energy is less than
5%. The Main Injector is designed to have larger momentum aperture; hence loss of particles a
cogging and coalescing is expected to be much smdler than in the Man Ring. A conservative
estimate of these losses is less than 5%. The average transmission through Main Injector during
antiproton production cycles is expected to be 95%. The average transmission efficiencies of
coal esced proton and antiproton bunches are expected to be 85% and 90% respectively. The Main
Injector is designed to exceed the Run Il requirements of 2.7x10™ protons/bunch and 5.5x10%
antiproton/bunch delivered to the Tevatron.

5.31



100.0 =
_ i
S 80.0 - -
>
(&)
[
Q 1
(&)
£
' 60.0 - -
G——= Pbar Production cycle
[+~ — &1 Proton Transfer to TeV ]
&~ - <> Pbar Transfer to TeV
40.0 ‘ ‘ ‘
0.0 50.0 100.0 150.0

Figure 5.15. Expected Main Injector transmission efficiencies for different particle transfer cycles.

5.10 Resonant Extraction

The Main Injector slow extraction system is designed to be capable of providing year-
round, uniform spills of 120 GeV beams, either with a 2.9 s cycle time and 1 s flattop, or with a
1.9 s cycle time and ~1 ms spill for neutrino experiments. The following sections outline the
principle of slow spill through excitation of the haf-integer resonance, and description of the
hardware required. More detail is provided in the TDH on results from numerical simulation of the
extraction process, and on spill modulation and duty factor considerations.

5.10.1 Half-Integer Resonant Extraction

The half-integer resonanceis alinear resonance that can be induced solely by a quadrupole
field. In that case, the beam is ether entirely stable or entirely unstable, if tune spread resulting
from chromaticity and momentum spread is ignored. With the addition of an octupole field,
however, an amplitude-dependent tune spread isintroduced into the beam (Av ~ x2). Particles with
large betatron amplitudes have tunes closer to the half-integer than those of smal amplitude.
Consequently, the phase space splits into stable and unstable regions, thereby providing a means
for manipulating the extraction rate through control of the stable area in phase space. Recycled
Main Ring octupoles distributed around the ring on the Oth-harmonic provide the non-linear tune
shift, while two orthogonal families of Man Ring trim quads distributed on the 53rd-harmonic
provide the half-integer driving term. One quadrupole family aone produces the desired driving
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term for extraction, while both families are available for correcting the intrinsic half-integer stop-
band of the machine.

Slow extraction from the Main Injector proceeds basically as follows. The horizonta tune
israised towards the half-integer fromv, = 26.425 to 26.485 using the main quadrupole circuits.
The desired orientation of the phase-space at the extraction septa is obtained by energizing the
appropriate 53rd-harmonic quadrupole circuit plus the Oth-harmonic octupoles. The strengths of
the harmonic elements are chosen such that the stable phase-space area equals the emittance of the
circulating beam. The beam isjust marginally stable, therefore, at the end of the initial ramp.

Extraction begins by further ramping the harmonic quadrupoles to increase the width of the
half-integer stop-band and start the stop-band moving through the beam. Small amplitude particles
(lower tune) remain stable, with their motion in phase-space oscillating between the 'fixed' points
on successive turns. As the stable phase-space region shrinks, large amplitude particles enter the
stop-band and become unstable, with their amplitude then growing exponentially from turn to turn.
The unstable particles stream out along the separatrices until they ultimately jump across (or hit)
the wires of the eectrostatic septa and enter the extraction channel. The kick supplied by the
electrodtatic septa provides sufficient separation between extracted and circulating beams that
magnetic septaare used for the fina extraction from the machine.

5.10.2 Extraction Elements
There are five major components of the resonant extraction system:

magnetic and el ectrostatic extraction septa;

one family of Oth-harmonic octupoles;

two families (cosine and sine) of 53rd-harmonic quadrupoles,

low frequency extraction regulation quadrupoles (QXR), and;
high frequency spill modulation regulation quadrupoles (Buckers).

The extraction septa are located in straight section MI-52 for extraction to Switchyard and the
present experimental areas beyond. This region must accommodate extraction of 120 GeV/c slow-
spill protons and single-turn extraction of 120 and 150 GeV/c protons. The Lambertson magnetic
septa and C-magnets are common to al beam transfers. There is sufficient phase advance in the
straight section that both the extraction kicker magnets and electrostatic septa can be placed at the
upstream end of the straight section. Separation between extracted and circulating beams is
provided by three electrostatic septum modules located immediately downstream of the kickers,
and 70.1° in betatron phase upstream of the entrance to the first Lambertson. Each septum has a
wire plane length of 3.048 m. The high voltage gap is 10 mm, with the anode consisting of 0.1
mm tungsten-rhenium wires. The septa are designed to produce 200 ur of kick each at an applied
voltage gradient of 79 kV/cm. Additional septa and Lambertsons are required in MI-60 for
extracting to NUMI. Due to the presence of the rf cavities in the MI-60 straight section, the
electrostatic septawill be located ~3172 in phase advance ahead of the first Lambertson magnet.

The Oth-harmonic octupole circuit is required to serve two functions. During resonant
extraction it augments the (large) octupole component of the main quadrupoles to produce the
appropriate stable and unstable phase-space regions. At injection, however, the octupole field
generated by the main quads has a degrading effect on dynamic aperture. The harmonic octupoles
in this case are used to cancd this detuning effect. The Main Injector has a single family of 54
octupoles - one at each focusing sextupole location. All octupoles are the same polarity, producing
a Oth-harmonic contribution. The two-fold symmetry of the Injector ensures that half-integer
driving terms cancel, and quarter-integer harmonics are found to be small.

ggbrwdE
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The number of harmonic quadrupoles is determined by the strength required to raise the
fractional horizonta tune from 0.485 to 0.500 a 120 GeV/c. With Bx ~ 50 m at the quadrupole
locations, the total strength required is ~15 kG-m/m. For Main Ring trim quads this trandates into
8 quadrupoles operating a ~7 A. In the Main Injector 16 quadrupoles are utilized. These are
distributed around the ring, separated into two orthogonal families (cosine and sine) of eight quads
each. Within each family Oth-harmonic contributions cancel because there are equal numbers of F
and D quads. The 53rd-harmonic is retained by separating opposite polarity quads by odd
multiples of 90" in betatron phase. The orthogonality of the families provides the capability both to
cancel the intrinsic half-integer stop-band of the machine and to manipulate the orientation of the
phase-space at the septaif necessary for extraction either at M1-52 or at M1-60.

Quadrupole errors in the ring propagate a twice the tune and contribute an additional
(unwanted) half-integer driving term. Theintrinsic half-integer stop-band is measured by ramping
the two orthogonal families independently through positive and negative current values to attain
resonance. In the absence of dynamic non-linearities the four resonant current values lie on the
circumference of a circle. The circle center defines the stop-band width and phase and, therefore,
the harmonic quad currents necessary to cancel it. The stop-band compensation is required to
reduce the large variations in the Main Injector lattice functions. The maximum AP/ is reduced
from 76% to 6%, and the rms deviation from 41% to just 3%. To agood approximation the design
lattice is obtained.

5.10.3 Spill Regulation Elements

The spill regulation for extraction system can be divided functionally into two bandwidths.

1. A low bandwidth (dc to ~10 Hz) system, commonly cdled QXR, or quadrupole
extraction regulation system, consists of two air-core quadrupoles, which may be configured either
as aOth-harmonic or as a 53rd-harmonic. Further analysisis being done to determine which mode
is preferred. QXR is used to control the rate a which the beam is extracted. The system is
regulated with feed-forward by monitoring the circulating beam intensity during slow extraction.
On each machine cycle, the spill rateis sampled at 720 Hz, and compared to the desired spill rate.
The error is saved, smoothed and time-shifted, and the current wave form for the next cycle is
modified based on an average over many previous cycles.

2. A higher bandwidth (0.1 Hz to 3 kHz) system consists of two air-core, Oth-harmonic
guadrupoles powered in series, mounted on ceramic beam pipe. These are commonly referred to
as “buckers.” By sampling the extracted beam intensity at 5760 Hz and through feed-forward to
the buckers, higher-frequency repetitive spill modulation is removed. Redl-time feedback is also
applied, limited in bandwidth to a few hundred Hz due to the time delay between a change in
quadrupole current and the beam response. Simulations have demonstrated that this system can
compensate for 100 ppm ripple a 360 Hz in the main quadrupole bus, corresponding to tune
modulation of Av ~+ 0.003. Ripple in the main quadrupole bus could also be compensated by
feeding back directly into the bucker system.

The 12-year-old Tevatron extraction regulation systems was recently redesigned using
modern technology. Much of the Tevatron extraction system, especidly in the area of software
and controls, will be carried over directly to the Main Injector QXR system.

1 M.J. Syphers, "Injection Mismatch and Phase Space Dilution", FN-458, 1987.
2 The Fermilab Main Injector Technical Design Handbook, Section: 2.4, 1994.
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6. Tevatron Performance and Projections

This chaptempresentshe planfor the initial portion of Run Il and plans tancrease the
number of bunches beyond the 36 plannedHerinitial phase of Rurl. We have also included
some speculative idedisat arenot now included in theRun Il plans.The following paragraphs
summarize the importarRun Il issuesand plans forthe Tevatron. Details aregiven in the
following sections.

Runll goals

The initial goal for Run Il are to provide a luminosity of1®** cmi?sec! with 36 protonx
36 antiproton bunches at and energy of&¥ in center ofmass system.The Run Il goal for
integrated luminosity is 2 fb. Achievingthis goal in atwo year run will require a luminosity

higher than the initial Run Il goal. At the expectgétimate Run Il luminosity of 210* cmsec”
there will be an average &8 interactions pecrossing.Since the performance of the detectors
deteriorates rapidly as the number of interactionscpessing is increased, it isiportant tolimit

the luminosity per bunch crossing.

Luminosityleveling

One methodfor limiting the number of interactions parossing is known atuminosity
leveling. In the luminosity leveling the valueﬁffis adjusted continuously during the course of the
store to keep the luminosity at a constant value untiB’fheaches itsninimum value, namely 35
cm. Implementing luminosity leveling istraight-forward in principle, but inay be difficult to

achieve in practice since the Tevatron colliding bétetime and halolosses inthe detectors are
very sensitive to changes in tune and coupling.

132nsecbunchspacing

Ultimately we plan to reduce the number of interactions per crossing while at high luminosity
by distributing theantiprotons into mordunches. Inthe absence of otheonsiderations, the
luminosity would be proportional tihe totalnumber of antiprotons,e., the number obunches
times the number ddntiprotons pebunch. The number of interactions perossing, however,
depends only on the number of antiprotons per burihce the experiments have been designed
to accommodate bBunch spacing of 138sec, weultimately plan touse this bunchspacing.
Unfortunately, thismode of operation is complicated by the need to introdwwessingangle at
the interactionpoint, resulting in aloss of peak luminosity and introducinglynamical
complications, such as the possibility of synchro-betatron resonances

Latticemodifications

For Run Il weplan on adopting dattice which haszero dispersion irthe BO and DO
interaction regions. Compared to the lattised in Run la antb, the main advantage of the new
lattice is a larger separation of theoton and antiproton orbits just outsidetiod tripletmagnets.
This helps reducthe beam-beam turshifts fromthese parasiticrossingsand reduces the tune
spread ofthe antiprotonbunches.The new lattice configuration can be achieved by a straight-
forward reconfiguration of the existing hardware.

* Revised February 6, 1999.
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For the 1999 fixed targetrun the tune trimquad magnets ithe E and Fsectors will be
separated from the trim quad circuits. The E sector trim quadrupole magnets will be powered as an
independent circuit, similarlfor the F sectotrim quadrupoles. Thiwill allow us to change the
horizontal phase of the beam at the FO injection Lambertson magnets to reduce the hbeaontal
width during resonant extractionWithout this modificationthe horizontal beanwidth during
resonant extraction is too wide to fit comfortably through the Lambertson magnet aperture.

The polarity of the horizontal component of the helical orbit at injection d&urgll will be
the reverse of that in Run I. This chargeommodates the injection amtiprotons at FO onto the
radially outward helical orbit. The polarity of the helical orbit between DO and/ihthe beams
are colliding will also be changed frolRun | to move the antiproton orbit closer to the CDF
Roman pots located at A48 and A49.

The possibility of moving théow beta triplet magnetsloser to the interaction region at DO
and CDF hageen investigated. A solutidior the latticewas found which allowghe triplet
magnets to be moved 26 inches closer to the interacgion. This would providepace for
adding roman pot detectors in thvarm straight sections whetiee separatorsare located. Since
there has been no official request for thitice modification, it has noyet been studied in detail.

In addition to verifying that th&attice does not adversekffect the beam-beam tusaifts (which
we expect itdoes not),there is an engineering effort required to move tthget magnets and
mechanically support them adequately.

To createspace aF17 forthe protoninjection kickers andbeam haloscraping collimators,
the F17 horizontal separator will be moved to the ¥8m straight sectiorSince the horizontal
phase advance between F17 and D48 is nearly 360 degrees, and since the F17 separator provides a
relatively weak kick,the helicalorbit betweer17 and D48 changeenly a small amoun(<0.5
mm) in this region. Since the F17 separator is not powered during injection this relocation does not
affect the injection helical orbit.

It was observed during Run that thepresent differential couplinfpeddowncircuit (dSq)
was not capable of correcting the coupling of fireton and antiproton tunes independently. For
Run Il a secondamily of differential couplingfeeddowncircuits (dSq2) will be added to the
Tevatron. Preliminarywork suggests thisvill be possible by removing several dfe trim
sextupole magnets near DO and BO from the chromaticity circuit and powering them independently.

Injectionkickers

For the 1999 Fixed Target run the proiojection kickers presently at E17 will belocated
to F17 as part of the new proton injection line from the Main Injector. Le@épg inthe beam to
accommodate the rise and fall times of the proton injection kicker means we will just baable be
to inject two groups of 5 Booster batches (one grougVaen Injector cycle.) Iftherise andfall
times are problematic it may Inecessary to loathe Tevatrorwith fewer than 10 batches or to
make some modifications to the kicker pulse forming networks to reduce the rise and fall times.

For the start of Run Il a new shdratchprotoninjection kicker is beinglesigned andbuilt
which is capable of injectingsuccessive proton bunches with a 396 nsec spading.Main
Injector will coalesce 1 to 4 batches mfotons simultaneously and with 9 to B&in Injector
cycles the Tevatron will be loaded with 36 proton bunches. The prgemtion kickeralso serves
as the antiproton extraction kickesed toeject theantiprotons in groups of four bunchieso the
Main Injector after deceleration. The kicker magnets are being designed to support 132 nsec bunch
spacing afterupgrades tahe pulser systemThe pulser upgrades required for 132 nsec are
substantial and will require research and development before a design is specified.
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For the start ofRun Il the antiproton injection kickesystem presently db48 will be
relocated to E48. During testing of the kicker witlx3® bunches it was fourthiat the kickerfall
time was too long. As aresult theemittance ofsome proton bunches increased frtm kick
received fronthe ringing of the antiproton injectickicker. With the antiproton injection being
moved from EO to FO only one antiprotomjection magnet will be needed to injeattiprotons.
The second magnet will be used as part of a kicker trim magnet (bumper magnet) system capable of
delivering a small kick (~3% ahain injection kickeristrength) withthe amplitude adjustable on a
bunch by bunch basis. This will be used to correct for the ringitigeo&ntiproton injection kicker
and prevent the increase of the emittance of the previously injected beam.

The antiproton injection kickers cannot be installed in the Tevaltomg Fixed Target
operations since the kicker magnet aperture is too small to fit resonantly extreated herefore
they will have to be installed durinthe Fixed Target to Colliderswitchover. The antiproton
kicker magnets and pulsers achieve at 83§&time andsupportinjecting antiprotorbunches with
a 396 nsec bunch spacirgt neither the magnet not tpalser iscompatiblewith a rise-time of
132 nsec.

TeVProgram

The goal of the TreV program is toachieve reliable Tevatron operatifor colliding beam
physics at 1 TeV per beam. Cold compressors and upgrades to the cryogenic controls have made it
possible to increase operating beam energy of the Tevatron beyond the 900 GeV achieved in Run 1.
Ring-wide magnettests suggedhat reliable operation &@75 GeV is now possible. Further
increases are expected tshuffling” magnets.The shuffling procedure involves identifying the
magnets with low quench currents and replacing them with high quench cnagmets Over the
past several yearsTeV testinghasidentified weak magnets and they have been replaced. An
additional 7 magnets will be replaced in the Tevattonng the MainInjector shutdown.Part of
the shuffling program involveplacing weaker magnets into more cryogenically favoraibée, (
colder) locations and grouping weak magnetgether inhousesthan will be operated at colder
temperatures than theverage. It idikely that we will be able to operate the Tevatron at the
specified1000 GeV energy,but we do not intend to sacrifigeliability for a small increase in
energy. Based oexperience talate, weexpect the actuaperating energy will be between 980
and 1000 GeV.

TevatronDampers

For the 1999 FixedTargetrun the longitudinal mode 1 dampeystem used during the
1996/97 Fixed Target run will be reinstallélith this damper instabilities in FixeBargetshould
not be a problem for intensities as high as®3 protons per batch.

With the increasérom 6 to 36 bunches (areVentuallyl40 bunches with 132 nsec bunch
spacing) it becomes moltikely that coupledounch instabilities willoccur. Therefore a set of
transverse and longitudinBeamdampers will be builfor Run II. There will betwo stripline
pickups (one horizontal and omertical eaclproviding a proton and antiproton signkdgated at
D48 and two located at E11. There will be four striplines usethiaper kickers (oneertical and
one horizontafor eachproton and antiprotoripcated in the EO straigtgtection. The electronics
will reside in the EO service building.

The longitudinal dampers in Run 1l will be similar to the dangystemalreadyused in the
Fixed Target run. The damper watt on the beam byodulating thephase othe low-level RF.
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Although this method is somewhanited by thebandwidth ofthe RF cavities, weexpect that
there will be adequate feedback gain for any instabilities that occur.

BeamHalo Scraping

For Run Il the beam halo scraping system will be redesigiteete will be a set d5.0 mm
thick tungsten targets ard5 meterlong stainless steel collimatolscated at the D17 straight
section, the F17 straight sectionthe EO0/D49 straighsections,and the F48/F49/A0 straight
sections. Foeachspecies oparticle (proton and antiprotonthere will betwo tungsten targets,
two secondarycollimators located about l@egrees phase advanc®wnstream, and two
secondary collimatorkocated abouB50 degrees phaselvancedownstream. Ta@reatespace for
the collimators at F17 (which will also hathee protoninjection kickers)the separator &217 will
get moved to the D48 straight section.

To reduce the time spent ®we@am halcscraping (typically it took 15 minutes Run Ib) the
collimator hardware and controlare beingupgraded to allow faster operation amnabre
automation. The goal is to automate the scraping procedure instead of having the opgecafpns
perform this task manuallyHowever, we daot expect to bable to achievéhis goal until we
have obtained significant operating experience under Run Il conditions.

ProtonRemoval

Before decelerating antiprotons it is desirable to removenbins fromthe Tevatron. This
will eliminate the beam-beam tuséift effects and provide more apertdoe the antiprotons by
allowing thehelical orbit to be collapsed to an orbit centered in the bpgra. The plan is to
remove the 210" protons in about 100 seconds by scragirgnaway with a collimator. Proton
removal inRun Ib using aollimation system atD17 led toquenches at protoremoval rates a
factor of 20 slower than the Run Il goal. Therefore a dogleg scheme will be used at EO to shield the
Tevatron superconducting magnets from the particle losses and prevent quenching. The dogleg will
consist of 4 Main Ring B2-type magnets powered independently froethdus with a 500 kW
Transrex powesupply. Calculations of the shieldingrovided bythe conventionaMain Ring
magnetssuggest it should be possible witle dogleg scheme to remove1D™ protons in 100
seconds without quenching the Tevatron magnets.

Deceleration

To increase the number of antiprotons available during stores the Tevatrdeosi#rate the
antiprotons from 1TeV to 150 GeV after astore andre-inject them into théMain Injector for
further deceleration and eventually re-injection into the RecRitey. The Tevatrorhasalready
decelerated protons from 800 GeV to 150 GeV with nearly 100% effici#heymajorissue with
deceleration will be the control of the chromaticity to correct for the changing sextupole component
(b,) in the dipole magnets created bgdy the currents inthe dipole magnets anehinimizing
emittance growth.

FasterShotSetupTime

In Run Ib a collider fill cyclg(shot setup) took aaverage oR.5 hoursincluding time spent
repairing acceleratocomponentghat failedduring a shot setup antime spent tuning up the
machines duringhot setup. Byeducing thistime to 0.5 hoursthe integrated luminosity will
increase by abou20%. Achieving this goalfor Run II will require a lot ofwork to upgrade
controls and require an effort to automate as much of the shot setup process as possible.
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The projected shot setup time of 0.5 hours does not include tomestfor the CDF and DO
experiments. In Run | the Tevatron magnets were reset every store by ramping the Tevatron to 900
GeV six times. This provided aatural periodfor experimental quietime with no beam in the
Tevatron. During Run Il the plan is to eliminate the six ramps and therefore it is exphettdvbre
will be beam present in the Tevatron during nearly the entire shot setup.

Instrumentation

Modifications to the instrumentation abéamdiagnostics for Run lare needed torder to
accommodate the increase in thember of bunches from 6 to 36 and to prouide fasterdata
processingneededor the fastershot setup time.The upgradesare fairly simple. Much of the
work will involve modifications to the applications programs to displatafrom 36 bunches in a
convenient form.

WarmStraght SectionAllocation

With Tevatron diagnostic equipmeand instrumentation displaced frothe FO straight
section to make room for the injectionFd, the insertion ofprotonremoval atE0, a newdamper
system, and a netyeam halcscraping systengareful attentiomeeds to be paid tihe allocation
of warm straight sections in the Tevatron. We haagle an accountinigr all the devices needed
for the start ofRun Il and forseveral futureprojects. Thisaccountingdoes notyet include
additionalseparators to providie crossing angleseededor 132 nsec bunch spacing. Nor has
there been any accounting for modifications to the lattice at CO and the insertion of an experiment in
the CO straighsection. Howeveinstallation of devices in the CO regiovas purposelyavoided
(with the exception of the already existisgnchrotronlight monitor) toleaveroom for afuture
detector at CO.

TevatronMagnetSpares

A look atthe inventory ofspare Tevatron magnessiggeststhere are adequate Tevatron
spares for the start of Ruh However, given thewarmup and cooldown dhe Tevatrorduring
the Main Injector shutdown and the 1 TeV magnet shuffling a number of magnets are liiadly to
A significant effort will be required to fix these magnets andintain the Tevatrorspares
inventory. Many of these may fail in a manner that requires relatively little effort to repair (a hole in
the vacuum chamber near the end of the magnet for instance). Given thahagnet failures are
impractical to repair and that high quench current magnets are rfeededeV operations, it may
eventually become necessary to build new Tevatron dipoles.

132nsecBunchSpacing

Investigations of 132 nsec bunch spacing has begumdmgwork is needed before final
plan is completed. As a starting point, the present planimgiement132 nsec bunch spacing by
using 140 proton bunches and l1&itiprotonbunches.Calculations with this bunch structure
along with the introduction of crossing angles at BO and DO show that the tune foogaiet by
beam-beam tunshifts should becceptabldor 132 nsec bunch spacin@ther beam dynamics
issues such akigher order effects and synchro-betatron resonances have not been considered
fully. A completeunderstanding of these effects will require studies wadtliding beams during
Run Il. Furthermore adding a crossirangle for 132 nsec bunch spacing requires stronger
separators or the addition of more separators. Presently a configuration exists for such a scheme,
but it may not be consistent with an experiment in the CO interaction region.
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COInteractionRegion

The goal of the CO Interaction Region project icteate ahird proton-antiproton collision
point where modest experiments agetectorR&D may beundertaken. A FY9&roject will

provide an experimentdlall to accommodate an experimanith maximumdimensionst 40 feet

along the beanand +8 feettransverse tdhe beams. Amodest staging area, counting room
facilities, andminimum utilities arealso included. Future design and fundimgj be required to
complete the outfitting othis facility for the installation of experiments aridr the low-beta
focusingelements and electrostaeparators necessary to bring beams into collisiomoderate
luminosities.

The only part of this project well defined at this point is ¢h@ construction of the collision
hall and the assembly hall. This construction ke placeduring the MainInjector Shutdown in
1997 andl998. Presentlythe CO straight section in the Tevatron is a normal straight sebbn
contains the C@roton abortAfter the civil construction iscomplete the CO aboegnd all of the
Tevatron elements at CO will be reinstalled. Eventuttly CO abort will be removed as
experimenters begin to place detectors in the CO straggitions andhe A0 abort will beused to
remove beam from the Tevatron during collider operations.

At this point there is only a preliminary design Faftice modifications to provide &w beta
interaction region. Providing collisions at CO would afsamlve a modification to the helix with
the addition of separators. These and other isseed examining before it becomdsarhow to
incorporate a colliding beams experiment at CO during Run Il or with 132 nsec bunch spacing.

Superconductin@RF

An introduction of a crossing angle at the interaction regions for 132 nsec bunch spécing
result in a lower luminosityfor non-zero bunch lengthdhe reduction in luminosity can be
recovered bysing higher frequency and highsitage RF cavities tshortenthe bunch length.
Using superconducting Réavities to produce 20 MV &12 MHz can reduce théunchlength
from 38 cm to 14 cm for a @V-secbunch. Superconducting cavities at this frequency require a
substantiaR&D effort and substantial fabricatiaosts. Wehave not yet starteB&D on these
cavities, but we would have to start soon to have them available for the latter part of Run II.

6.1 Performance During Run Ib and Run Il Goals

6.1.1 Comparison of Parameters for Run | and Run Il
In Collider Run Il the Tevatron is expected to deliver a luminosity of up tox20¥

cm?sec’ to each of the experiments RMd CDF at a ZeV center ofmass energyDuring
Collider Run 1l the Tevatron will operate muttke in Run Ib withthe higher luminosity coming

from an increase in the number of bunches from 6 to 36 and slightly higher proton and antiproton
bunch intensities. In Table 6.1 the expected beam parameters for Bunddmpared to thgeam
parameters for a typical store in Run Ib. The beam parameters for Bienderivedrom the data

in Figure 6.1a-h. The data represent all the collider running from March 8, 1995 tiAoighl,

1995 except for a few stores where ttaasetwas unavailable or internallynconsistent. All the
parameters were obtained from the data which are periodically collected tharstgre during the
interval from one to five hours after the beams achieved collisions at low beta.
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Table 6.1. Summary of operating parameters for Run Ib (taken from the data shown
in Figure 6.1) and the parameters required for Run II.

Parameter Run Ib Run Il

Protons per bunch 232x10° 270x10°

Antiprotons per bunch 60x10° 70x10°

Proton emittance 231 201 mm-mrad
Antiproton emittance 131 151 mm-mrad
Proton rms bunch length 63 37 cm
Antiproton rms bunch length 59 37 cm
Number of bunches 6 36

Bunch spacing ~1500 396 nsec
Luminosity 1.6x10* 2.0x107 cm’sect
Head on Pbar tune shift 0.015 0.020

Tevatron Energy 900 1000 GeV
Shot setup time ~2.5 <1 hours
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Figure 6.1. Summary of luminosity and beam parameters in recent collider operation.

6.1.2 Transverse emittance
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The design proton transversmittance inrRun Il is 26t mm-mrad—somewhat smaller than
the typical Run IB emittance of #83nm-mrad. The desired antiproton transverse emittanceris 15

mm-mrad—somewhat larger than the typiBain 1b emittance of 18 mm-mrad In Run Ib the
smallest achievable emittance®gre used for both beamsThe antiproton bearhad a smaller
emittance largely because it was delivered to the Tevatron with a smaller emittance.

There appeared to be ab&uiOt mm-mrad emittancgrowth fromthe time the beam is at
Main Ring flattop to collision optics in the Tevatront is generally difficult to determine precisely
the magnitude andource ofthe growth because themittancemeasurements made both the
Main Ring and Tevatron have random and systenetiors at perhapthe level 0f20%. The
errors arise from uncertainties irthe lattice, mechanicabnd electrical problems in the
instrumentation, and uncertainties in the distribution function.

However, reliable measurementsemiittancegrowth are madeduring the injectionprocess.
In Run Ibthere weresix injection cyclesfor protons and simore for antiprotons. After each
injection, theemittancewas measured.Significant emittancegrowth is observed irthe stored
beam, presumablipecause of non-ideal pulskapes irthe kickers(see reference for more

details). We expect this problem to persist and perbepsme more sevewith the injection of
36 bunches.

6.1.2.1Injection errors

Accurately matched injection is crucial to the preservation of emittance. The relation between
the emittances of a beam being transferred from accelerator 1 to 2 is diven by

&y = l % + & + (02/31 _ a]ﬂz)z El‘:l
2B B BB {

+371(p/m)[ 8,268 + 200008 + Y25

Oo2 +Ap2 O
+371( p/m)[Bz(n'z = ni)? +2a5(ns - ni)(n2 = m) + va(na — m)? Eppizpog

Equation 6.1
whereg; andeg, are thenormalized, 95%emittances (defined in terms of thas beam sizeo as
g=611(p/m)o2/B, wherep is the particle momentum analis its mass). The latticefunctions of the
two circular machines aig a, n, andn’, where the subscript refersttte appropriate accelerator
andn is thedispersion function.The latticefunctionsare compared at argonvenient,common
reference point. The injection position and angle emiced\xg andABg, andop andApg are the
beam momentum spread and the momentum injection error.

The errors from the mismatch in focusing (a beta mismatch) are proportionalsigutre of

the error in the betafunction for small errors. Thus a 10-20%ismatch in theséunctions is
tolerable. The dispersiomatch between thiklain Ring andthe Tevatron is notery good in the

vertical plane. The mismatch is calculated tesult in avertical emittancegrowth of about 0.5t
mm-mradfor coalescetbeams. In addition, windows the MainRing to Tevatron transfdine
contribute about Osmm-mrad emittance growth. The current transfer line has virtually no tuning
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capability. The new Main Injector line is not only better matched, it will be possible to tulmethe
as well.

The steeringerrors, howeverare critical. Injection oscillations of abo250 um amplitude
are achieved operationallyhich corresponds tabout 0.5t mm-mrad emittancgrowth. The
steering becomes considerably more difficult when injecting more than one burithesbecause
the kicker may not give the same kick to each bunch. The antiproton kicker was specified to have a
pulse uniformity of better that0.5%. In order to avoid perturbirtge buncheghat have already
been injected, the kicker must also quickly decay to a value less tharOaidubfthe peakfield.
These specifications are adequatdinit the emittancegrowth to It mm-mrad, butearly beam
tests withthe kicker indicate that the specificatiomsre not fullymet, particularlyfor the kicker
fall-time. As a consequence, we plan to use a kitkarmagnet to effectively improve the kicker
pulse shape as described in section 6.6.5.

6.1.2.2Emittance growth rate at 150 GeV

The emittance has been measured to grow byrirG-mrad/hour when the Tevatron is set at
150 GeV. Thiseffect probably is responsible fabout 0.5t mm-mrad emittancgrowth in a
typical store. It isnot known whatmechanismcausesthe emittancegrowth, but the tune

modulation from the large momentum spread and substantial chrom&fidi)) Could be a major
factor.

6.1.2.3Emittance growth during acceleration and the low-beta squeeze.

During normal operation of th€evatron,dramatic emittancgrowth can beobserved when
the tuneslie nearresonances. Changintpe tunes ofthe accelerator normallgures these
problems. There may besome residuakmittancegrowth from these effects duringhormal
operation.

6.1.3 Longitudinal Emittance

The longitudinal emittance gofdr Run 1l is 2.0eV-sec compared to abo8t5 eV-sec in
Run Ib. In order tonaintainlow intensity bunches witsmall emittance, it imecessary tmject
the beam accurately and to avoid emittance dilution moige. Synchrotrooscillations of about
0.5 mm amplitude are observed thhe BPM’s atthe “17” locations (6 ndispersion)immediately
after injectionduring routine operation ofhe Tevatron. These oscillations correspond to a
fractional momentunerror (or magnet fielderror) of about 810°. The resultingemittance
dilution is about 0.1 eV-sec.

Injection is also complicated by beam loading considerations. The chaphasieangle for
the first bunch in a 12-bunch train is 13amd the change for the last bunch is 19.An injection
error of 8.2 results in aremittancegrowth of 0.1 eV-sec. It wouldppear that themittance
growth frombeam loading will be negligiblprovidedthat we compensat®r the averagdeam
loading.

At low beta thebunch lengthgrows byabout 1 cm pehour. This corresponds to an
emittance growth rate of about 0.1 eV/sec per hour. However, the observed gtewthsmaller
than that expectedrom intrabeam scatteringsee section6.3.1). The intrabeam scattering
experiment suggests that the noise contribution to the longitudinal emittance growth rate is closer to
0.01 eV-sec per hour.
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6.2 Luminosity Leveling

With a fixed number of bunches,the number of interactions pdseam crossing is
proportional to the luminosity. For 36 bunches and a luminosity#2cm®sec' the number of
interactions perrossing (assuming agffective inelasticcross-section of 45 mb) i5.8. The
performance of the detectors can deteriorate rapidly as the number of interactiongspery is
increased, and it may be desirabldinat the maximumluminosity through d@echniqueknown as
“luminosity leveling.” Luminosity leveling is accomplished by manipulatingdiioee parameters
in the early part of thstore to reducéhe luminosity to the desirelvel but changing these
parameters during the store to keep the luminosity as nearly constant as possible.

Onetechnique to level theiminosity involves modulatin@* during the store. Figure 6.2
shows acalculationwith Run Il parameters thatesults in aninitial luminosity of 2.17x10%
cm?sect and alsoshows storesvith the same initial parameters except that ffiehas been
adjusted to achieve luminosities of 0.5, 1.0, andk108 cm’*sec’. The luminosity of théeveled

storeshecomes greater than the unlevedénteafter some period afime because the antiproton
intensity is higher in ¢eveledstore (fewer antiprotonare lost due to interactions). Figure 6.3

showsthe integrated luminositior thesestores and Figuré.4 showsthe value off3* that was
required to achieve the luminosities shown in Figure 6.2.
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Figure 6.2. Comparison of the luminosity versus time of an unleveled Run I
store and stores that have been leveled to 0.5, 1.0, asid*.&msec’.
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Figure 6.4. Comparison d¢iie 3* versustime of anunleveledRun Il store and stordbhat have
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Luminosity leveling isstraightforward in principle, but it is natlear that it can be
implementedwithout undesirable side effect3he Tevatron is sensitive to small changes in the

operating point (particularly tunes and coupling), and it is not clear th@t @ be changed over
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the course of a store without introducing excessive background ratae eéxperiments. Two
possible approacheme to makechanges in a series of discrefeeps or tomake continuous
changes. The method of discretsteps haghe advantage that easkep can behand tuned for
optimumperformance. The continual changeasthe advantage thainy increase igxperimental
background would bgradual allowingtime for an operator (omppropriate software) ttake
corrective action before the problebecameserious. Weplan to study luminosity leveling
techniques after thRun Il luminosity reaches>8L0*! cm®sec’ so that an effective technique will
be available when it is needed.

There are other techniques that couldused tomodulate thduminosity. They include
changing the rf voltagesolliding the beamsvith an offset or an angle, or changitg cogging.
While we are not seriously considering any of these options (and sotihenofappear to beoor
choices), wemay choose to use one difiese alternative techniques or a combination of these
techniques in the future. Since luminosity leveling does not require any signifeartardware,
the choices to be made are primarily operational in natudecan therefore be deferred until we
have more experience with operation in Run .

6.3 Integrated Luminosity and Store Lifetime

6.3.1 Experience in Run Ib
A modelhasbeen developed to describe the evolution of the luminosity stb@® The
ingredients in the model include:

1. Particleloss from collisions. Atotal cross-section of 70 mb is assumed in the
calculations described below.

1. Particle loss from the residual gas scattering.

1. Particle loss from othesources. Thelossrate isassumed proportional the number
of particlespresent,but therate isassumed to be zero the calculations described
below. Probablyhe most important contribution tparticle loss isunstable particles
extractedfrom the collider byresonant effects driven Iiye beam-beam interaction.
There is ndknown calculational method that accuratgiyedictsloss rates from these
effects, butfortunately thiseffect is relatively small in th@roton beamundernormal
operating conditions.

1. Emittancegrowth because of intrabeastattering. It is assumdtat the emittance
growth rate is the same in the horizontal and vertical phase spaces becaugaing.
The assumption is enforced in an ad-hoc waychjculating thegrowth rates in the
absence of coupling and applying the average rate to each plane.

1. Emittance growth because of scattering from the residual gas.

1. Emittancegrowth from noise orother unknown sources. The calculationshelow

assumed a constant emittance growth aftn-mrad in transverse phase space and O
eV-sec in longitudinal phase space.

Comparison of thenodel withthe storedata taken at thend of Run Ib isshown in Figure
6.5 through Figure 6.8. The initial beam intensities emittancesvere taken fronthe measured
values and then evolved according to the model. The luminosity measured by BO 808bait
the calculated valuand thecalculation is scaled by aad-hoc factor 0.9 to facilitate a better
comparison otalculatedand measured lifetimes. Theck of agreement between the BAd DO
measurements could be the result of errors in the lattice parametersnad tReés or in systematic
errors in the luminosity measurement. The 10% initial discrepancy betweealdhlatednumbers
and the measurement at BO could be explainedrtayrs inthe initial beam parameters as well as
lattice and measurement errors.
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The measured luminosityropsmore quickly (see Figur.5) than the calculation. About
half of this effect is caused by the shorter thalculatedproton lifetime. The antiproton intensity
is fairly well described (see Figu6e6) bythe model (the dominant effect is partitdss through
beam-beantollisions), butthe proton lossrate is muchigherthat predicted by thenodel. The
longitudinal emittancgrowth ofthe protonbeam is substantialllessthan predicted (see Figure
6.7) late in thestore. This effect may be related to tharoton lifetime: particleswith large
synchrotron oscillation amplitudes may be lost preferentially. The transverse emittancergi®wth
agrees reasonably well withe calculations although there issaggestion of excesamittance
growth of the antiprotons. The calculatedransverseemittancegrowth comes primarily from
intrabeamscattering, buthe assumed ad-hoemittancegrowth rate of 0.2t mm-mrad pethour
also contributes to the growth

Given this modest successpredicting performance iRun Ib, wewill use thismodel to
project performance in Run Il. Since the single bunch intensities are similar to thoselln Rein
should experience similar levels of intrabeam scatteridgwever, ifbeam-beam effecfsom the

increased number of long-range interactions become more significant, the lunifedisitg could
be much shorter than predicted.

20 T T T T T T T T T T T
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Figure 6.5. Luminosity as a function trhe in Store 5903 in Rub. The calculated luminosity
is based on measurementstled beam intensitiesnd is multiplied by an ad-hoc factor @® so
that the initial luminosity agrees with the measurement at BO.
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Figure6.6. Beam intensity as &nction of time in Store 5903 in Run llcompared with the
calculation.
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Figure 6.7. Longitudinal emittance asfanction oftime in Store 5903 in Run lisompared with
the calculation.
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Figure 6.8. Vertical emittances as fanction oftime in Store 5903 in Run lisompared with the
calculation.

6.3.2 Predictions for Run Il

The antiproton intensity is eritical parameter of the Tevatrantiproton-collider. With a
fixed antiproton accumulatiorate, the antiproton intensity can be increased by increasing the
length of the accumulatioperiod. Howeverthe length of thestore must also increase taatch
the accumulation period. Thus the length of the store is dependent on the initial antiproton intensity
and can not behosen arbitrarily. It iscritical to include theconstraint oflimited antiproton
production when comparing different scenarios.

In order topredict Run II performance the modébr the evolution of astore has to be
augmented with operational details includirige recycling of antiprotons and antiproton
acceleration efficiency. The following assumptions were made:

1. During a store antiprotonare accumulated in the Recycler at a rate ok108

antiprotons per hour.

1. Shot setufthe time betweenstores) isexactly 1hour and no stacking occurs during
shot setup.

1. Ninety percent of the antiprotomse retained in thprocess of transferringeamfrom
the Recycler, accelerating, and establishing collisions in the Tevatron.

1. Ninety percent of thentiprotons within areffective acceptance of #5mm-mrad
(horizontal and vertical) and 3 eV-sec (longitudinal) r@&ycled. No particles outside
this acceptance arecycled. The “effective acceptance” is specified@t beta in the
Tevatron, and allows for emittance dilution during the deceleration processthbioge
beamwith 251 mm-mrad transverseemittanceand 3 eV-sec longitudinamittance
(95% emittances) would have a calculated recycling efficiency of

0.90x0.95x0.95¢0.95=0.77.
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1. The Tevatron operation is characterized by rantsses of stores with meantime
between failures of 7Rours. This lossrate isconsistent the number storesthat
ended abnormalfyin Run Ib but must certainly be a naive approximation to reality.

1. The length of thestore isthe optimumstore length to compensdta the 1hour shot
setuptime or the time to accumulate thequired antiproton intensity, whichever is
longer.

The initial antiproton emittance will probably depend on intensity because stocha&stating,

which is lesseffective athigh intensity,will be used inthe Recycler. In additionthe various

antiproton transfer efficiencies will bgoorer for highemittance(and high) antiprotorbeams.

These considerations, whicare not included in themodel, biasthe calculated optimum
performance towards higher antiproton intensities and shorter store lengthgotidrbethe case
if these effects were included.

The proper response the abnormal termination of a Tevatrstore is acomplicatedssue.

One can wait until the desired number of antiprotons has been accumulated or one can begin a new
store sooner with lowemntiproton intensity. In practicethe answer may depend on
considerations such as whether there our other uses for the Tevatron, including the need to perform
some measurementising proton beams. lihe model, it is assumethat the same&umber of
antiprotons is stackefbr eachstore. While the model is dest acaricature of realityand the
parameters are speculative, the model contains many features of actual machine operation.

As discussed iilChapter 1, we intend to operate initialiyth 36 proton and 36 antiproton
bunches for Rurl. As the luminosity increases it may be desirablelimot the maximum
luminosity using luminosity leveling (modulatirige 3* at the interaction pointuring the course
of the store). In this section, we considerx36 storesleveled to a maximum luminosity of
1x10* cm?sec'. We also consider 14Q21 stores, wherthe 121 antiproton buncheareused

to reduce the number of interactions peossingcompared to 3636 operation. The beam
parameters of these scenarare given inTable 1.1 exceptfor the initial antiproton intensity,
which varies with the store length.

Figure 6.9 showshe initial store luminosityversus antiproton intensity. The unleveled
luminosity is proportional to antiproton intensity (withe assumptionthat antiprotonemittance
does not depend on intensity), ibe leveledstore achieves maximum luminosity of %10

cm?sec’ because of the increasptl Figure 6.10 shows the store length verisitsl antiproton
intensity. For very short storehe optimumstore duration depends dme shot setup time, and
there is excess antiproton productiontftat mode obperation. Fohigher antiproton intensities
the store length is roughly proportionaltke initial antiproton intensity. Compared tioe 36<36
operationthe 14121 storesequireless stackingime for the same initiantiproton intensity.

This effect occurs becausthe initial luminosity of the 148121 stores is lesbecause of the
crossingangle (sed-igure 6.9)and because the recycling efficiency is beftewer per bunch
intensity reduces the intrabeam scattering).

Figure 6.11 showshe average luminosity pérour obtained witheach of thesenodes of
operation. It should perhaps lenphasized that theurves shown in Figure 6.lfepresent
different modes of operation witthe same antiproton accumulatioate. The best integrated
luminosity for each scenario is given by the maximumitefrespectivecurve. The unleveled

36x36 operation achieves the greatest integrated luminosity (at any antiproton intensity largely
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because of the luminosity penaftpm leveling or fromthe crossingangle used in 148121
operation. The relatively small effect of Tevatron failures on the integrated luminosity is seen most
clearly in the leveled case where the small increase in integrated luminosity thatfrocombaving

long stores (reducinghe effect of the lhour interruptions for shot setup) is offset by the
possibility of the largdoss inluminosity fromthe wait required to achieve ttdesiredinitial
antiproton intensity The 143121 operation is seen to beompetitive with 36x36 operation

(85% ofthe integrated luminosity of unleveled X8 stores) undethe statedassumptiongthe
recycling efficiency is critical).
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Figure 6.9. Initial store luminosity versus the initial antiproton intensity. The points are the results
of the calculations described in the text; the curve joining the points serves to guide the eye.

* In the luminosity leveled case, however, the strategy of waiting to accumulate the desired antiproton intensity is
probably not optimal.
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Figure6.10. Store lengthversusthe number ofintiprotons forthe 3scenarios discussed in the
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Figure 6.11. Average luminosityfor the 3 scenarios discussed the text. The points are the
results of the calculations described in the text; the curve joining the points serves to guide the eye.
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6.3.3 Intrabeam Scattering

Intrabeam scattering is a dominanowth mechanismfor high intensity beams in the
Tevatron and an important contributor to the luminosity lifetime. We heade a separastudy
of intrabeam scattering amdade calculationsising more detailednodels tharthat described in
Ref. 3.

6.3.3.1Theoretical Estimates of Intrabeam Scattering
6,7,8,9,10

A number of authors havearried out analysis dhtrabeamscattering:® %% In this
analysis we have compardite theoreticaformalisms ofRefs. 5-7 indetail. In particular, we
consider a somewhat simplifiechse, which ignorethe effect of coupling on th&ansverse
emittance growth. In general, couplingbslieved to lead to a reduction in the horizogtalwth
rate and a commensurate increase in Wegtical growth rate. Since the product of the two
emittancesoccurs inthe expression forthe luminosity, it can beassumed (with some error
resulting from the different amount of dispersion in the two planes) that the effect on the luminosity
is small. We have found that except Ref. 6, anumber of additional approximations have been
assumed, based on the assumption of a regular lattice, which can lead to slight discrepancies in the
results. Howeverthese differences tend to be small and we Hfiawad overall good agreement
among the various published results.

In the case othis analysis, we ustne method oRef. 6applied on a point-by-poirtbasis
aroundthe ring. The total scattering rate is then theg-averaged value.Using the expected
machine parameteifsom Table 6.1, wehave evaluated thgrowth rates as a function of the
longitudinal emittance, keeping other parameters fixed, and the results are shown in Figure 6.12.

Emittance Growth Rates
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Figure 6.12. Emittance growth rates as a function of the longitueimitiance in the Tevatron for
Run Il beam parameters.

In Collider Run Ib, we carried outsanall number of measurements of intrabesattering,
using proton-only stores with bunches of varying siz&€he growth rates are determined
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empirically from the slope of the longitudinal amdnsverseemittanceswith time. The results of
these studieareshown in Figure6.13. Although the data arecant,there is reasonablgood
agreement with the modaked inthe above estimates at sufficientligh bunch intensity (shorter
growth times). It is to be noted that a residual growth occurs ainkewsity (.008 hi') which is
presumably due to intrinsic machine noise. Based on thes#s, it isreasonable to assurtteat
the intrabeam scattering models applied above are approximately correct.

Longitudinal Intrabeam Scattering Rates
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Figure 6.13. Comparison of measured longitudireinittancegrowth rates withthe Bjorken-
Mtingwa model at low-3 in the Tevatron.

6.4 Collider Fill Steps (Shot Setup)
This section lists the operatiorgteps inthe Tevatrorduring acollider fill. The majorsteps
and the technical issues associated with each step are outlined.

6.4.1 Tevatron at 150 GeV and Proton Injection

Beginning with nobeam in the Tevatroand the energy set 260 GeV thefirst step is to
inject 36 coalesced protdrunches intdhe Tevatron. In Run Ithe protonswill be injectedfrom
the Main Injector into the Tevatron at the FO straight section viagihe150GeV protoninjection
transfer line While there isnothing conceptuallynew or difficult with injecting beam at FO (as
compared to injectingrom the MainRing at EO) it will requirethe commissioning of a new
injection line which will also be shared with antiproton stacking avidin Injector resonant
extractionoperations. Thughe hardware and software fanaintaining efficient injection will
require upgrading.

The proton bunches ithe Tevatron will be in thregroups of 12 withthe bunches ineach
group spaced 21 rf buckets (396 nanosecoadajt and the thregroups of proton bunches
spaced one third of the ring apart. Early attempts to coalesce 12 bunches of gintdtasieously
in the Main Ring uncovered difficulties caused lpeam loading in the MRcavities. These
difficulties may be overcome and therefore it maypbsesible tanject protons inthreegroups of
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12 bunches. However, waan to build anew protoninjection kickerwith a risetime faster than
396 nsec.This will allow us toinject theprotons in groups with lesthan twelvebunches. For
instance we may inject groups of protonsach containing 4 coalescguoton bunches. If
necessary the proton bunches could be injected with only one bunch per Main Injector cycle.

The kickerused toinject protonswill also beused toextractantiprotons at 15@eV after
they have been deceleratddhus, a newprotoninjection kickerwith a risetime of 396 nsec is
needed whether or not tihain Injector can coalesce Iinches simultaneouslyhe antiproton
bunches will beejectedfrom the Tevatron irgroups of four bunches asquired by the Recycler
Ring. The kicker design specifications for the Tevatron are preserdethihin another section of
this report.

To inject the proton bunches into the correct Tevatron bucké&ithéevel rf system is being
redesigned to handleeamtransfers betweemachines with different revolutioinequencies. The
system for generating the trigger for beam transfer will need modificatiortén to firethe Main
Injector extraction kicker and Tevatron injection kicker on the correct Main Injector revolution.

Single bunch instabilities, believed to be the headrsifbility, have beenbserved in Run
Ib while accelerating but these were usually eliminated by increasing the chromaticity. In Run 1l the
higher proton intensity per bunch increases the likelihooobsérving these instabilitiegvith 36
bunches instead of e probability ofobserving coupled bundhstabilities is alsancreased. In
Run Ib therewas alongitudinal instability whichwas cured withthe 6x6 longitudinal damper
system. However in Run Il this system will need modification to work for 36 bunShe= it is
difficult to measure or estimate the impedance of the Tevatron theregsodgredictionfor the
intensity at which instabilities wilappear.Therefore the preferredolution tothe problem of
instabilities is to build a set of 6 dampers (1 longitudinal and 2 transverse dampers for both protons
and antiprotons) with enough gain to damp any expected instabilities. The design of the dampers is
discussed in a later section of this report.

As in Run Ibthe sextupole fields created legldy currents irthe dipole magnetmust be
compensated in order to keep the chromaticity at a constant and reasonable value while Tevatron is
at 150 GeV.The compensatiofor these sextupol&elds, the b, correction, workedvell during
Run Ib but there will be additional complications during Collider Run Il. In Run Ib as part of every
shot setughe Tevatrorwasramped up t®00 GeV and bacldown againsix times to reset the
Tevatron magnets to the same state at the start of shietysetupWith each ramping of the
Tevatron taking several minutes this resetting procedure takes 20 minutes which is inconsistent
with the Run II goal of speeding uphot setup.Eliminating theseramps meanshat the b
correction algorithm will have to accoufdr the history of Tevatron ramguch asthe time at
flattop and theime on theback porch whileextracting antiprotonfor recycling. This bissue is
also relevant for the chromaticity corrections while decelerating and extracting the antiprotons.

6.4.2 Antiproton Injection

The antiprotonsare injected into the Tevatron after thmtonshave already beelvaded.
Before the antiprotons are injected a set of electrost@fiaratorare used tocreate a pair ofion-
intersecting helicatlosed orbits withthe protonscirculating on onestrand ofthe helix and the
antiprotons circulating orthe other. This provides transverseparation of theproton and
antiproton bunches as they pasgh other longitudinallgnd eliminates the beam-beam tisidgt
from head on collisions. The antiprotons are injected onto the helical orbit afteepheatorhrave
been turned on.

The antiproton bunches will be in 3 groups of 12 with the buncheacimgroup spaced 21

rf buckets (396 nanosecondg)art and the groups ofantiproton bunches will be spaced one
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third of the ring apart. This is the same bunch spacingegsrotons.Because thantiprotons are
extractedfrom the RecyclerRing in groups of 4 bunchethere is no need to coalesce the
antiprotons inthe Main Injector. Injecting the antiprotons in groups of four witthe 396
nanosecond spacing between bunches requlieddesign and fabrication of aew set of
antiproton injection kickersvith a faster rise time. Sindbe antiprotonsare injected in the gap
between thegroups of protonshe kickersmust also have a sufficiently fafll time so that the
kicker pulse does not disturb the protons already in the machine.

The antiproton injection kickers have already been built and testeB86¥36 studies
conducted in the Fall af995. Thetests showedhat the field in the antiproton injectidackers
did not fall rapidly enough after they were fired and theretfoeeemittance ofome ofthe proton
bunches were blown up fromie kick of the antiprotorkicker. The proposed solution to this
problem is to design and build a bumper magnet and power supply edmaive relatively small
kicks on a bunch-by-bunch basis acdmpensatdor the undesired kick fromthe antiproton
injection kickers. The antiproton kickers and bumper magnetsdeseussed iranother section of
this report.

One of the big concerns with having 36 proton and 36 antiproton buncthesTievatron are
the tuneshifts of the antiprotons resulting fronthe long rangebeam-beaninteractions. As an
antiproton bunch travels past a proton bunch the electric and magnetic fields fromtdnebunch
affect the motion of thantiprotons and changése tunes ofthe antiprotons slightly. In Run Ib
there were 12 of these parasiior long range)rossingsper revolution but inrRun Il this will

increase to 72 parasitic crossing ink36 bunch mode. Furthermottee protonswill have slightly
higher intensities during Ruih. Calculations of the tunshift for the small amplitude antiprotons
have been done for 886 bunch mode witlthe proton intensitieexpectedduring Run Il and do

not indicate that there will be a problem. The validity of these calculations was tested du@ieg 36
bunch studies by measurirtge tuneshift of the antiprotons andthe results showed good
agreement between the calculations and the experithents

Part of the tune shifts froithe long range interactionsan be compensatddr by using the
feed-down sextupole circuits to independently adjust the tunes pfabens and antiprotons. The
feed-down sextupoles have enough strength atGé0 to adjust theunes ofthe antiprotons and
correctfor the long rangebeam-beam tunghift onthe average although abursethe bunch to
bunch variations can not be compensated with the feed-down sextupoles.

Even thoughthe feed-down sextupoleare strong enough to adjushe tunesthere is a
problem with adjusting the coupling between the horizontalvaniital tunes forthe protons and
antiprotons independently. Adjustirthe couplingrequires two orthogonalamilies of skew
quadrupoles. Howevehe feed-down sextupoles presently provide only one family. In Run Ib it
was discovered that the differential coupling due to"thissingfamily" of feed-downdifferential
coupling sextupoles was too large and prevetitetines from being adjustearoperly. For Run
Il there are plans to add a second family of differential feed-down circuits to correct the coupling.

The largest uncertaintwith the 36<36 operations is the effet¢hat nonlinear beam-beam
interactions will have on the antiprot@mittancegrowth andbeam lifetime. DuringRun Ib the
antiproton lifetimeswvere oftenpoor at 150GeV (<1 hour)and constant tuningvas required in
order to keephe lifetimesreasonableWith 36 bunches and higher proton intensities lifetime
problem will certainly be worse in Run Il. This issue was studied during #&63&udies period,
however during the studies the proton intensities weteot@ess per bunch which is much lower
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than the 2.¥10" expected during Run Il. Until we ga@xperience with operations Run Il it is
not known how much of a problem the antiproton lifetime and emittance blow up will be.

6.4.3 Acceleration

Once the protons and antiprotons have been loaded at 150 GeV bothabeaoselerated to
an energy of 1 TeV. In Run line biggest problemvith accelerationvas controlling thetunes,
coupling, andchromaticity inorder to prevenbeamloss and emittanceblow up. In Run Il,with
more bunches and higher intensities, more effort will be requiredhintaining theproper tunes
while ramping the Tevatron.

6.4.4 Low Beta Squeeze

After the beam has been accelerated to 1 TeV, the TeVattioa ischanged by ramping the
currents in the low beta quadrupole magnets to reducenitiismum betafunction in the CDF and
DO interactionregions from1.7 meters to 35cm. For Run lithe basic plarfor the low beta
squeeze remains the same aRum Ib althoughthe option of luminosity leveling ialso being

considered. At luminosities of 2x¥@msec* the number of interactions per crossing will be 5.8
and it may be advantageous to the experimeriev& theluminosity by changing thg* as the

store progresses. Bstarting with higheB” at the start of atore and decreasirj as thestore
progresses, a constant luminosity can be maintained.

6.4.5 Beam Halo Scraping

Once thebeams have been brought into collisions #mel Tevatronbegins to produce
luminosity the halo of th@roton and antiproton beams is scraped away to reldsses in the
experimental detectors at CDF and DO resulting from the beam halo interactions witpipeain
Run Ib this process had been performed by the operations group mantledlysttrt of eacktore
and typically theprocedure, which is somewhat of an art, tadout 15minutes. Toreduce the
shot setup time and make the most use of the luminosity it is important that this process of scraping
be made significantlfaster throughautomation of thescraping and improvedollimator motor
controls. The motor controllerdor the collimators are being redesigned to alléoww faster
operations and independent control of dadimator motion. More thought is needed on halo
scraping and much will be learned as we gain experience during Run II.

6.4.6 Proton Removal

Once a store has been completed and we are ready to begin the next collider fill it is necessary
to first decelerate thantiprotons in order taoecycle them. It isfelt that agood deceleration
efficiency will be difficult to achieve if thg@rotonsare also decelerated at the sartime. This
feeling isbased on operationakperience acceleratinggo beams abnce. Deceleratingwith the
presence long range beam-beam effects requires a more precise tuning of the Tewanoiaito
high efficiency. Alsothe deceleratingrotons athe sameime requiresthat theseparatorsemain
on in order to separathe proton and antiprotoorbits. Since theantiprotons will have a larger
emittance at thend of astore,the aperture gained by turnimdf the helix will help improve the
efficiency.

Since it is impractical to remove tipeotons butieave theantiprotons with a kicker at 1 TeV
the plan is to remove the protons by scraping them away with a collimator. The challenge will be to
remove the 18 protons in 100 sec at 1 TeV without quenching TevatrormagnetsThe plan is
to insert a set of fouvain Ring dipoles intahe EO straighsection, which form a dogleg with
scraper in between the first and second magnets. The non-superconducting MR magnets will serve
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to shield the Tevatron dipoldsom particle losses duringhe scraping.Calculations have been
done which suggesghat thedogleg should providsufficient protection of the superconducting
magnets to prevent quenches.

6.4.7 Low Beta Unsqueeze

After the protonshave been removed but before deceleratingatitgorotonsthe low beta
squeeze will beundone. This ha®een done successfully the past during studies without
significant beam loss and is not expected to be a problem.

6.4.8 Antiproton Deceleration

With the protonsremoved and théow betaunsqueezedhe antiprotons will bedecelerated
from 1 TeV to 150 GeV with the electrostaticseparators turnedff. During Tevatron studies
protons have been successfullgeceleratedwith nearly 100% efficiency so the deceleration
procedure is not expected to berablem.The mainissuewill be dealing withhysteresis effects
on the orbits, tunes, and especially the chromaticity and, thartection.

6.4.9 Antiproton Extraction

Antiprotons will be extractedrom the Tevatron to théviain Injector using the proton
injection kickers to remove thentiprotons in groups of 4 bunchékhe only difficulty expected
during this step will beéhe changing bcomponents in th&eV dipoles. These will need to be
compensated for since the chromaticity changes fairly rapidly (~20 units in the order of one minute)
after the Tevatron energy is stopped at 150 GeV. This completes the collider fill and store cycle.

6.5 Run Il Tevatron Lattice Issues

The Run Il Tevatron lattice will be similar to tRn | lattice with low betainsertions at BO
and DO. A newtune of thelow betainsertion will attain adispersion of zero throughout the
interactionregion. Separatelypoweringthe tunequads in E and F sectovéll give a greater
flexibility in perturbing the beta-functions tatain morefavorable condition$or both fixed target
and collideroperations. Another possiblemodification is the relocation of the triplédw beta
guads at DO. This provides additional warm space upstream and downstréeaepiarators for
sets of roman pot detectors for the DO experiment.

6.5.1 Dispersionless Interaction Region

The nominalRun | Tevatron lattice has zero dispersion athe BO and DO interaction
points,n = 0, but the slope of the dispersion is not equal to zg+0,3. By running the lovbeta
guads with gradient strengths different from Run I it is possible to produce a Tevatron lattice which
has zero dispersion,=n'=0, in the BO and DO interaction regions. One advantage olattiie is
a slight decrease in theeam size at the interaction poiahd a corresponding increase in
luminosity. Another, perhapsiore significant advantage is that the beam-beam shife is
reduced because the separation of the helix at the pamssisingsnear the interactionegions
happens to be larger with the dispersionless interaction regiorihgGeemments 086¥36 bunch
spacing in the 132 nsec section of this report.).

The gradientgor the zerodispersionlattice areshown inTable6.2. Figure 6.2 shows the
resultinglattice functions inthe IR with the zerodispersion solution withihe low beta squeeze
(also known aghe JJ15Clattice) and without thdow beta squeez¢also known ashe JJO1

lattice). WithpH = 3.50 m,the maximumB is only 122m, which isessentially the same as the
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regular long straight sections. Figure 6.3 shows the gradients required in the low beta magnets as a
function offHfor the zero dispersion solution.

Table 6.2. Gradients in lowbeta magnets a* = 35 cm for the
dispersionless IR solutionThe gradientstrengthsare in T/m at

900 GeV/c

Quad B*=0.35m

Name upstream downstrean
Q4 122.7384 | -122.738/
Q3 -125.9696 |  125.9696
Q2 122.7384 | -122.738/
Q1 -31.2656 31.2656
Q5 -120.7215|  120.7215
Q6 -31.2656 31.2656
T6 -2.04752
T7 33.6728 -33.1375
T9 -45.4510 47.4919 |
TO 9.43142 -10.7942]|
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Figure6.14. Lattice functions at BO and DO fdhe Dispersionless IR Solution a)
with out the low beta squeeze (lattice JJO1) and b) witlothéeta squeez@attice
JJ15C.)
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Gradients of the 25cm Low Beta Squeeze
(900 GeVl/c)
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Figure 6.15. Gradients in low beta magnets as a functifhfof the dispersionless IR solution.

The dispersionless solutiowill be implementedwith the existinglow betaquadrupoles at
their present locations. Some modificationghafpower supplies and reversing switchal be
necessary, however. the Run | lattice configuration the polarity ofjuadrupoles Q5 and TO
reverse during the low beta squeeze, whereti®ein =n'=0 solution it is Q5 and Qfhatreverse
polarity. Also, inthe dispersionlessattice the maximum Qturrent is4.3 kA, while the present
Q1 power supply isated at2.5 kA. However,the Q6 magnet never exceed$ kA in the
dispersionless lattice. Thus the existing switches and power suppdidsgsate to implement the
dispersionlessattice. Thereversing switch will be moved from TO to Q1 ati present Q1
supply will power the Q6 magnets and vice versa.

6.5.2 Individually Powering the Tune Quads in E and F sectors

Editor’s note: This section is not yet available.

6.5.3 Roman Pots at DO

A possiblelattice modification for Run Il involvesphysically moving thdow beta triplet
guadrupoles closer tthe DO interaction region to provide additionahrm spacefor forward
proton detectors (romapots) aspart of a DO experimenipgrade.The change in théattice
functions caused bthe move are minimal. The gradiemescessary ithe magnets arghown in
Figure 6.16. The limitation on the amount the low beta quadsbe moved is the gradient on the
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Q3 quadrupole. As shown in Figure 6.16, with a gradient limit of 140 thenfarthest thguads

can be movedhward is about 2énches. However, it should h@ointed outthat 140 T/m is a
somewhat arbitrary limit: we do not know how the frequency of quenches will depend on gradient
during Run Il operations.

IR Triplet Gradients @ Beta* = 0.35m for Inward
Movement of the Triplet
(1Tevlc)
145 +
— 140 --_ _________ e ;__—_—-___-_-___-:_-___ R
E | o — — —
E —
§ 1L
= -
g I Q4,Q2
130 L —— Q3
- ——— 140 T/m
C Maximum
125 i 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 :
10 15 20 25 30 35 40
Triplet Movement (inches)

Figure 6.16. Gradient strength required ateV as afunction of movement of thisw betaquad
triplet closer to the interaction region. 26" is the maximum inward movement of thegtiplethat
the 5000A (140 T/m) limit is not exceeded.

6.5.4 Interaction Point Orbit Control

The detector collaborations (CDF and DO) plan on utilizmgact parametdriggers to find
events with B-mesomlecays. Thesesystems uséhe r¢ information fromthe silicon tracking
detectors to find events with vertices displaced ftbeprimary interaction.Based onthe CDF
data taken during Run I, an impact parameter (distance of closest approactrangherselane)
cut at 10Qum is efficient for physics signale.g., é’aﬁn_) while rejectingenough background
to keep the total trigger rate acceptable. Thd- studies assumdbat the beam centgosition
with respect to the silicon vertex detector was well known and stable and that the beam axis and the
silicon detector axis were in alignment. Because of the 2D tesdastruction, aangle between
the beamaxis and detector axisauses a decrease time accuracy of determining thenpact
parameter and therefore a decrease in trigger performance.

To keep the total trigger rateithin the capability of thedata acquisitionsystem, it is
necessary to kegpe centemposition stable anthe relative anglemall. CDF has requestdiat
the center position not wander by more tharuB0duringthe course of a Tevatron store athzt
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the relative angle be kept less than u@fd. Changes larger than these amounts will significantly
degrade the capabilities of the impact parameter trigger systems.

Corrections tathe orbit will be madeduring a store in Run |l usinthe dipole corrector
magnets located on eitheide of BO or DO.The orbit will be adjustecbased on position
information provided by the CDF and DO experimeiitse dipole correctorshouldhave enough
range to keep the orbits fixed to the specifications galewve.The only potential problenwould
be if the correctostrength were at itsnaximum valuedue to alignmenerrors ofthe low beta
guadrupoles for instance. This would require an adjustmethetalignment of the detector or the
low beta quadrupoles.

6.5.5 Differential Coupling Feed-down Circuit

During Run Ib the differential feed-down circuits were used to adjust the tunespbtbes
and antiprotons independently. There is also a feed-down sextupole catteddSq, which can
be used to adjust the coupling between the proton horizontalesinzhl tunes independently from
the coupling between the antiproton horizontal aedical tunes. During Run Ib operations
however it was found that the dSq circuit alone was unal@énmmate the differentiatoupling of
the protons and antiprotons. This made it difficult to adjust the tunes and couplingGe&\ shd
may have contributed to thmoor lifetimes observed at 150 GeVlhe source ofthe differential
coupling could be magnetrors inthetriplet, whichcreate a differentisdkew quadrupolerror,
and these could not be corrected because there aeedalown sextupoles ithe appropriate
locations in theTevatron. Essentially what iseeded is a secomtifferential feed-down coupling
circuit which is orthogonal to the dSq circuit. This sectmoks into the possibility of installing a
second differential feed-down circuit in the Tevatron

A beam travelingff centerthrough a sextupolBeld experiences a quadrupdleld. For a
normal sextupole witlhe beam travelinghrough with a closed orbit offset (xy.) the linear
transfer matrix is:

1 0 0 0

- BB:)' Xco 1 BBFl,_ Yeo 0
0 0 1 0
BBFI)_ Yco 0 BB:)_ Xco 1

Relative to a bearwith no closed orbit offset this will produce a changdahe horizontal and
vertical tune and the couplid).. Thus, for a normal sextupole a horizontal orbit offset produces
a differential tune and a vertical orbit offset produces a differential coudfioga skewsextupole

a horizontal orbitproduces adifferential coupling and thevertical orbit offset produces a
differential tune.

For Normal Sextupole For Skew Sextupole
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s BRI, v AELRE A
AVy = 4:!"_[BBFI)_ByZ PX co AVy = 4:I1'_[B|p_ yz PLY co
AQs = BL 3 POVe AQs = BL 3 P
p p
where: B= 9.1760(amp) %
m
L=0.732m

eV .
JB: 3.336EP(GT) tesla- m
3 = 90 meters at focusing locations
B = 30 meters at defocusing locations

The correction for differential coupling is ideally obtainedtiwp families of sextupoleghat
differ in relative phaseAW=Y, -¥, by +90°. It is sufficient, howeverthatA¥ be a significant
fraction of 90. Figure 6.17 through Figure 6.22 shdwe difference between the horizontal and
vertical phase)jW¥(s), at various locations (s) around the Tevatron for the B[@ttion lattice and
the BD15low beta lattice(the latticesused in Rurnb.). Weseethat AW(s) in the arcs ismuch
different than in the straigtgections. Currently we have one family déed-down sextupoles,
dSq, located in the arcs, which compensates for errors in the arcs. In agdeasecondfamily
we need to use sextupoles in the straight sections whefd(sg is different from the arcs.

Onepossible solution is to use some tbhé chromaticity sextupole magnets already in the
tunnel at BO and DO but disconndbiem from the chromaticity circuitand runthem with
independenpower suppliesThe suggestion is twemove the chromaticitgextupoles at VA47,
VC47, VB14, and VD14 from the chromaticity circuitand individuallypower them.Table 6.3
showslocation,A¥(s), horizontal closedrbit, X_, andvertical closedorbit, Y., for the four
chromaticitysextupoles to be used as feed-down sextupoles. Wildde used atinjection and
two will be used at low beta¥ou need 4power supplies and yobave torun cablefrom each
magnet to itpower supply.The amount of differential coupling.€., the minimum tune split)
produced by these magnets at full strength mtitds to be calculated. These conclusions need to
be re-examined in the context of the new Run Il lattice (JJO1 and JJ15C).
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Figure6.17. Difference between horizontal andrtical phase advance as function of position in
the Tevat
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Figure 6.18. Difference between horizontal andrtical phase advance as function of position in
the Tevatron at the low beta lattice for the region around the BO straight section.
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Figure 6.20. Difference between horizontal andrtical phase advance as function of position in
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Figure 6.21. Difference between horizontal aedical phase advance as function of position in
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Figure 6.22. Difference between horizontal andrtical phase advance as function of position in
the Tevatron at the injection lattice for the region around the DO straight section.
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Table 6.3 Phase difference, closed orbits, and polarity at locations of the chromaticity sextupoles
for the Run Ib lattice.

location (s) AW(s) Xco Yco polarity
degrees (mm) (mm)
Injection Lattice
HA46 -7.4 5.0 -2.3
HC46 -5.1 -5.0 2.1
VA47 37.6 -0.8 -4.8 -1
VC47 40.2 0.7 4.6 +1
HA48 42.9 -6.5 -0.6
HC48 46.2 6.6 0.6
there are no chromaticity sextupoles in the 48 or 12 locations
VB12 60.0 -0.5 -4.1
VD12 60.0 0.1 4.1
HB13 8.9 -5.0 -0.6
HD13 11.3 4.4 0.8
VB14 1.3 -3.0 1.7
VD14 3.6 2.9 -1.1
Low Beta Lattice
HA46 -37.3 -2.1 0.2
HC46 -35.7 1.7 0.2
VA4T7 3.4 -0.6 -0.8
VC47 5.1 0.5 -0.8
HA48 -34.6 -0.1 -0.4
HC48 -33.3 0.3 -0.6
there are no chromaticity sextupoles in the 48 or 12 locations
VB12 11.0 0.7 -0.4
VD12 12.8 0.5 0.3
HB13 -22.0 1.0 -0.9
HD13 -20.7 0.7 0.7
VB14 -31.0 -0.4 -2.4 -1
VD14 -30.0 -0.3 2.0 +1




6.6 Injection of 36 proton and antiproton bunches

The injection process will be described for the scenario where 36 proton barehgscted
followed by 36 antiprotonbunches. Other schemes—particularlyhose involving more
bunches—have been considered, but will not be presented in this section.

6.6.1 Injection at FO

Injection fromthe MainlInjector into the Tevatron will be &O0. Injection is conceptually
identical to the scheme currentged at EO fobeams fromthe MainRing. The beamlines,
including the Lambertson magnets in thevatron,are described in th&lain Injector Project
Technical DesigrReport? This section willdiscussthe injectedand circulatingorbits in the
Tevatron and the injectiosequence. The antiproton kicker will be located B48 (the current
antiproton kicker is at D48) and the proton kicker will be located at F17 (the current orit€lig) at
The main difference with the injecti@ystem at FO ithat the Lambertson magnets ateared by
the proton and antiprotomjection lines andhat thebend center of the Lambertson magnets is
locatedtowardsthe F11 end of thelong straight section13.2 mdownstream ofF0. As a
consequencethe requiredstrength ofthe antiproton kicker is substantially reducedith the
configuration at FO.

The antiproton angbroton beam lines willmatch the respective beam parameters to the
Tevatronorbits. The purpose of thissection is to describe the kicker requirements and the
modifications of the closed orbit in the vicinity of FO. Propagating the proton kick at F17 upstream
to FO gives an orbit distortion at the Lambertson magnet of

X[ _ 64 mm/mrad DQ
B('Eambertson ) H -0.06 H e

The angle in the FO straight section is neadyo,and the separation of the closed orbit and
the injected beam is nearly independent of the position of the Lambertson. A separation of 26 mm
is obtained withthe current kick angle d¥.4 mrad (atE17). The positions ofthe injected beam
and the circulatindgpeam at the Lambertson magnet stnewn in Figure5.23. The beam size is
drawn for a 2@t mm-mrad beam that fills 2 eV-sec of the 4 eV-sec bucket (1 MV) at injection. The
Lambertson magnet will have at le@s®" of horizontal motion and thé&eam may be moved
vertically to center the beam on the Lambertson magnet.
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Figure 6.23. Tevatron beanpositions and sizes dhe injection Lambertsorduring proton
injection.

The kicker at F17 is a bit less than 3/4 of a betatron wave from the Lambertson magnets. The
maximumexcursion ofthe injected beam relative to the center of the aperture may be reduced by
distorting the closed orbiisingthe horizontal correction dipoles BiL3, F15,andF17. Other
bumpsmay beused tomaximize theaperture by optimizing thposition and angle athe closed
orbit at the Lambertson magnet and kineker. Thesebumpsare currently implemented at EO as
pulsed orbit corrections (lasting a few seconds). The configuratiansnainagnets at E@nd FO
are identical, so it ipossible tamplement the same type of orbit control fmpving the ramped
correction control. The upgrade of the correction dipole ramp generators #6typentrol cards
(from the older 160 modules) provides the flexibility to perform this function (and more) at FO.

The injection ofantiprotons is very similar téhe proton injection. The kick at E48
corresponds to a beam displacement at the Lambertson magnet of

[75 mm/mradp]

X0 ~
B(, Hambertson ) H 12 HeE43kiCk'

The antiproton bearhas a substantiangle with respect tthe closed orbit in the FO straight
section. For @iven kickangle,the separation of the injected beamd the closed orbit at the
Lambertson magnets (in tld@wnstream portion of FO) mmost a factor of 2 greater than in the
current system, where the Lambertson magaeglaced at the upstream ende6f In order to
avoid the deleterious effects ohwantedoeam-beancollisions,the antiprotonsare injectedwith
the antiproton angbroton orbits separated hiie electrostatiseparators. The circulating beam
must be contained in the notch region of the Lambertson mggeefigures.). The antiproton
beam must be injected fairly close to the point in the Lambertson magnet notchpsatdghéeam
must be separated radially inward by an amdlait is at least as much as the vertssgdaration.
For injection at EO, this requirement is met by udimg horizontakeparators at B11 and B17 and
the vertical separator at C17. For injectior@f anacceptablesolution is obtained busing only
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the separators at B17 and C17. The polarity of the B17 separator is reetated to the polarity
used in Run I. The beam profiles at the injection Lambertson magnet at FO are shown in Figure 6.,

wherethe antiproton kick angle 8.4 mrad and thdoeam size is determined by ard&Bm-mrad
transverse emittance and a 2 eV-sec longitudinal emittance with 1 MV of rf.

Antiprotons

@
Protons ~

51 mm

Radially Out —p»

Figure 6.24. Tevatron beanpositions and sizes dhe injection Lambertson magneuring
antiproton injection.

6.6.2 Injection Sequence

With the 6bunch operation ifRun |, anearly uniform bunch spacing of ab@ib psec is
obtained. The requirements on the injection and abort kickers become significantly more stringent
for 36 bunch operationThe beantonfiguration and injection scheme is illustratedrigure 6..
The standard 36¥36 filling scheme consispattern of 12ounches spaced by 21 rf buckets (395
nsec). Eachbunchtrain is followed by a 139-buck¢2618 nsecpbortgap. The spacing of the
antiproton bunch ensemble is the mirror image of the proton spacing.
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A21 to A24
A17 to A20 —

Al3to Al16
P13 to P24

\L A25 to A28
P25 to P36
A29 to A32
PO1 to P12
A09 to A12 A33 to A36

AO05 to AO8

S

AO1 to A04

Figure6.25. Beamspacing and injectiononfiguration. The proton and antiproton bunches are
labeled P01, P02, ... and A01, AQ2, starting fromthe upstream end of thminchtrain sothat
AO01 and P01 collide at FO.

The injection scheme is to inject ander P01, P02,etc. This scheme requires a f496
nsec) kicker rise time but tolerates a decay time of more thaa@ With theshortbatch kicker it
will be possible to inject one to four bunches simultaneous$lye numberchosen will depend on
the efficiency of multi-batch proton coalescing in the Main Injector.

The antiprotons must bejected during the time that thegoroton beam abortgap passes
throughthe kicker. The only way thiscondition can be achieved is by rotatif@ cogging) the
antiproton distribution relative to th@oton distribution fothe injection of thevarious batches of
antiprotons. Because there are 3 abort gaps in the proton beam, it is possjbét 3groups of
antiprotons for each value of cogging. A likely sequence for the injection ahtlpgotons would
be A01-A04, A13-A16, A25-A28, A05-A08, A17-A20, A29-A32, A09-A12, A21-A24, #8B-
A36. The antiprotons will be cogged by 84 buckets dlfterinjection of A25-A28 and agaatter
the injection ofA29-A32. Prior toacceleration thentiprotons will probably be rotated to the
nominal collision pointogging. The kickerrise andfall times are dictated by the needitgect
bunches without disturbing those previously injected are discussed in section 6.6.3.

In order to abort both the proton and antiproton beams withesés, it imecessary for the
abortgaps in botltbeams to be present simultaneoushA@t This condition occurs onlyor a
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cogging offset of 0, so it will not bpossible to aborthe antiprotonscleanly during the injection
process.

6.6.3 Tevatron Injection Kickers

This section describes the injection kickers in the Tevatron and their evolution as we prepare
for the new injection lines at~0, the 1999 FixedTargetRun, Collider Run |l operations with
36¥36 operations (396 nsec bunch spacirg) eventuallyl32 nsec bunch spacing. The
evolution of the kickers falls into three stages.

6.6.3.1Stage 1- Main Injector shutdown and 1999 Fixed Target operations.

During theMain Injector Shutdownthe presenprotoninjection kickers will be moved to a
new location to support injection from thain Injector. The protoninjection kicker magnets will
be moved from E17 to F17 and the kicker pulsers and controls will be movedh&edgi7 kicker
building to theF17 kicker building. Forthe 1999 FixedTargetrun the protonswill be injected
using twoMain Injector cycles with group of 5 Boostebatches on each cyd84 bunches per
Booster batch.) The pulse forming network (PFN}hef existingprotoninjection system will be
modified to give a flattogime 7.90 pusec long, which ighe length of 5 consecutivBooster
batches. Since theprotoninjection kickers have &se time of 2.07 psec and dall time of 2.94
psecthe kickers argust barely fast enough ioject thetwo groups of 5 Boostebpatches in the

20.94pusec revolution time. If the rise and fall times turn out to be longerekpected then some
further modification of the kicker may bequired.Another possibilitywould be toreduce the
number of bunches that are injected leaving more time for the rise and fall of the kicker pulse.

The antiproton injection kickers are neted duringhe fixed targetun andare not installed
in the Tevatron since they are an aperture limitation during resonant extraction.

6.6.3.2Stage 2 - Early Run Il and 886 bunch operations.

Just before the start of Run Il commissioning, dutimg fixed target to collidechangeover,
the proton injection kickers will be removed frdf7 and replaced with aew set of shorbatch
proton injection kickers capable of injectipgotons with 396 nsec bunch spacinfhe design of
the short batch proton injection kicker is described in sectidh6.4. The kickers are being
designed for 396 nsec bunch spacing Wi option ofgoing to 132 nsec bunch spacing with
further upgrades to the kicker pulsers. These new proton injection kickers will also be used for the
extraction of antiprotons from the Tevatron after deceleration.

The antiproton injection kicker magnets presently at D48 will be installed at E48 and the
antiproton kickerpulsers and controlill be moved to the FGsouth kicker room. The two
antiproton injection magnets that are located at D48 were designg@&arsec bunch spacing and
were tested during 3@6 studies in the Fall df995. The studiesrevealed that the fatime of the
kickers wastoo long and as a resuhe protonsalready in the machingere kicked causing
emittance blowup. The solution to this problem is to use one of the antiproton injection kickers as a
bumper magnet. This is possible since a singggnet at E4®rovides enouglkick for injection
from the MainlInjector. The secondmagnet will beused forthe bumpemagnet, which will be
capable of providing a small kick with adjustable magnitude barech, by bunch basihis can
be used to compensate for the ringing of the antiproton kicker. This magnet is described in section
6.6.5.
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The installation of theshort batch injection kickers and the relocation of the antiproton
injection kickers willtake at least veeks andcould determine the length of the fixed target to
collider changeover.

6.6.3.3Stage 3 - Later Run Il (132 nsec bunch spacing.)

When it becomes desirable to operate the Tevatitin 132 nsec bunch spacinige short
batchprotoninjection kickers can be reconfigurédm 396 nsec to 132 nsenode by adding
additionalpulsers tahe magnetsThe shortbatchprotoninjection kickersconsist of 5 magnets,
which areconnected, in series for 396 nsec operations. To shtréemse time each of the 5
magnets will be powered individually thereby reducing the rise time.

To achievel32 nsec bunch spacing ftire antiprotons it will be necessary to rebuild the
antiproton injection magnets since they are not capabtumborting 132 nsec bunch spacing
without leavinggaps inthe antiproton bearfor the kickerrise time.Another possibility is to use
the existing antiproton kickers and live with injection gaps in the antiproton bunch structure.

6.6.4 Short Batch Proton Injection Kicker

Severalnew kicker systemsare required to achieve &32 nsec bunch spacing in the
Tevatron. As a first step, a new protmjection kicker is requiredor 36x36 injection. If new
magnets are installed thallso meet thel32 nsec bunch spacinipen it ispossible toinstall the
new magnet andnitial pulse power supplies for 886 and then increase the numberpafse
power supplies when 132 nsec bunch spacing is requirgtattime, anentire new antiproton
injection kickersystem would also be required. For this analythis, abort gap isssumed to
remain at the present value of R

The specificationdor the new Tevatron protoninjection kicker and antiprotomjection
kickers are shown in Table 6.4 and Table 6.5:

Table 6.4. Specifications for Tevatron Proton Injection Kicker

Fixed Target 36%x36 132 nsec
Nominal Kick Angle .381 mrad .381 mrad .381 mrad
Nominal Charge Voltage 49 kV 49 kV 49 kV
Field Rise Time 1.26usec .376usec 113usec
Flattop 8.05psec 1.21usec 1.21usec
Field Fall Time 3.6usec 2.611usec 2.347usec
Field Flatness +1% +1% +1%
Maximum Charge Voltage 66 kV 66 kV 66 kV

Table 6.5. Specifications for Tevatron Antiproton Injection Kicker

Fixed Target 36x36 132 nsec
Nominal Kick Angle NA .350 mrad .350 mrad
Nominal Charge Voltage NA 49 kV 49 kV
Field Rise Time NA .376usec 113usec
Flattop NA 1.21usec 1.21usec
Field Fall Time NA 1.05pusec 1.051sec
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Field Flatness NA +1% +1%
Maximum Charge Voltage NA 66 kV 66 kV

Two important items not listed in the above tablesker@m line spacand apertureThere
will be two locations where they will bestalled: F17 (and F17service building)for proton
injection and E4&and FO soutlkicker room)for antiproton injection. AF17 there is a total of
458 inches Everything presently & 17 can be removed (there is a collimator and tHream
detectors) with the possible exception of the separator in which case we would have 330 inches. At
E48 there ar26.5inches available, vacuum flangeftange,including a 37 inch long resistive
wall monitor used by the sampled bunch display. We will also need at least i€dmofline space
for two ion pumps.

The aperture should be as large as possible to avoid scraping beam yet be as small as possible
to reduce the magnet field fillime. To calculate theaperture requirements we cassume the
following for the horizontal plane:

=100 mat F17, 3 = 100 m at E48

Dispersion = 5.6 m at F17, Dispersion = 1.8 m at E48

Momentum spreadp/p = 0.4 163 (corresponding to 2 eV-sec, 1.0 MV, 150 GeV beam)

The momentunspread could be as much &#o times larger if Tevatron superconducting rf is
used. The beam width is given &% = eB/6(By) D2 (Gp/p).2 For a 95%normalized emittance of

40 Tt mm-mrad we findo= 3.03 mm at F1and2.17 mm at E48The injection helixnoves the
protons to the outside by 1 mm and up by 3 milatand 8 mm outside and 3 mm upEat8.
Assumingthat the entire beam is containethin 6o andthatboth protons and antiprotomsve
the same size, the contributions from each source to the aperture are shown in Table 6.6.

Table 6.6. Kicker Horizontal Aperture Requirements at Injection

Kicker Horizontal Aperture F17 E48
(mm) (mm)
2x 60 (0=rms beam size) 36.4 26
Total Separation 3 16
Injection Oscillations 4 4
Beam Tube Straightness 2 2
Alignment Errors 2 2
Total Beam Aperture 50 50
Beam Tube Thickness 8 8
Inductance Tuning Range 8 8
HV Clearance 4 4
Total Magnetic Aperture 70 70

In the vertical plangd (70 m, and, for a 49 mm-mradbeam,0=1.7 mm. The vertical
aperture requirements ashown inTable 6.7. This proposedvertical aperture of 34 mm is
substantially smaller than the current kicker vertical aperture of 50 mm.
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Table 6.7. Kicker Vertical Aperture Requirements at Injection

Kicker Vertical Aperture F17 E48
(mm) (mm)
2x 60 (0=rms beam size) 20 20
Total Separation 6 6
Injection Oscillations 4 4
Beam Tube Straightness 2 2
Alignment Errors 2 2
Total Beam Aperture 34 34
Beam Tube Thickness 8 8
HV Clearance 4 4
Total Magnetic Aperture 44 44

Our preliminarydesign is based ahe apertureshown abovenamely 70 mm(H) by 40
mm (V). Several other kicker parameters were studied: the number of maigmetspedance and
the type of magnetvere all examined.The arrangement that cometosest tomeeting the
requirements is a system withniagnetsEach magnet idriven differentially by both a positive
and negative pulsed power supplies. Each supd.5Q and drives d2.5Q magnet. This is
the same type of magnet ased inthe recent Tevatron antiproton injection kickgrgrade, but
twice the impedance and less than halflémgth. The horizontal apertur@asincreased by 8 mm
to allow for inductive tuning by movement of thggh voltagebuses.This is a different technique
from D-48 wherethe capacitors had to laeljusted. Some dhe design parametere given in
Table 6.8.

Table 6.8. Comparison of Apertures for D-48 and Short Batch Kickers

D48 Kicker | New Kicker Units
Bus Spacing 70 70 mm
Magnetic length 2.38 0.84 m
Ferrite gap 57 40 mm
Inductance/magnet 1.78 0.93 uH
Number of sectiong 67 36

To increase confidence mur analyticcalculations, a SPICEodel was used for both the
existing D-48 antiproton injection kicker and thew shortbatchkicker. A SPICEsimulation of
the D48 kickergives afield fill time of approximately350 nsec in comparison the actual beam
measurements that yield approximat8f0 nsec.This gives us some confidence tine model
used.

If the magnet is divided into 3ections,then each section will have a length of 23 mm,
allowing for a ferrite length of 17 mm and a capacitor length wih® The inductance per section
960 nH/36 = 26.5 ntand thecapacitancger sectiorwould be 170 pFThe PFL charge voltage
would be 40 kV.The SPICEsimulation of the magnet arplilser gives dield risetime of order
150 nsecThis is close tdhe requirements, but furthevork onthe pulser andmagnetmust be
done to get any definitive answers and to determine the best way to trim 40 nsec from the rise-time.

One challenge for the magnet is to purchase the proper capacitors. The reapa@@thnce is
sufficiently low that single lumped capacitors could provide enough capacitance, but probably
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would have excessive parasitic inductance. One alternative is to build the capacitor into the potting
of the magnet, but this entails high precision asserhyq02" tolerance) and hand tuning of the
magnet beforgotting. One could also try agaithe printed circuitboard capacitorshat were
developedor the Tevatron antiproton injectiomagnet. They were expensive and héfetime
problems to be solvedyut have venjow parasitic inductancd-inally, one could try another
capacitor manufacturdor the lumpedcapacitors. Then one couhdake acustom value of 85 pF
with the strontiumtitinate dielectric so that the inductanceuld be reduced bwsing two in
parallel.

The pulser requiredhnitially could be modified fronthe new MI protoninjection pulsers.
They have a 25 nsec riimme t095% offull current and 55 nsec @8% offull current into a 25
ohm system. If we use them in a 12.5 ohm system, the rise time to 9%Moanirrent will double

to approximatelyl10 nsec.This will meet therequirementdor 36x36. The pulser risetime will

need to be substantially reduced to meet thex120 requirements. Treduce theisetime by 5 -
10 nsec wecan perhaps use pulse sharpening techniques. Redtioengse time further will
require a substantial prototyping effort. Another possibility to reqgudser constraints is to build
on the bumper magnet idea (see section 6.6.5).

Since there are 3 possible modepération: fixed target, 386 and 148121 there are 3
different configurations we can set up. In fixdgetmode,the antiproton kickers are not needed
and are removed from the beam line. The proton kickergaem be connected togethersh®wn
in Figure 6.26. The pulsers are PFNs with a thyratron switath the same as tiéain Injector
antiproton injection/proton extraction kickeystem.The system is12.5 ohmsper magnetalf;
each magnet has 8 RG-220 cables coming in and 8 cables going out.

Ly s T e = 8

2-25 Ohm Loads

Negative Power Supply Positive Power Supply
| | PFN | | |:: : PFN
1 |
Thyratron Thyratron
Housing Housing

Figure 6.26. Pulser and Magnet Configuration for Fixed Target

For 36<36 operation, the system could be configureghamsvn in Figures.27. Afield rise
time of 376 nsec is required for 886 operation. Sinceach magnehas avoltage fill time of 80
nsec and a modified MI proton injection pulser has a voltage rise time of 110 nsec, up to 3 magnets
can be connected series andneet therequirementsThere are 16« 50 OhmPFLs, 4thyratron
pulsers and 4 chargirgystems. Iraddition there are 16 cablens tothe tunnel. Usingthe M
pulser gives some time for pulser improvements to meet thel24Gequirements.
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Positive Power Supply Positive Power Supply

D= 8 e odtes O

2-25 Ohm Loads

2-25 Ohm Loads

Negative Power Supply Negative Power Supply

To Neg side 1 To Neg side 2

4 4
PFLs PFLs
Charging
System Charging
System
To Pos side 1
To Pos side 2
4
4
PFLs
PFLs
Charging Charging
System System

Figure 6.27. Pulser and Magnet Configuration fox3%

The configuratiorfor 140<121 has a 132 nsec bunch spacing so aingeof 113 nsec is
required. In this case each side of each magnet is powered by a separate phl®snas Figure
6.28. This case would requitiee new improvedpulsers. Inthis configuration therare a total of
10 pulsers and 40 PFLs.
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Negative Power Supply Negative Power Supply Negative Power Supply Negative Power Supply Negative Power Supply
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PFLs PFLs PFLs PFLs

=
=

PFLs

=
—

Figure 6.28. Pulser and Magnet Configuration forxi4l

6.6.5 Injection Bumper Magnet

The antiproton injection kicker to besed in Run Il haveenbuilt, was installed in the
Tevatron, and tested during the fall 199%3® studies period. Thidcker systemwas designed
for the 396 nsec bunch spacing in Run Il and will be moved Dd® to E48for the start of Run
. In the fall studies while injecting the antiprotons it was noticed that the emittancespobtbes
were beingblown up bythe falling edge of the antiproton injecti&icker. It was alsanoticed
some ofthe bunches irthe middle of thgproton bunchrain were also beingplown up possibly
due to the kickeringing. Figure 6.2%elow showsthe difference inproton vertical emittance
before and after thall the antiproton bunches had been injectethe blowup of the first two
bunches in the proton batch is obvious and there is also evidence that the emittansexthf #mel
seventh bunches in the proton batch is also being blown up by the antigodéen A closer look
at the emittances during the antiproton injection process confirms that it is the kickerctnatinng
the emittance blowup rather than some azimuthal position dependence on the emittance growth rate.
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Emittance blowup during
pbar injections
for 36x36 store 5762.

30 A LA T R . ]
Kl 25 1 ]
£ oy ]
£ I ]
€ 20 N
E C 1
3 - M 1
S 15 |1 7
£ .
o 10 + {
§ ] 1
e T WH v

0 o (A mﬂﬂm ‘ WW m ‘

1 2 3 4 5 6 7 8 9 10 11 12

Bunch number

Figure 6.29. Emittanceblowup of protons as a result béing kicked by the falling edge of the
antiproton injection kicker. The plot shows difference between the emittance mbtba bunches
(in groups of 12) before and after the antiproton injection sequence

It is difficult to reduce the fall time of the kicker system since it is limited by attenuation in the
pulser cable. A solution to this problem in Run Il is to build a bumgsgnetsystem using one of
the antiproton injection kicker magnets. When the kicker magnets are moved from D48 to E48 only
one kicker magnet will be needéat injection into theTevatron. Thisleaves thesecondmagnet
available as part of a bumper magnet system. This system will be able to provide a small kick with
the amplitude programmable on a bunch by buratis. The magnitude of the kick will be about
3% of the main injection magnahd will be controlled by modulating thplse width with high
speed FET switches. Work is in progress on the design of such a system.
Energy of 1 TeV

6.7 Collective Effects and Damper Requirements
6.7.1 Coupling Impedances

6.7.1.1Resistive Wall

The Tevatron beam pipe sguare in crossection withsides h=6.0 cm and rounded
corners. The longitudinal andransverse impedances thfe Tevatron due to wall resistivity at
frequencyw/(2m) are?

Z, =[1+ json(w)| %
Equation 6.2
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8cpC

Z, =[1+ j syn(w)]

wdh’
Equation 6.3
wherep=7.4x10" Q-m is the resistivity of the stainless steel wall and
5= \/ 2p  _ \/ 2pC
|°~’|lloﬂr |w|ZO
Equation 6.4

is the skin depth. In the aboye,andZ=377Q are, respectivelythe magnetic permeability and

impedance of freepace,and therelative magnetic permeability of the beam-pipe Visas been

taken agu,=1. Notethat we have beewnriting the formulas forimpedances irsuch a wayhat

they are valid for both positive and negative frequencies. This is important, especially because it is

the real parts af, andZ, at negative frequencies that drive almost all the collective instabilities.
Putting in the ring circumferenc@=27R with R=1 km, we obtain

% =[sgn(w) + j112.45)n**Q
Equation 6.5

Z,, = [son(w) + }127.66|n + vﬁ‘_w MQ/m
Equation 6.6

wherevy, is the betatron tune.
For high frequencies, a more accurate expression for the resistive-wall impeddnces is

2

_wo_ ZCepf"g, . hcfzoc _jfPw  jme
4= 3a= 2000 e an) o

E—l
2206 4m+) o g

Equation 6.7

What we have discussed so for are the lowest azimathtierefore the longitudinal impedance
Z, corresponds t&) in Equation 6.7 and,, corresponds t&’. We see that the resistive-wall
impedances will follow Equation 6.5 and
Equation 6.6 forll practicalfrequencies, becauseey will roll off only at very highfrequencies
when
3
f ~iEQZ°EV = 313 GHz
271%5

Equation 6.8
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6.7.1.2Lambertson Magnets

The main concern of the Lambertson magnets is the low-frequency component created by the
exposure of the beam to the bare laminations of the magnets. A rough estimation of the Lambertson
magnets is made by approximating the magnet serias of annulalaminations 0f0.953 mm
thick separated by cracks of widththat are 3% of the laminatidghickness. The innerradius is
chosen to bd = 3.0 cm and the outeradiusd = 8.0 cm. The low-frequencyimage current
travelingthroughthe magnet imssumed to flow in onkaminationfrom the innerradius to the
outer radius thewross over tahe next lamination anflow from the outerradius tothe inner
radius. Even though we are concerned about the low-frequency impedancethdiggh relative
magnetic permeability of themination, theskin depthfor the frequencies we amdnsidering is
still lessthan the laminatiothickness sdhat the current igonstrained to one skidepth in the
laminations. In this waghe totalresistance of the magnet fisund by adding ughe resistance
along the entire current path.

For the current traveling from the inner radius to the aweiusthe net impedance fsund
to be

M P .d
Z =1+ jsgn(w)|—In—
I [ 159 ( )] 7-[5[ b
Equation 6.9
wherep, is the resistivity of the laminations adgis the skin depth. For the current traveling along

the inner tip of the laminations the resistance per unit length is

Z" = [1+ J %n(w)] %
4

Equation 6.10
There ardour 110.25-inchLambertsormagnets, 0d1.20 m intotal. We use aesistivity
of p, =2x107 Q-m and a relative permeability pf=100 for the lamination material. The total low
frequency resistive wall impedance around the laminations is calculated to be

A=[sn(w)+ |22 0

Equation 6.11
To estimate the transverse impedance we use the approximate relation

2c Z
P w

Equation 6.12
and arrive at

Z, =[sgn(w) + j]16.08)n + vﬁ‘_w MQ/m
Equation 6.13
It should benoted that the Lambertson magnetre assumed to havecacular geometry with
inner radius 0b=3.0 cm. The actuakhape othe Lambertson is much different #us estimate
canonly be approximate. Using dightly larger inner radiusan change the impedance by a

significant amount; for example,bfis 10% larger the transverse impedance will drop2sf6.
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Therefore, at low frequenciethe total impedances due to tietainless steddeam pipe and
the Lambertson magnets add up to

% =[son(w) + j]19.680IN"* Q
Equation 6.14

Z, =[sgn(w) + j]43.74j+v,[* MQ/m
Equation 6.15
At higher frequencieghe cracks between the laminations of Liz@nbertsons behavéke
radial transmission lines. We assunat the medium in theracks of widthA=28.6um has a
dielectric constante =6, a relative magnetic permeability @f=1, and a high resistivity of
p=100Q—m. At radiug inside the crack, the series impedance per unit radial length is

A 1 2P,
—+|1+son(cw
o [1+sgn(w)] pay 3

S - 1ok,
Cc

Equation 6.16
wherethefirst term is the inductive contribution of the crack mediand thesecondterm the
resistivity of the lamination walls depicted in Equation 6.9. The shunt admittance per unit length is

V= Uj coe, N 1 02
Hze  po.da
Equation 6.17
which representshe capacitancand shuntresistance of therack. The wave number of the

transmission line is

B.=~-2Y
Equation 6.18
which isr independent. The characteristic impedance is

Equation 6.19
which is a monotonically decreasing functionfi@fquency. The longitudinal impedancgeen by
the beam is therefore

Z, = Z . tan(B.d,)

Equation 6.20
whered =d-b=5 cm isthe depth of the crack dransmission line. Not¢hat Equation6.20
reproduces the low-frequency impedance of Equation 6.9.

To study the resonances, fifst us neglect theesistivity of the crack medium aradso the
laminationwalls. Then thewave number in Equatiof.18 simplifies to 3. = \@w/c. From
Equation 6.20, thath resonance occurs at the frequency
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_°c
4dc \Ec/'lc

f,=(2n-1)

Equation 6.21
or 0.612, 1.835, 3.060, ... GHZor thefirst few. FromEquation6.16, it isevident that the
addition of the wall inductance is equivalent to replacing the permeability of the crack medium by

= P peu(cD
51 U Zofar B

Equation 6.22
which is now frequency dependent. Substitutilmgo Equation6.21, wefind that the wall
inductance reduces the resonance frequenci@2&0, 0.979, 1.813, ... GHz.When thereal
part of the wall resistivity igncluded, these resonancase highly damped and the resonant
frequencies further reducedThe numerical computations of the longitudinal drehsverses
impedancegor the Lambertson magnets are plottedrigure 6.30 up td GHz. The transverse
impedance, is estimated from the longitudingl/n usingthe relation Equatio.12. Therefore,
they just differ by a constant and are plotted as the samves but different scales the figure.
Notice that theresonancesre so much damped thatly the first one survives and has its
frequency shifted t6-0.195 GHz. The small conductivity of the crackdays anegligible role
because it is very mudkssthan the laminatiowonductivity. It is worthy topoint outthat the
higher-order resonances do rsstow upbecause botiz,/n and the characteristic impedarice
decrease with frequency. We also see from Figue that the impedanceg/n andZ, have the

n~? low-frequency behavior of Equatighl11 and Equatior6.13, which are also plotted in the
figure as reference. They start to deviate from this behavior onlythresiiist dampedresonance.
Actually, apart from this damped resonance, the impedances do not deviate too mutie frdfh
behavior even at higher frequencies.

6.51



C \ \ \
Solid:  Re Z;/n, Re Z,
Dashes: Im 7;/n, Im 7,

1.5

©
o

AN

c b X
| o
£ 1

o

£ 10w
= - )
Ny 04 1 A
g =
= 1 =
g i S|
T 4o n /% dependency | %° 1‘
c )
= =
N ®)
S

v

o =

o
=}
|
|
I
L
o
=}

0.0 0.2 0.4 0.6 0.8
Frequency in GHz

o T
o

Figure 6.30. The realand imaginary parts of,/n and Z;, as functions of frequency for the

Tevatron Lambertson magnets. Note ##h andZ, are drawn as the same curves but at different
scales.

6.7.1.3Beam-position Monitors

There areM=216 sets obeamposition monitors(BPM's) inthe Tevatron; half othem
detect horizontallyand half vertically. EachBPM consists of Zylindrical strip-lines ofradius
b=3.5 cm, eachsubtending arangle ¢=11C at the center of the beam piped is of length
(=18 cm. Each strip-line is terminated at both ends and forms a transntigsiohcharacteristic
impedanceZ =50 Q with the beam pipe wall thdiulges out. The longitudinal andransverse
coupling impedances have been calculated’to be

ZMLDZHEr%m — 4] sm—cosﬁg

Equation 6.23
c Dar 2% Z||

20 = o "
Equation 6.24

where the factor 1/2 is inserted in the expressioZ ftwecause one half of the BPM setsrk for
the horizontal and one half for the vertical. At low frequencies, the impedances are inductive,

Z"—JZMZCEm)EfZ—jOfSGfBQ

Z,=j0431MQ/m
Equation 6.25
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At high frequenciesthe reactiveparts ofthe impedances oscillate between inductive and
capacitive;for example the first zero occursvhen f =¢/(2¢) =0.833 GHz. The realparts rise

from zero quadratically with frequency andZRéas apeak value 02.02 kQ at 0.833 GHz, or
ReZ,/n=0.116Q.

6.7.1.4Bellows

There are about 1000 bellows in the Tevateach ofwhich consists of 24 convolutions of
width 1.04 mm between inner and outer radii of 3.94 and 4.58 cm as shown in G:gLire We
run ABCI*® to obtain thevakes ofazimuthalmodesm=0 andm=1, from which the longitudinal
and transverse impedances are computed and plotted in Bi§2rand Figure6.33. Weseethat
there is abroad band of peaksenteredaround 7.0 GHz with Q=2 and shuntimpedance

R=100Q (per bellows). This gives for 1000 bellows a broadband which peaks at
ReZ,/n=0.68Q and an inductive patmZ,/n=R/(Qn,)=0.34 Q.

Cavity Shape Used 14/04/98 12.51.06

A B C1I9.2: The Bellows of Tevatron (expanded by 10%)
DDZ= 0.260 mm, DDR= 0.320 mm

0.04 — MUWWW -

0.03 -

0.02 -

R—axis (m)

0.01 -

0.00 = = = T oo -

Z—axis (m)

Figure 6.31. A model of one Tevatron bellows used in ABCI.

For the transverseimpedance inFigure 6.33, there is also a broadband peakound
7.0 GHz withQ=0.73 and shunimpedanceR=1.5 kQ/m (per bellows), oReZ, =1.1M Q/m
for the whole ring. Below ~2 GHz, the reactive part of the impedaneces=0.40 MQ/m.

There are alssharp resonances. We believe, howethat they will bepresent at slightly
different frequencies for different bellows. Therefore, it is reasonaldgpect them t@add up to
broader resonances instead, but withch smaller areasnderthe impedancecurves than the
broad bands at 7.0 GHz for both the longitudinal and transverse impedances.
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Real and Imaginary Parts of Longitudinal Impedance

A B CI92: The Bellows of Tevatron (expanded by 10%)
MROT= 0, SIG= 0.500 cm, DDZ= 0.260 mm, DDR= 0.320 mm 14/04/98 12.51.06

0.05

0.00

Re 7 (solid), Im Z; (dash) in kQ

—-0.05

Frequency f (GHz)

Figure 6.32. The real and imaginary partZah a Tevatron bellows as computed by ABCI.

Real and Imaginary Parts of Transverse Impedance

A B CI9.2: The Bellows of Tevatron (expanded by 10%)
MROT= 1, SIG= 0.500 cm, DDZ= 0.260 mm, DDR= 0.320 mm 22/04/98 16.41.39

Re Z, (solid), Im Z, (dash) in kQ/m

Frequency f (GHz)

Figure 6.33. The real and imaginary part&oin a Tevatron bellows as computed by ABCI.

6.7.1.5Separators
There are 11 electrostaseparators ithe Tevatron vacuurchamber. Their function is to
separate theroton and antiproton bunches that they willnot collide with each other except at
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designated interaction points. We use Mh&FIA code'’ to compute thevake potentialdeft by a
short bunch for both the monopole and dipole modes. Becaube lrhitation onnumber of grid
points of the code, it is impossible to input the exact details of the separators. Instezujeiva
separator system as tyatates20 cm wide and2.57 m long inside a circulacavity chamber of
length 2.75 m and radius 18 cmilgstrated inFigure6.34. The beam pipe is circular ross
section with radius 4 cm. The gréize is1 cm inthe longitudinal and horizontalirections, but
1.125 cm inthe vertical direction. The Fourier transformsare computed to arrive at the
longitudinal monopole and impedance anansverse dipole impedance, whiale plotted in
Figure 6.35and Figure6.36 up to3 GHz!® We believe thathis simplified model retainall the
essential features of the impedances.

- 257Tm — 20 cm

2.5 cm

2.75 m

Figure 6.34. The simplified separatasystem used iMAFIA computation of monopole and
dipole wake potentials.
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Figure 6.35. The realand imaginary parts dhe longitudinal impedancé&, of one separator
system.
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Figure 6.36. The real and imaginary parts of the vertical impedarafeone separator system

The separatosystemcan be viewed asvo pillbox cavities joined by dransmission line.
For a closed-engillbox cavity of radius 18 cm the first few monopoles resonancese at
f,~0.637 GHz,f,,,~1.46 GHz,f,;;~2.29 GHz,..., andthefirst few dipoles resonancese at
f,~1.02 GHz, f,,~1.86 GHz, f,=2.70 GHz, .... Actually these resonancese seen at
0.75, 1.51, an®.24 GHz inFigure 6.35and1.23, 1.80,and2.74 GHz inFigure6.36. The
shifts are probably due tdhe fact that the cavities aret closed. These modesre below the
cutoff frequency of.87 GHz for the 4 cm-radiusbeampipe. However,some resonances are
very much broadened. Weelieve thathis is a result othe transmissioreffect between the two
cavities. We see from Figur@.35 and Figure6.36 that the 1lseparators will give below
~0.6 GHz the contributionsimZz,/n=0.21Q and ImZ; =0.82MQ/m, which are not too
small.

6.7.1.6Rf Cavities

Some higher-order monopole modes of a Tevatron rf cavity have been measGueu dyd
Colestock® in 1995 using botlthe method of dielectric bead-pahd wire measurement. The
resonances quoted irable6.9 are based on bead measurementdy, asthe modes with wire
present were shifted in frequency so much that positive identification ohddes was precluded.
A combination of dielectric beads, metallic beads and needissused to perturthe cavity. The
ultimate accuracyvas determined moslikely by temperaturedrifts in either the cavity or the
network analyzer to aboud.5 degrees, corresponding itnpedances (depending on th€r
values) to a few R. We also uséhe URMEL code® to compute soméower modes and the
results are listed also in Table 6.9 for comparison. Wethatlthe URMELresonant frequencies
andR/Q for these modes agree rather well with Sun's measurement. On the other hqualjtthe
factorsQ do not agree swell. Thismay be because URMEL computes thedes ofthe bare
cavity, while some of these modes haatually been d€ed passively.Also there are a lot of

6.56



structures inside the cavity and thaeseictures have not been includedhe simplified model of
the cavity used in URMEL computation.

Table 6.9. Longitudinal modes for one whole cavity.

URMEL Results Sun's Measurements
Mode Type| Frequency R/Q Q Frequency RQ Q
(MHz) Q (MH2z) Q
TMO-EE-1 53.49 87.65 9537 53.11 109.60 6523
TMO-ME-1 84.10 22.61 12819 56.51 18.81 3620
TMO-EE-2 166.56 18.47 16250 158.23 11.68 6060
TMO-ME-2 188.94 10.83 18235
TMO-EE-3 285.94 7.53 20524 310.68 7.97 15923
TMO-ME-3 308.46 4.07 22660
TMO-EE-4 402.69 4.93 25486 439.77 5.23 13728
TMO-ME-4 431.34 1.72 26407 424.25 1.28 6394
TMO-EE-5 511.69 5.57 25486 559.48 6.73 13928
TMO-ME-5 549.57 1.36 29453
748.18 10.90 13356
768.03 2.47 16191

There have not been any measurements of the dipotles. Therefore, weeed to rely on
the URMEL results, which are listed in Table 6.10. Except for the fundamental, we hieticed
these higher-order modes will have frequencies varied slightly ¢auity to cavity. Therefore,
we expect them to bbroadened or the quality factors lowengtien all the rf cavities of the
Tevatron are considered.

Table 6.10. Transverse modes for one whole cavity.

Mode Type Frequency RQ Q
(MHz) (Q/m)

1-EE-1 486.488 229.80 31605
1-ME-2 486.864 148.95 31487
1-EE-2 513.370 117.38 33262
1-ME-3 518.317 117.93 34008
1-EE-3 561.727 81.62 33029
1-ME-4 575.298 3.84 35810
1-EE-4 625.123 61.00 32598
1-ME-5 650.853 35.21 37592
1-EE-5 699.723 54.76 33407

6.7.1.7Summary

We try to add up the individual impedances studied imptkgious sections and arrive at the
total in Figure 6.37and Figure6.38. The impedances are plotted famctions of revolution
harmonics and also frequencies:or the contributions of the resistive wall and Lambertson
magnets to thé&ransverse impedancthe residual betatron tune in Equatiéré, Equation6.13,
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and

has been set to zero. Since logarithmic scales have been usdbeqmbgitive-frequencparts of
the impedances are plotted and the capacitive patteeampedances are neitown. The higher-
order modes ofhe cavities have not beamcluded, becausthey are tomarrow to bevisible in
log-log plots. The impedances of the Iskparatorsare included, althougthey have not been
plotted separately in order not to make the figures too crowded.
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Figure 6.37. The real and imaginary partZgh contributions to the Tevatron vacuwrhamber.
The capacitive parts are not shown.
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Figure6.38. The realand imaginary parts &, contributions to the Tevatron vacuwhamber.
The capacitive parts are not shown.

We see that the resistive wall and the Lambertsons dominate tekstly (10 MHz. Then
the contributions of the bellows and BPM's are clearly sedémeimegion ofl0 MHz to[01 GHz.
The peaks nearl GHz are theresonances othe separators. Finallythere are thebroad
resonances of the bellows[@t GHz. Notice that the sharper resonanceth@bellows around 2
to 3 GHz inFigure 6.32and Figure6.33 donot show up intheseplots. This is because the
increment in frequency in the logarithmic schlas notbeen fineenough. There are other
contributions to the inductive impedancasch as steps ithe vacuumchamber, kickers, etc.
Therefore, itwill be reasonable if we add ~1 to2 and[1l to 2 MQ/m, respectively, to the
longitudinal impedance per harmonic anahsversempedancearoundbeam-pipecutoff, which,
for a squardbeam pipe okideh=6 cm, isroughlyf_ . ~c/(2h)=2.5 GHz. Thusaroundf

cutoff™ cutoffr
the longitudinal impedance per harmonic anansverseimpedance areoughly 1.8 Q and
2.0 MQ/m, respectively. The proton bunch has a rms buniemgth of 0,=37 cmwhich is very
much larger than the radius of the beam pipe. The longest wavelethgtircan perturb thieunch

is roughly two times the total bunch length,Jorx 460, =3.63 m. Thus wecan define dunch
cutoff frequency asf, =c/A =82.8 MHz. Atthis frequency,ReZ/n=ImZ,/n=3.0Q and
ReZ,/n=ImZ,;/n=3.0 MQ.

6.7.2 Potential-well Distortion

The proton or antiproton bunches will see arveftage ofV,=1 MV per turn, implying a
coherent synchrotron tune of v, =7.07%10* at 1 TeV. For a bunch of rmslength
0,,=1.234 nsec, the rms momentum spread is therefore
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g, = 2% - 9267 x10°
n

Equation 6.26
where w, = 211, is the angular revolutiofrequency. Assuming parabolic bunchlistribution,

the half bunch length is 7, = N%UTO:Z.?GO nsec and the half momentumspread is
50 = fvf’3050:2.071><10‘4. Therefore thebunch area is S=5mo, 0, E =1.796 eV-s. It is
worthwhile to point outhat thebunchareaappears to be smaller than #xetual Tevatrorbunch
area measured atjection. This is because ontteerms is given,the bunchareadepends very
much on thébunch distribution onerefers. There are no tails in the parabolic distribution; the
bunch area is therefore smaller. This can be thought of the area of the core pactodlannch.
For the cosine-square distributi@fr) = cos? it /(27) /7, we have(7/o, )" = 3712/(3712 - 6):7.65
and the total bunch area will be mudelnger. Onthe otherhand,the buncharea of ai-Gaussian
distribution encirclingd5% ofthe bunch particles isS,,, = 670, 0, E =1.796 eV-sec. Iithis
section, we prefer the parabolic distribution because it makes the analysis much simpler.

In the presence of an inductive part of the longitudinal |mpedancebuheh will be
lengthened ta = k7, above transition, anthe momentunspread diminished td = 60/k so that
the bunch area remains constant. The lengtheningkrsditisfies the quartic equatfon

=k*-kD
Equation 6.27

where
3eN, Z
2600 hV COSCDSTO ind

Equation 6.28
andg, is the synchronous angle, which va&e as zertnere. We findhat the lengthening ratios
arek=1.015, 1.023, 1.030, and 1.038, respectively, when the indyminef the impedance per
harmonic Z”/n|md:2, 3, 4,and 5Q. The Tevatronbunch spectrum has a rms frequency of

1/(2no,) = 130 MHz. From Figure 6.37, it is reasonable to assuijje| .~ 2 to 3Q. Thus the

amount of bunch lengthening will not be appreciable. The longitudinal impedarssbave areal
part that is of the same order of magnitude as the reactive part. The real paadadl a left-right
asymmetric distortion, which we think would be small also.

The potential-well distortion can have otl@nsequences. Usually weeasure théotal

bunch lengthi27 and infer the half momentum spredcind bunch are@according to

Equation 6.29
Because of thalefocusingeffect of the inductive impedance abotransition, the incoherent

synchrotron tune, will be lessthan the cohererstynchrotrontune v, Comparing with Equation
6.26, they are related by
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Ve =—>
k2
Equation 6.30
Thus the effective rf voltage becomes
Vi
Vi, = F

Equation 6.31
Usually the incoherensynchrotrontune is difficult tomeasure. If one substitutése coherent
synchrotron tune into Equatidh29, one wouldhave estimated the momentwpread and bunch
area too big by the factéf. This will give a wrong idea about the amount of Landau damping.

6.7.3 Longitudinal Microwave Instability
The beam current at a revolution harmonicinteracts withthe longitudinal coupling
impedance of the vacuum chamber at the same harmonic to create a bucket at that &adrbaic
beam particles areunched. This phenomenon of self-bunchingalted longitudinal microwave
instability. This bunching or growttvill not take place if thespread in revolution frequency
among the beam particles is lamg@ough. Applying to abunch, wehave theBoussard-modified
Keil-Schnell stability criterion on the coupling imped&iicg:
4 <F nE

n | peak

2
5FVVH M

Equation 6.32
For a parabolic bunch, the form facteslF dqy = V25, and the peak current, = 31,/(41f,)
with I, being the average bunch current. The above can also be written as

Z| 1671, A3
—n”' <3—Ib(w0T) h\/rfeff’
Equation 6.33
or
/4
z,| 82" w0n O va
o<z, (59 FejeR (W)

Equation 6.34
Therefore if the bunch aré&and momentunspreadd are inferredrom Equation6.29 using the
coherentsynchrotron tuneand the effective rf voltag®/;, is replaced by thenperturbedV
displayed in theoscilloscope, one needs thvide the rightsides of Equation 6.32 through
Equation 6.34 by the 4th power of the potential-well bunch lengthening fadifined in Section
6.7.2. For a fixed unperturb&l=1 MV, and half bunch length 37 cm, the stability limit is most
stringent at the storage energyksfl TeV and is given infable6.11. Bunch lengtheningatio k
and longitudinal microwave stability limits &=1 TeV versusthe inductive partZ”/n|in , for

various values of the inductive part of the impedance per harr’Zﬁ)/ﬂikl:n .
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Table 6.11. Bunch lengthening rak@and longitudinal microwave stability limits BE1 TeV

versus the inductive pa#, /r| .

4 k 4

N ling N liimit
0Q 1.000 20.63Q
10 1.008 20.01Q
20 1.015 19.410
3Q 1.023 18.84Q
40Q 1.030 18.30Q
50 1.039 17.78Q

Microwave instability is essentially a coastihgam effectand self-bunching must occur
much faster than aynchrotron oscillation, otherwigbe growth will decohere. Therefore the
perturbationshould have a half-wavelengtlessthan the length of théunch, or afrequency
f >1/(47)=90.6 MHz. From Figure6.37, together with agenerousallowance for other

contributions not includedz,/n| of the Tevatron vacuum chamber will berapst a fewohms,

which is very much belowhe Keil-Schnelllimit listed in Table6.11. Thus the longitudinal
microwave instability should not pose any problem in Run IlI.

6.7.4 Longitudinal Coupled Bunch Instabilities

The long-rangavakeleft by thehigher-order resonant modestbé rf cavities may couple
the longitudinal motions of thieunches irthe Tevatron. Assumin@/ bunches okqual intensity
equally spaced in the ring, there are0, 1, ...,M-1 modes of oscillations in whidhe center-
of-mass of a bunch lags behind its predecessdhdghase 2ruM. In addition, anndividual

bunch inthe p-th coupled-bunch modean oscillate in thesynchrotron phase space about its
center-of-mass in such a away that therarag, 2, ... nodes along the bunch longitudinally (not
including the ends). For exampies1 is the rigid dipolenode, whereghe bunches move rigidly
as they executsynchrotron oscillationsn=2 is the quadrupole modeherethe bunch head and
tail oscillate longitudinally 180out of phase. Actually, this has been a simplified description of the
modes of perturbation insidebanch. The full descriptioninvolves two eigen-numbers, for
example, the azimuthal and the radial.

If the driving narrow resonance falls opdh coupled bunch line, Sacherer's growth rate for
themth mode 8

1 _enMI,Rf DF,(A0)
T., 2rev,e — ™ 77

W

Equation 6.35
where B, = 1, f, is thesingle-bunctbunching factor withr, =27 being thetotal bunch lengthy,
is the perturbedynchrotron tune,R; is theshuntimpedance of theharp driving resonance at
frequency f, =w,/(2m). The factorD is a function of the decay decrememt,,, between

sep

successive bunches, wheme= w, /(2Q) is theHWHM of the resonance of quality factQrand
T, IS the bunch separation. It is defined as
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D(aTop) = =i20T,, 5 €™M sinkeo, T,
k=0
Equation 6.36
The maximum magnitude of D ghown in Figure5.39. The form factorfor parabolicbunches is
given by

Fo(80) = o) I, AP0 a5 A I, 00

Equation 6.37
where A@ =27t 1, is thephase change dferesonator duringhe bunch passage from head to
tail, and is plotted in Figure 6.40. Note that modpeaks roughly afig=mrt. This is reasonable
because, as was mentioned above, modepresents a longitudinal variation along the bunch with
m nodes (notncluding theends) and iwill be most easilyexcitedwhenthe bunch sees a phase
variation of nttof the driving resonance as it passes through the cavity gap from head to tail. Note
thatF,, decreases am increases, implying that the higlramodes will not be excited so easily.
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0.01 0.05 0.10 0.50 1.00 5.00 10.00

AT op=RTw, /(RQMw))

Figure 6.39|D,,|as a function of bunch-to-bunch deascrementrr,, Notethat |D,,|=1 for
narrow resonances but drops very rapidly as the resonance becomes broader.
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Figure 6.40. Form factor for longitudinal oscillation inside a bunch mitl, 2, 3, 4, 5 and 6
nodes.

The rf voltageduring the whole ramp is about MV. Therefore thegrowth will be most
severe at the injection energyE$150 GeV. The growth ratesfor the first few modesare listed

in Table 6.12 for the 366 scenario.

Table 6.12. Longitudinal coupled-bunch growth rates driven by the higher-order modes of the rf
cavities at injection for the 3@6 scenario in Run Il.

f, R, Q A  Growth Rate in set
MHz kO rad m=1 m=2 m=3 m=4 m=5 m=6

56.5 68 3620 0.88 0.606 0.010 0.000 0.000 0.0000.000
158.2 70 6060 245 1.415 0.189 0.009 0.000 0.000 0.000
310.7 124 15923 482 2.329 1.443 0.305 0.033 0.002 0.000
424.2 8 6394 6.58 0.089 0.124 0.056 0.012 0.0010.000
439.8 71 13728 6.82 0.714 1.089 0.542 0.129 0.018 0.002
559.5 93 13928 8.68 0.469 1.103 1.071 0.478 0.120 0.019
748.2 145 13356 11.60 0.484 0.7/89 1.333 1.397 0.787 0.269
768.0 39 16191 1191 0.128 0.206 0.342 0.386 0.2360.087

Laudau Damping rate séc 0.000 0.555 0.679 0.784 0.8770.961

These higher-order modes were measuredSby (seereferencel9) in 1995 using the
method of dielectric beadull. Here, we assumibat the peak of eadesonance is atxactly a
synchrotron line on the left side of the revolutlmermonic. Alsothe higher-order resonances of
each cavity willnot be aiexactly the samé&equency. Inotherwords, forall the 8cavities, we
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assume the resonances will be de-Qued 8 times. Therefore, for each mode, the shunt impedance of
onecavity has been used in Equation 6.35 when the computation is performed.
The spread of the synchrotron frequency duthéononlineassinusoidal rf waveforntan be

written as

Aw 2[]1+F2%hqfo[f

s =% =0.0143 or Af, =1.25Hz,
W, sH-rzH1 2 O

Equation 6.38
when the nominal synchrotrdone v,=1.83x10° is assumed dhe injection energy of50 GeV
with an rf voltage ofl MV, and thesynchronous phase, =sin™'T is taken to bezero. This
supplies Landau damping. The mode will be stable if

—
1< MAw, =1.96ms?
T 4
Equation 6.39

The Landau damping rates are listed in theriast of Table6.12, and themodesthat receive not
enough Landau damping are underlined.

For the 148121 scenario, the growth rates can be obtained by linearly stiadimgumber of
bunchegV. Of course, the growth of all modes will be faster.

We would like to point out that the inductive impedancgives rise to an incoherent
synchrotron frequency shift of

Aw, _ _ 3l,Im(Z/n)
W, 2m°hV, cos@.BS

=—0.0463 or Af,=-4.05Hz,

Equation 6.40
where Im Z,/n)=3 Q hasbeenused. Howeverthe coherensynchrotron frequency remains the
same as the unperturbed synchrotron frequépcy¥hus the incoherent spreadté synchrotron
frequency will not covef,, and will not supply any damping to thel mode. This isllustrated
in Figure 6.41. The sizes of the incoherent frequency shift and spread depend rather sensitively on
the bunch distribution. For example, for a cosine-sqdateibution and a Gaussian distribution
with the samems bunch lengththe incoherent frequencshifts will be, respectively, ~1.74 or
~2.97 times larger than that of the parabdigtribution. Also due to thenonuniform distribution
gradients in theséwo distributions,the incoherent frequencgpreadswill also be broader.
Neverthelessthe conclusion iggualitatively thesame. Forall reasonabledistributions, the
incoherent frequency spread will not be able to overlap the coherent sijpalerotron frequency,
resulting in no Landau damping.
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Figure6.41. Schematicdrawing showingthe incoherenspread ofAf=1.25 Hz isshifted by

—-4.05 Hz from the coherensynchrotron frequency,, thus notbeing able toprovide Landau
damping to the dipolentz1) modes.

We see from Table 6.12 that the azimuthal moe# driven by the resonance 310.7 MHz
will growth at a rate of 2.33 per secondlthough thegrowth rate issmall, howeverthe growth
is severe because the ranape of the Tevatron islow; the energy reachamly ~220 GeV after
ramping for 20 s. In computing the growth rates in Table 6.12, we have assuntéé ttegonant
peaks of the 8 cavities do not fall on top of each other and the effective pealsofth®oadened.
We took the shuntimpedance to be thshuntimpedance of the resonance of one cavity and
increase the quality fact@fold. In thisway, the FWHM is 3.27 revolution harmonics and the

decay decrement of thesonant field isat,,=0.194. FromFigure 6.39, it isclear that the

sep

function D(arsep) =1. However, if we assume the resonant peaks of the 8 cavities to fall on top of
eachother,the situation will bedifferent. Although the decay decrementd0242andD is still

equal to unity, the FWHM is only 0.409 revolution harmonic. Timglies thatresonanimay not

fall on top of an upper synchrotron side band dfaamonicline, and if this happerthe growth

rate will be very much reduced. Unfortunately, the resonant frequencies mearsunedaccurate
enough for us to decide whether they are near a revolution harmonic or not.

If the growth turns out to be harmful, a fastx3® bunch by bunch dampenay be
necessary to damp the dipole mohe1). A damper for the quadrupole moade=@) may also be
necessary. This consists essentially of a wall-gap pickup monitinenghanges ibunchlength
and thecorrespondingexcitation of a modulation of the maveform with roughlytwice the
synchrotron frequency. The Tevatron bunches will be formed by coalescing 9 or more bunches in
the Main Injector (formerly in theMain Ring). Usuallythere will be al0% difference in the
number of particles in the findlunches. Thiglifference will break the symmetry of the coupled-
bunch system and lead to some damping also.

We would like also to computéhe longitudinal coupledunch growthratesfor Run I,
wherethere were only @roton bunches with a rmength of85.5 cmand the same number of
protons per bunch as Run Il. Asmaller number obunches willcertainly reduce thgrowth
rates. The longerbunch length willmake thedriving force less effective because of the much
larger change in phase tife resonator duringhe passage ofhe bunch. Also a bigger bunch in
the longitudinal phase space will provide more Landau damping. The growth rates at 150 GeV are
listed in Table 6.13.
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Table 6.13. Longitudinal coupled-bunch growth rates driven by the higher-order modes of the rf
cavities at injection for thex® scenario in Run |.

f, R, Q Ap  Growth Rate in set
MHz kO rad m=1 m=2 m=3 m=4 m=5 m=6

56.5 68 3620 1.91 0.090 0.007 0.000 0.000 0.000 0.000
158.2 70 6060 5.34 0.090 0.072 0.019 0.003 0.000 0.000
310.7 124 15923 10.48 0.035 0.067 0.105 0.081 0.034 0.009
424.2 8 6394 14.32 0.001 0.003 0.003 0.005 0.005 0.003
439.8 71 13728 14.84 0.010 0.022 0.027 0.037 0.045 0.032
559.5 93 13928 18.88 0.009 0.016 0.025 0.032 0.033 0.043
748.2 145 13356 25.25 0.008 0.014 0.022 0.028 0.033 0.042
768.0 39 16191 25.92 0.002 0.004 0.006 0.008 0.009 0.011

Laudau Damping rate‘@ 0.000 2.626 3.212 3.709 4.149 4.546

We seethat Landau dampingreventsall azimuthalcoupled-bunch modes with m>1 from
instabilities. Theonly unstable modeare the dipolenodes, whichhave no Landawamping.

However,the highesgrowth rate isonly 0.090 s*. Such slowrate would bedamped by the

slight unequal number of particles in the bunches. This may expltaimo longitudinal coupled-
bunch instabilities had been observed during Run I.

6.7.5 Longitudinal Head-tail Instability
In general, the slippage factgiis not an even function of momentwfiset andthe particle

trajectory will be asymmetric about the on-momentaxis. When thefirst-order coefficienta,a,
of momentum compaction factor pesitive, the particlespendsmoretime atpositive momentum
offset than ahegative momenturoffset. Thusthe bunch becomeselatively longer at positive
momentumoffset than ahegative momenturoffset, as idllustrated inFigure6.42. The bunch
will therefore lose more energy in the lowmjectory than in the@pper trajectory. The amplitude
of synchrotronoscillation will thereforegrow. This phenomenon isalled longitudinal head-tail
instability and was first observed at the CERN PS by Boussatd_innecar?®> Thegrowth rate
is given by

1 f,dUuo
T 2do, E X
Equation 6.41
where the energy loss per particle per turn is
= &N defp(w) ReZ,(w)
Equation 6.42
and
30
B Ef’ M50 3
X= =a;+
n 2

Equation 6.43
denotes the asymmetry, which has been measuredxtetiel7 for the Tevatron. In the above,
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ple) = - [drp(r) e

Equation 6.44
is the spectrum of the bunch of rms lengthvith a distributionp(t) normalized to unity.

o

\

Figure6.42. Aparticle trajectory is asymmetric about the on-momerdnia whenthe slippage
factor is not an even function of momentaffiset. The bunch will be longer at positivthan

negative momentunoffset whenthe first-order momentum compactioro,a,>0 and above
transition.
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Figure 6.43. Plot of differential bunch energyloss (dU/dar)aT versusf.o, due to a sharp

resonance. Notthat the effect on thRun Il bunch is mucHessthan that on thékun | bunch
because of the shorter Run Il bunch length.

If the driving impedance R comes from aarrow resonance with shuintpedanceR; at
resonant frequency, /(27) and quality factor®, we have for the energy loss per turn

_TRwW,EN =, 2
V(o)=L bl

Equation 6.45
for a bunchcontainingN particles. For a broadband impedaridéar) dropsmuch faster with
bunch length. For generalresonance, wéave computed the asymmetric enetggs for a

parabolic bunch distribution,

2
dU(o,) o, = SeNw R E[%[e‘zczsin(ZSz +20) - sin26]
do, 4sQ

At Lo . . 12 ..
+?[e2 sm(232+36?)+sm3t9]+?e2 sin(2sz + 49)

B oo .
+¥[e2 sm(Zsz+59)+sm59]ﬁ

Equation 6.46
where z = +/5w,0,, ¢=cosf =1/(2Q), ands=sin@. This is plotted irFigure 6.43 fotthe case

of a sharp resonance and in Fig6ré4 forthe case of &droadband witlQ=1. As is shown in
Figure 6.43, thasymmetric energloss vanishes wheie bunch lengtlgoes to zero,because
the change in bunch length from positive momentum offset to negative momafiféetmalso goes
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to zero. On the othdrand, wherthe bunch length is verjong, the asymmetric enerdgss will
also be small, because the energy loss for a long bunch is small.

10-1

Run 1I (f,=1 GHz)

1 GHz)

103

T T \\\\H‘
Run 1 (f,
L L \\\\H‘

—(dU/de.)o. in units of e°Nw,R,/Q
=
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Resonant Freq x rms Bunch Length, f.o,

= \\HH‘

Figure6.44. Plot of differentialbunch energyoss (dU/da,)aT versusf o, due to a broadband

resonance witlQ=1. Notethat the effect on th&®un Il bunch is much more thahat on the
Run | bunch because of the shorter Run Il bunch length.

The fundamental resonance of the 8 rf cavisesves as a good drivinigrce for this
instability. Each cavityhas resonant frequendy-53.1 MHz, R=1.2 MQ, andQ=7000. For
Runl, where the rms bunch length was 0=2.684nsec or fo0=0.1425,
(du/do,)o, ~-0.38906’Nw, R/Q is large and leads togrowthrate of 7'=1.433«10° s at
the injection energy dE=150 GeV for a bunclontainingN=2.70<10"" particles. However, for
Run II, the bunch will be muchshorter. With 0,=1.234 nsec of 0,=0.0655, the asymmetric
energyloss (dU/dar)ar ~—0.1464e’Nw, R/Q is much smaller and the head-tgibwth rate
becomest'=0.53%107° s™. As is shown in Figure5.43, we are on the leftside of the
(dU/dar)ar peak; therefore a shorter bunch length leads to slower growth.

The broadband impedance can also have similar contributionstisshoesonance frequency
is usually a few GHz and Eg is large althougH,/n is just a couple of ohms. Nowg, falls on
the rightside ofthe (dU/daﬁar peakinstead. Weexpectshorter bunch lengths to have faster
growth rates, as imdicated inFigure6.44. Table6.13 showshe longitudinal head-tagrowth
ratesfor different resonant frequencies and quality fact@gn=2 Q hasbeenassumed. The
growth rates driven by the fundamental rf resonance are also listed in thendstr comparison.

It is obviousthat the longitudinal head-tail instabilifpr Run | is dominated by the rharrow
resonance and that for Run Il by the broadband impedance instead. We observed a growth time of

~250 sin Run I. From Table 6.13, it is very plausibkg thegrowth of thishead-tail instability
will be at least as fast as that in Run |.
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Table 6.14. Growth rates for a broadband resonanggnef2 Q at various frequencies and
quality factors.

f. (GHz) Q Growth Rate ()
Run | Run Il

1 1 0.17810°° 1.82%10°
1 3 0.02210°® 0.267%10°°
2 1 0.08%10°® 0.915¢10°®
2 2 0.023«10°® 0.24%10°
1 3 0.00%10°® 0.114x10°
2 3 0.011x10°3 0.117%10°3
2 4 0.006x10°® 0.070x10°®

Fundamental Rf Resonance 1.433«10°3 0.53%10°

6.7.6 Transverse Microwave Instability
Similar to the longitudinatase,the beam current at a certain betatron spettegjuency

(nr + vB) f, interacts with the transverse impedance to create a transverse deflecting force leading to
an enhancement of the amplitude of the betatron oscillaki@ne, n, is a revolution harmonic and

Vs is the betatroune. Weneed to consider onlthe slow wavethat can cause instability and
thereforen, <0. This growth can be damped by the incoherent spread of the betatron $ipectral

under consideration. As a result of momentum spdetds incoherent spread is

Af, = [—(nr Vo) + E] £,
Equation 6.47

wherevy, is the on-momentum betatron tune grtle chromaticity. Applying to bunch, we can
therefore write down a Keil-Schnell type of stability criteribn:

1 _ 1 eMlgc
1+mdnv,E

Z ReZD[(kMS —p+v+ mvs)wo] Fa(er - X)

Equation 6.48
whereR is the meamadius ofthe acceleratoring. Similar toour discussion irsection6.7.3, if
the momentunspread is inferred from Equati@?29, itwill be diminished by thesquare of the
bunch lengthening factéras a result of the inductive impedance.

Since the bunch length is much larger thanbib@m piperadius,the half-wavelength of the
driving impedance force will b&essthan the full length of théunch. Wetherefore take the
perturbing frequency ad, =1/(47)=90.6 MHz or n, =1/(41f,)=1899, and obtain the stability

limit |Z.|<3.26 MQ/m at zero chromaticity and injection energy. Note|Ehénear this frequency

is 3 to 4 M2/m from Figure6.38 together with other discontinuities tfie vacuumchamber.
Thus, transverse microwave instability will be plausibleRan 1I. However, achromaticity of
&=+10 implies raising |n,| effectively by &§/n=3537 and increasinghe stability limit to

Tim
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|Z5|<9.41 MQ/m. On the other hand, a negative chromaticity will lower the stability limifesaxi
to instability.
6.7.7 Transverse Coupled-bunch Instabilities
6.7.7.1Resistive Wall

A most serious transverse coupled-bumdtability in a storage ringhay be driven by the
resistive wall. If there ar, identical equally spaced bunches in the ring, therguafe ... M~1
transverse coupled modedenthe centers ofmass of one bunch lags behind its predecessor by
the betatron phase ofigM.. At the sameéime, eachbunchcan execute longitudinal motion with
m=0, 1, ..., nodes. The growth rate for the mpdeis*’

1 1 eMic
1+manv,E

. Z ReZD[(kMS —HFVg+ mvs)wo] Fa(wr, - x)

Equation 6.49
whereM is the number of bunches. Strictly speaking Equation 6.49 is correct dvly iM, or a

completely filledring. Forexample, inthe 36<36 scenariothe bunch spacing is 21 buckets;
thereforeM=36 andM ~=1113/21=53and in the 148121 scenarioM=140 (for protons) an

=159. There are many unfilled buckets both scenarios; thuEquation6.49 will not be an
accurate description of the beam dynamics.

As the frequencyw- +0, the real part of the resistive-wall impedaraggroaches first
+w ™2, thenw™ when the skin depth exceeds the thickness of the pipe walfinaiig zerowhen
the frequency is exactly zero. At the residual betatron tune dfetvatron,v,~+0.4, weare in the

regime of +w™* dependency. Thereforthere isalways a modeu that corresponds to &arge
negative ReZ, and drivesthe transverse coupled-bunch instability. For example, with the
betatron tune/; =20.57,mode =21 orfrequency-0.43-0.43w, /2 with k=0 in the summation

of Equation 6.49 contributes the largest negalte&,, which is—66.70 MQ/m according to our
former estimate made in Sectio.7.1.2. The next contributionwith k=1 will give
ReZ,=+6.03 MQ/m in the 3&36 scenario and+3.47 MQ/m for protons inthe 14121
scenario. The average current péunch isl,=2.064 mA. The growth rate is therefore given

mostly by thek=0 term in the summatioand is very insensitive tihe choice oM, in Equation
6.49. For such a lowriving frequency, onlythe lowest longitudinal moden=0 will be excited.

The growth rates after doinghe actuasummations ar81.0 and120.6 S', respectively, for the
two scenarios. Modes u=22, 23, 24,... arealso unstablethe growth ratesare, respectively,
16.9, 12.8, 10.6,.. s*', and66.1, 50.6, 42.5,.. s* for the two operatingscenarios. The
computationhas been performed at zero chromaticit¢=0Q), so that the chromaticphase
X =&w,r /n=0. Also, we have used the form factor F;j(0) =8/ =0.811, where, for

convenienceSacherer's sinusoidal modesestitation have beeassumed. Thesegrowth rates
are much larger thathose inRun | because there are molanches. Ifone operates at

chromaticityé=+10, x=5.85, F;(5.85)=0.155 from Figure 6.45. The growth rates fe21 drop
to 5.9and9.7 s, respectively, whicltan be damped easily by a tilsmead. For example, a
tune spread oflv;=0.0001 will lead to a spread bétatron angular frequency a,; w,=30 s L

Um
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and will damp agrowthrate up to~17.0 §* (FWHM for a Gaussian spread) (seference?7).
For further discussion, we need to study the sinusoidal modes of excitation in the next subsection.
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Figure6.45. Plot of form factoan’q(a)TL —X) for modesm=0 to 5. With the normalization in
Equation 6.51, these are exactly the power sphgtra

6.7.7.2Sinusoidal Modes
The Sacherer's sinusoidal modes of excitation consist of the orthonormal set

%;os(m+1 m=0,2,...

pn(T) =

L
étgn m+1 n— m=13,...

Equation 6.50
suchthat p.(1) hasm nodesalong thebunch not includinghe ends. The power spectrum is
proportional to

_ 4m+1)° 1+(-1)" costy
W)= [y2 —(m+1)2]2

Equation 6.51
where y =wr, /m and w=kM - u+v;+my,— x/1.. They are plotted irFigure 6.46. The

normalization ofh () in Equation6.51 hasbeen chosen isuch a way that, whethe smooth
approximation is applied to the summation dyexe have

B Z (@) =

dwl
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Equation 6.52
Here B=Muw,r,/(2m) is the bunching factor, orthe ratio of full bunch length to bunch
separation. Then the form factgf(w) in Equation 6.49 just equals,(w).

m=0
L L D L L L L L L B L
-6 -5 -4 -3 -2 -1 o0 1 2 3 4 5 6
wT/T
m=1
L N — L L L Il Il Il |
-6 -5 -4 -3 -2 -1 o0 1 2 3 4 5 8
- wTL/ T
m=2
J E—— L L L L L L L L L
-6 -5 -4 -3 -2 -1 o0 1 2 3 4 5 6
- ot/
m=3
L L L L L I I L L L L
-6 -5 -4 -3 -2 -1 o0 1 2 3 4 5 6
wT. /T

Figure 6.46. Power spectng(w) for modesm=0 to 3 with zero chromaticity.

The Sacherer integral equatidor transversenstability is an eigen-value-eigen-function
problemwhen the unperturbed longitudinal distributiogy(r) in the longitudinalphase space is
given. Physicallythe modes ofexcitation p,(7) are the projection of the eigen-functions in the
longitudinal phase space orttee timeaxis. The sinusoidal modes correspondstite water-bag
distributiori in phase space, so that the linear distribution is

e S——

p(t)O~T? -1°
Equation 6.53

For the distributiongy(r) D(f2 —rz)y2 in the longitudinalphase spacep,,(r) are the Legendre

polynomials and théourier transformshe sphericalBessel functiong,. When go(r) is bi-
Gaussian, p,(r) are Hermitepolynomials. Sometimethe growth rates computed are rather
sensitive to the longitudinddunch distributionassumed. Therefore, results in tisisction are
estimates only.

*In the Sacherer integral equation for transverse instability, the weight funcign)sy,(r). However, in the
integral equation for longitudinal instability, the weight functioks)=—r"g's(r). As a result, for that equation,
the sinusoidal modes correspond roughl;ggcﬁr) 0 (fz - rz), the Legendre modes correspond to

~ y2 . . . e
go(r) 0 (T2 - r2) . But the Hermite modes correspond to the same bi-Gaussian distribution in phase space.
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We nowlearn that a chromaticity ok = n/(fOrL) =+10.73will pushthe power spectra in
Figure 6.46 to the right (or positive frequency side) by &wo/7r units. The m=0 will then only
see the positive-frequency impedance and no instabilityreglilt. Howeverthe m=1 mode will
now peak at zero frequency and the resistive wall impedance will drive=thenode unstable and
a quadrupole transverse damper will be required.

6.7.7.3Transverse Coupled-bunch Instability Driven by Resonances

The narrow transverse resonant modeshef rf cavities willalso drive transverse coupled-
bunch instability. The growth rate isdescribed by the genergtowth formula of Equatior6.49.
When the resonance is narr@nough, onlyone frequencyw, /27T contributes in thesummation.

Thus the growth rate becomes

1 1 eMigc

=- am,E ReZ;(w,)Fau(w, T, = X)

Tim

Equation 6.54

wherew, is negative. Wealculated thgrowth rates of modes driven bthe ninehigher-order
dipole modes computed by URMEL in Table 6.15. The results are listed in Table 6.15.
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Table 6.15. Growth rates for transverse coupled-bunch modes driven by higher-order dipole
modes of the rf cavities.

f R, Q Mo Growth Rate (3)
MHz Q/m Growth m=0 m=1 m=2 m=3 m=4 m=5
Chromaticity&=0
486.5 7262 31605 4.4 4173 0.001 0.008 0.008 0.057 0.346 0.276
486.9 4689 31487 4.4 2.694 0.001 0.005 0.005 0.036 0.223 0.179
513.4 3904 33262 4.7 2.243 0.001 0.001 0.008 0.007 0.135 0.180
518.3 4010 34008 4.7 2.304 0.002 0.001 0.008 0.005 0.128 0.189
561.7 2695 33029 5.2 1.549 0.001 0.000 0.004 0.001 0.031 0.121
575.3 137 35810 5.4 0.079 0.000 0.000 0.000 0.000 0.001 0.006
625.1 1988 32598 5.9 1.142 0.000 0.001 0.000 0.004 0.000 0.040
650.9 1323 37592 6.2 0.760 0.000 0.000 0.000 0.002 0.000 0.014
699.7 1829 33407 6.7 1.051 0.000 0.000 0.001 0.000 0.003 0.002
Chromaticity§=+10
486.5 7262 3165 6.2 4.173 0.000 0.003 0.001 0.009 0.003 0.066
486.9 4689 31487 6.2 2.694 0.000 0.002 0.000 0.006 0.002 0.042
513.4 3904 33262 6.5 2.243 0.000 0.001 0.001 0.002 0.005 0.012
518.3 4010 34008 6.6 2.304 0.000 0.000 0.002 0.002 0.006 0.009
561.7 2695 33029 7.1 1.549 0.000 0.000 0.001 0.000 0.004 o0.000
575.3 137 3580 7.2 0.079 0.000 0.000 0.000 0.000 0.000 0.000
625.1 1988 3258 7.8 1.142 0.000 0.000 0.000 0.001 0.000 0.003
650.9 1323 3752 8.0 0.760 0.000 0.000 0.000 0.001 0.000 0.002
699.7 1829 3347 8.6 1.051 0.000 0.000 0.000 0.000 0.001 o0.001
Chromaticity§=—10
486.5 7262 31605 25 4.173 0.014 0.048 0.476 0.483 0.054 0.018
486.9 4689 31487 25 2.694 0.009 0.030 0.306 0.313 0.035 0.011
513.4 3904 33262 2.8 2.243 0.009 0.003 0.166 0.285 0.074 0.002
518.3 4010 34008 2.9 2.304 0.009 0.002 0.154 0.294 0.087 0.001
561.7 2695 33029 3.3 1.549 0.003 0.003 0.029 0.162 0.122 0.007
575.3 137 35810 3.5 0.079 0.000 0.000 0.001 0.007 0.007 0.001
625.1 1988 32598 4.0 1.142 0.000 0.004 0.000 0.042 0.113 0.049
650.9 1323 37592 4.3 0.760 0.000 0.002 0.001 0.012 0.066 0.048
699.7 1829 33407 49 1.051 0.001 0.000 0.004 0.000 0.046 0.088

Some commentare inorder. Here, we assunikat thehigher-order modes ahe 8 rf
cavities do not fall on top of each other at exactly the same frequency. Iwotlky;, weassume
the resonances summed overc@vities will be de-Qued 8 times and tkhunt impedance
corresponding to a certain mode will be the same as that for a single cavity. Téota6.15, we
seethat thefrequencies of théowest 9 higher-order modes range fré®6.5 t0699.7 MHz.
Thereforew,t, /T— x /T (w is negative) ranges from 5.4 to 7.4 fmro chromaticity. From the

power spectra in Figure 6.46, this implies negative resonant frequemnaes exciting thenodes
that peak in the region, or modes roughly fros4 to 7. These are listed in column 4 of the table.
We cansee, forexamplethat thegrowth ratedriven by thefirst resonance at zerchromaticity
actually peaks at=4. Since the growth rates are affected so mucthéynode of excitation, we
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also givethe bare growth ratefor eachresonance in column when the form factor F, and the

factor (14m)™ are not included. We see that increashmeg chromaticity taf=+10 shiftsthe mode
spectra to the right (positive frequency side); so only modes of much hghidrbe excited. On
the other hand, decreasing the chromaticit§=tel0 shifts the mode spectra to the right &owler
m modes will be excited. As whole, the growth rates areslow. Since a tune spread of
Av,=0.0001, for example, will damp a growtdte up to~-7 s'.  Therefore, transverse coupled-

bunch instabilities driven bthe higher-order modes dhe rf cavitiesshould not be groblem at
all.

6.7.8 Transverse Head-Tail Instability

Let us now consider the short-range fieldiw transversempedanceij.e., Z;(w) whenQ
is large. This is equivalent to replacing the discrete line spectrum by a continuous spectrum. Since
ReZ;(w) is antisymmetric, the summation in EquatB4 whentransformed into an integration
will vanish identically at zero chromaticity. There aarly be instabilitywhenthe chromaticity is
nonzero.

Since the transverse impedance appears to be dominated by the resistive wadlytheate
can be computed exactly if waibstitute the impedance in Equati®b4 bythe resistive wall
formula. The result of integration is (see reference 27)

1 _ 1 eMicpomd?
7, 1+mém,ECMBO Z:(en)Falx)

Equation 6.55
where|Z;(w,)| is the magnitude of the resistive wall impedance at the revoliségnency. Note
that thebunching factor contains a factor Idf, so that thegrowth rate is actually independent of
the number obunches. This is to bexpected because tiggowth mechanism is driven by the
short-range wake field and the instability is therefore a single-bunch effect. This exgisirise
growth rate 7, does notcontain thesubscripty describing phase relationship of consecutive
bunches.

The form factor is given by

Fu(X) = \E{ d_;[“m(y‘ ve)=oly + %)

Equation 6.56
whereh,, are the power spectra of maaien Equation 6.51 written as functions gt wr, /T and

Ye = X/TT= X@WoT, /(mm). Thefirst term in the integrand comésom contributions by positive

frequencies while theecondterm by negativdrequencies. The form factors form=0 to 5 are
plotted in Figure 6.47.
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Figure 6.47. Form factdt, (x) for head-tail instability for modes=0 to 5.

For small chromaticityf <4, x <2.3 the integrand in Equation 6.56 can be expanded and the
growth rate becomes proportional to chromaticity. From the transverse resistive wall impedance in
Equation 6.13, we obtai||ZD(w0)|:61.85 M2/m. The growth rates for various modes/e been

computed and listed in Table 6.16, where negative growth rate implies daiagingVe see from
Table 6.16 that modem=0 is stablefor positive chromaticity. This i®xpected because the
excitation spectrum for this mode has bpeshed towardthe positive-frequencgide. All other
modesr>0 should be unstable because their spectra see relatively more nBgativeHowever,
the growth ratefor m =4 is tiny and moden=2 is evenstable. Thiscan be clarified by looking
closely into the excitation spectra igure 6.47. Wefind that while modem =0 has darge
maximum at zerdrequency all the other higher evem modes also havemall maxima at zero
frequency. As these even spectra ar@ushed tahe right, these small centrahaximasee more
impedance from positive frequency then negative frequency. Since these smallncexitred are
near zero frequency wheReZ; is large,their effect may cancelut theoppositeeffect from the
larger maxima which interact with the impedance at much larger frequency R&&reis smaller.
This anomalouseffect does notexist in some other longitudinal bunch distributiolise

go(r)D(fz—rZ)_m, because theorresponding powespectra are|jm(ou)|2 (spherical Bessel
function) which vanish at zero frequency wimer0.

Table 6.16. Growth rates of transverse head-tail modes driven by the resistive wall impedance
when x<2.3.

Mode Form Factor Growth Rate
m g!
0 -0.149% -9.43%F
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1 +0.060( 1.89F
2 -0.005% -0.11%F
3 +0.019% 0.30E
4 +0.000% 0.00F
5 +0.009& 0.10F

The head-tail instabilities can be damped by the incohsepeatid in betatrofrequency. As
mentioned in Sectiof.7.7.3, atune spread oflv;, =0.0001 iscapable to damp growth rate
of 7.0 s'. Thereforethe monopole mode may not be damped if the staiageruns at a few
units of negative chromaticity. Running at positive chromaticitfhjowever, the m=0 mode is
stable, while the growth rates of otlme¥0 modes are small, if unstable. As an examplésai0
or x=6, the linear approximation will no longer valid. From Figbré7, weseethatboth modes

m=0 andm=1 are stable. WitF,~-0.1, the growth rate for the=1 mode is only-3.4 s* which
will be damped by a small tune spread easily.

6.7.9 Tevatron Dampers

The purpose of this document is to describe which techniques will be used to control coupled
bunch instabilities in the Tevatron for Run Il. This upgrade is necessary becdhsdrmirease in
the number obunches stored ithe ring. Asthe number is increasddom 6 bunches to 36
bunches,coupling from bunch to bunch is also increased providing a strangehanism for
instabilities. Also, withthe increase in beam current specified by fhen Il parameters, all
coupled bunch modes are potentially unstable.

Noise must be kept to a minimum in thgstem becaushe Tevatron acts as a storagey.
Excessive noise fronthe dampersystems wouldcause slow emittance blowup andreduce
luminosity. One way to reduce the noisdltg dampesystem is to moldhe working bandwidth
tightly around the frequency spectrum that represents beam motion.

Because of the many potentially unstable modes and the necessary noise specification, it was
decided to make 18 single mode dampers per plane. The noise from single mode dampers is much
easier to control than equivalent wideband dampers used inrioiper In order tdacilitate these
upgrades, kickers arktectors need to be constructed and instghiextessingequipment needs
to be constructed and installed, and power amplifiers need to be purchased and installed.

The damper low level electronics will also be designed to provide a tune measurement of the
protons and antiprotons.

6.7.9.1Pickups & Kickers

Each of the detectors and kickers must be able to handle the bandwidth necessary to damp all
modes. Although onlyalf of the 53-MHzbandwidth is necessary to dampmodes, using the
signal fromthe entire 53-MHzbandwidth helps signal/noise and doesn’'t involve amyra
complications. Theystem willusethe 53-MHzbandwidth aroundhe 53-MHz carrier because
amplifiers and detectors have a bettsponse ahese frequenciesThe response othe pickups
and kickers is shown in the plots below. The optimum length for the detectors and kickers is about
1m for the bandwidths we would like to operate.

The location of thepickups and kickers ithe ring are also important. Ideally, only one
pickup/kicker pairwould be required foeach planeindeachdirection. Betatron phasadvance
from pickup to kickemwould be 90 degreesnd the separation betweprotons and antiprotons
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would be a maximum. ChangesTievatron tune make impossible tamaintain the 9Qdegrees
advance, so it is necessary to create a virtual separation by combining théremgnalo pickups
which are approximately 90 degrees of phase advapad. Thus weequire a total of pickups
(2 horizontal and 2 vertical) angach striplinepickup provides signals for both protons and
antiprotons

The plots below show that the best place to place the horizontal pickups are at B8l and
These locations have about a 60 degrees phase advance, a reasonable proton/antiproton separation,
and large beta functiomalues. These locationsvould beoptimal for the verticalpickups aswell
except for the small beta functions. The small beta functions do not iiighgerformance of the
dampers enough to require extra space elsewhere in the tunnel. If space is a prapickups
can be combined function horizontal/vertical, which would reduce the number of pickups needed to
two.
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Figure 6.48. Horizontal phase advance.
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Figure 6.49. Vertical phase advance.

6.7.9.2High Level Electronics

The power amplifiers, whichdrive thetransverse kicker, must lieear over the rangethat
the dampers wilbperate. There are many commercisblid state amplifiershat operate in the
frequency range specified frothe dampesystem. They come impower ranges from 200-5000
Watts. The amount of power required foe amplifiers is determined by the amount of injection
oscillations and theecessarynjection dampingate. It is assumetthat the injection oscillations
will saturate the amplifiers, and the power amplifiers must be strong enoaghttol instabilities
during this saturation mode. The damprate becomekessaffected by proportional increases in
power, while the cost goes up considerablyOne-kilowatt amplifiers are optimdior this
configuration when cost is taken into consideration, and this would lead to a saturated dataping
of 200 turns for annjection error of 1 mm. If amuch greater damping rate is required at
injection, the fast bump kicker should be utilized in the damper system at injection.

6.7.9.3Low Level Electronics

The purpose ofthe low-level electronics is tprocesshe signalfrom the striplinepickups
and send the proper correction signal to the kick&he first stage the auto-zeraircuit, consists
of a very wide dynamic range filter that removes the effects of slow changes in orbit ahd$¥-
From the output of the auto-zemrcuit, the signal is mixeddown to base-bandiltered and
sampled.The output of the sample arftbld entersthe processing circuits, whiclimit the
bandwidth ofthe feedback tgust aroundthe frequencies of the instabilities. Tpeocessing
circuits also providehe phase shift necessary toaintain negative feedback on timestabilities.
Finally, in the case of th&ansverse circuitghe signal is mixed back up amseént tothe power
amplifiers, or in the case of the longitudinal circuits, the output is sent to the RF phase shifter.

The auto-zero circuit for the transverse system consistdegfddack looghat measures the
effect slow variations in position fronthe pickup and cancels the variatiomgh the common
mode signal. One of theadvantages of this technique tisat it reducesall of the revolution
harmonics of the beam, not just the fundamental RF frequency. The multiplier circuits that use this
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technique are quiteoisy, but because of the reduction b&ndwidth throughthe processing
circuits they do not contribute much noise to the kickers. The autaizend for the longitudinal
dampers consists of a phase locked loofhédeam. Bothtechniques have beersed andested
with the main ring dampers.

Transverse processing consists of two multipliers and a summer takéckhesignals from
the two pickups tomaintain theproper phase advanceThe signal is mixedlown again by a
frequency equal to the revolutidrarmonic, closest tthe coupledounch mode frequencthat
needs to be damped. This signél be created by a direct digitalynthesizertriggered atfour
times the RF frequency. The filter section is tuned to pas$étasronsidebands arounidalf the
revolution frequency. The signal anplified and mixed back upith the frequency tuned to the
coupled bunch mode and then entergate that deactivates damping on a partictianch.
Longitudinal processingwill be very similarexcept that ineeds tadealwith both the upper and
lower sidebands of the FM signal. Therefore, single sideband techniques are used for mixing, and
the filters are tuned to thsynchrotron frequencies instead dfie betatronfrequencies.

6.8 Beam-beam tune shift for 3&36 operations

For the 396 nsec bunch spacing, \Wave only gone througbur calculationsfor the three
fold symmetric case (366). The main goal here is tmok at the differences between two
different lattices. The first lattice, BD15,tise low-betdattice wehaveused for Run IA and Run
IB. The second lattice, JJ15C, is the dispersionless IR Lattice proposed for Run Il.

The 396 nsec bunch spacing corresponds to 21b&dket (53 MHz) spacing. For 3636
bunches, our filling scheme has 12 bunches with 396 nsec spacing followed by an abort gap of 2.6
psec. This is repeated 3 times for a three-fylchmetry. Atthe very end of this section, weill
make a few comments on filling schemes that are not three fold symmetric.

With 396 nsec bunchpacing,thefirst crossing points oeitherside oftheIP's are in the
missing dipole at the 48 location and in the last dipole at the 11 location. Theseesreufsinafter
the separators orither side ofthe IP's, sothat wedon't need acrossingangle at thelP's.
However these first crossing points are still close enougfieteeparators sthat the beams have
less separation than is typical in the arcs. The first crossing points are a problem.

With 36x36, we only have 70 "parasitic crossings", much less than with3®ersecbunch
spacing. Howevermost of the crossings inthe arcsare not aproblem. Forthe quantities we
calculate, the main problems come from the first few crossing points around the IP's.

For our calculations, we uske parameterfom Table1.1. With our usualapproximations
and no crossing angles at the IP's, the bunch length heffeobonour calculations.The energy
spread has some small effect.

Table 6.17 shows the planned separator configuration and settings for both the BD15 and the
JJ15Clattices at 1TeV. Weare comfortablevith separator settings as high424 MV/m. This
corresponds ta106 kV onthe platesacross a gap of bm. All the settings inTable 6.17 are
below this limit.

The separator configuratishown inTable6.17 isthe configuratiorused for Runs IA and
IB. Thatis, noseparators have been movedadded. For Run llpoth the rf system and the
injection and extractiopoints will be nea=0. To make moreroom there, weare considering
moving the horizontal separator at F17 to D48. We have not gone thiwudletailed calculations
for this, but this move woultlave only a smalkffect on the horizontal separation and we do not
believe this would be a problem.
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Table 6.17. Separator settings for 396 nsec bunch
spacing ((bd15, jj15¢2).pppp52).

Separators BD15 JJ15C
(# of modules) | Setting (MV/m) | Setting (MV/m)
B11H (2) 4.162 4.214
B17H (4) -2.814 -2.721
C49H (1) 3.049 2.039
D11H (2) 3.366 4.034
F17H (1) -0.923 -1.388
A49H (1) -4.018 -3.953
B11V (1) -3.999 -3.727
C17v (4) 2.861 3.195
C49V (2) -3.091 -3.995
D11V (1) 3.944 3.986
A17V (1) -2.265 -2.639
A49V (2) -3.205 -3.977

For the separator settings in Table 6.17, we first fahedcombination of separator settings
that made closed thrdmimpsbetween thdP's ineachplane. Wethen scaled these combinations
so that the strongest separatoeath threddump was a#.0 MV/m, just below ourlimit of 4.24
MV/m. Finally, we changed these settings slightly to compentat¢he effects of thecalculated
beam-beam dipole kicks.

Unlike the 132 nseccase (see sectiof.15.2), the signs forthe different pieces of the
separation bumps aren't very importaffith no crossing angles, we dorfive to be concerned
about how the separation duethe arc helix combinewith that from the crossinganglebumps.
The beam-beam tune shifts don't depend on the sighs séparations betwedhe beams.Apart
from an overalkign, the beam-beartransverse coupling anthe sum ofthe beam-beam dipole
kicks only depend on the relative signs between the helices in the long arc and in the short arc. The
coupling only depends othe product of thesigns ofthe horizontal and thgertical separation
bumps. The sum of theertical beam-beam dipoldcks only depends othe relativesigns of the
long and short vertical separation bumps and similarly for the horizontal.

For both the BD15 and the JJ15C lattices, the horizontal separation in the short helix is not as
large as wewvould like. For BD15the shorthelix has peak horizontal separations of about 4.5
mm, whereaghe other pieces of the helices (the verteabarations irthe short helix and the
horizontal and verticadeparations ithe long helix) have peak separations of ab®& mm. For
JJ15C, the short helix hgeak horizontal separations of ab8ud mm, whereathe other pieces
of the helices have peaeparations of abo® 0 mm. The problem is that the horizontphase
advance between thi&gl1l andthe B17 horizontal separators is too closertoadians. As aesult
the effects from these two separators partiedigcelthrough most othe arc. Although wewould

like to improve this, these separation schemes still appear to be acceptable.
Table 6.18 shows the bunch by burwhit differencedor the antiprotons.The separations

should be compared to the nominal beam size at the IP ofi88.The angular separations should
be compared to the ratio of the transverse beam size and the bunch length(3hispis)/(37.1

cm)=89.2urad. Onthesescalesall the separations and angular separationgable 6.18 look
reasonably small. Also the values are nearly the same for the two lattices.
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Table 6.18. Bunch by bunch orbit differences at the IP's

BO DO

horz vert horz vert
BD15 | pos@m) | stnddev| 1.1[ 0.8 0.9 0.7
JJ15C | pos@um) | stnddev| 0.9 06] 1.1 04
BD15 angle(urad) stnd dev 7.5 2.4 1.3 6.2
JJ15C | angle (irad) | stnd dev 7.4 2.5 0.9 5.3
BD15 pos Um) max— min 4.2 2.4 2.9 2.6
JJ15C pos (M) max- min| 2.7 2.0 3.4 1.5
BD15 a_ng|e (Jrad) max= min| 22.0 7.7 4.9 18.2
JJ15C a_ng|e (Jrad) max= min| 21.6 7.7 3.0 16.4

For particles with zero betatron amplitudeseich of thébunches, wédave alsocalculated
the horizontal and vertical tune shifts and two transverse coupling components. The ranges in these
are summarized in Tab®19 and the horizontal andertical tuneshifts are also plotted as open
circles in Figure 6.60 and Figure 6.61.

Table 6.19. Bunch by Bunch Zero Amplitude Tune and Coupling Differences

horztunel verttung coup cds coup 9

BD15 stnd dev .0020 .0019 .0001 .0003

JJ15C stnd dev .0012 .0014 .0002 .0006

BD15 max- min .0079 .0078 .0004 .0009

JJ15C | max-min| .0052 .0054 .0007 .0019

BD15 max- min .0014 .0012 .0003 .0008
(A02-Al11)

JJ15C | max-min| .0010 .0012 .0006 .0018
(A02-A11)

in

Thetwo transverse coupling componestsown inTable 6.19 are theonesrelated to the
resonancevik—-Vy). These two components combine in quadrature toteveéninimum tunesplit.

Both the spreads inthese components and in the resultmmimum tunesplits look reasonably
small for all the bunches.The coupling componentsr bunchesA01 and Al12 are close those

for the other bunches.

For the horizontal and the vertical tune shifts, the central ten antiproton bunches A402 to
are tightly clustered together. This can be seen in the-(maXxin the last two lines ofable6.19,
where we have excluded AO1 and Al12. But the bunchableoedges ofthe trains, AO1 andA12,
are clearly separated from this cluster. This is reflected in the much largemn{mgtuneshifts in
the middle two lines iMable6.19. AOL is displaced vertically and A12 is displadeatizontally.
This can be seen in Figure 6.60 and Figure 6.61.
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The differences between the tune shifts of AO1 and A12 and the rest of the bunches are due to
the large tune shifts from the first crossing pointsiinerside ofthe IP's. Atthesepoints, only
AO01 and A12 do not encounter protons.

At the first crossingpoint upstream of théP's (upstream in thesense ofthe proton
direction), the separation is mainly vertical, but the horizontal beam size isHargBD15, atthis
point, the horizontal andertical separationgire aboudD.5 mmand1.1 mm, respectively and the
horizontal andvertical beansizesare0.77 mm and 0.16 mm, respectively. As a consequence,
this point contributes a large horizontal tustaft, about0.0038. For JJ15C, #his point, the
vertical separation is larger, about 1.5 mm (mainly due to higher settinthe 649 and the C49

vertical separator's) and the horizontabeta is significantlysmaller, resulting in asmaller
horizontal beansize, onlyabout0.62 mm.Both the larger vertical separaticend the smaller
horizontal beam size make simileontributions and together they reduce thisnt's horizontal
tune shift to about 0.0021.

For the first crossing point downstream of the DO interaction point, the situation is essentially
the same except with horizontal and vertical intercharfgedthe first crossingpoint downstream
of the BO interaction point, the settingstbé B11 horizontal separator are simifnr JJ15C and
for BD15, sothere is not as much of a reduction in teetical tuneshift for JJ15C. This point
contributes a vertical tune shift of about 0.0027 in BD15 and about 0.0019 in JJ15C.

As a result of the smaller tune shifts from these first crossing points for JJ15C, the separation
between the central cluster of bunches and either AO1 or A12 is about 1/3 smalles@than in
BD15. This helps to makihe particledistribution in the tune plane mocempactfor JJ15Cthan
for BD15 and is a significant advantage for JJ15C.

Ignoring the short horizontal separation bump, for BD15, the limiting separators are the vertical separators at
B11 and D11 and the horizontal separator at A49. For JJ15C, the f@uictde B11 and D11 vertical separators
and the horizontg} at the A49 and C49 horizontal separators are about 25% larger than for BD15. This gives these
separators a stronger effect for the same setting in JJ15C. Since these separators have a stronger effect, the separators
on the other end of the bump have to be made stronger. Together, these give JJ15C more separation at the first
crossing points. This is the largest contribution, but there are several other small effects.
As an example, for JJ15C compared to BD15, for the first crossing point upstream of the IP's, the vertical separator
at the 49 location is about 25% stronger, the verficitithese separators is smaller by about 10%, the vetatal
the first crossing point is about 17% larger, and the vertical phase advance between the vertical separator and the first
crossing point is better, giving about 5% better efficiency. All together these give about 40% more vertical
separation at this point for JJ15C than for BD15.
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We alsocalculate thechanges in the tunshifts as a function of garticle's betatron
amplitudes. We look at a typical bunch in the middle of a train, A06.

Figure 6.50 and Figure 6.51 show the contributions from crossing points further thalf 28
RF buckets from the IP's. These shthwe combined contributiorfsom 66 protoncrossings, but
skip the effectsfrom the IP's and thefirst crossing point on eitherside of the IP's. The
contribution to the tune spread from the many crossing poiriteei@rcs issmall for both lattices.
The tune spread in Figure 6.51 for JJ15C is slightly smaller than that in Figure 6.50 for BD15.

A06, bd15.pppp52, >28 hb from BO, DO A06, jj15c2.pppp52, >28 hb from BO, DO
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Figure6.50. BD15, A06,Tune spread from Figure6.51. JJ15C, AO6Tune spread from
crossing points >28 half buckets from IP's. crossing points >28 half buckets from IP's.

Figure 6.52and Figure6.53 showthe contributiongrom all the crossing pointexceptfor
BO andDO, thetwo IP's. We've shown Zand 303 contours in Figuré.52. Wedid not show
contours in Figure 6.5Because thewouldn't be visible.The differences betwedrigure 6.52
and Figure6.50 and between Figuré.53 and Figure6.51 showthe effects of thdirst crossing
points oneitherside ofthetwo IP's. The effects of these drossing pointsare larger than the
effects from the other 66rossing points. For JJ15@he tunespread in Figure 6.53 ill quite
small. In Figure 6.52, the tune spread for BD15 is substantially ldrgefor JJ15C,thoughstill
much smaller than th&32 nseccasesEarlier, forthefirst crossing points omither side of the
IP's, we noted several advantages in the JJ15C lattice that reduced the tune zdmdt donplitude
particles. These advantages also help to rethedunespread as a function dhe particle's
betatron amplitudes.
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A06, bd15.pppp52, No BO, DO A06, jj15c2.pppp52, No BO, DO
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Figure6.52. BD15, A06,Tune spread from Figure6.53. JJ15C, AO6Tune spread from
all crossing pointexceptB0 and DO. all crossing pointexceptB0 and DO.

The tuneshifts shown in Figure 6.5and Figure6.53 have the samésense" as the
footprints from the IP's. Ithesefigures, small amplitude particles are in theper rightcorners.
Particles with horizontal andertical amplitudes of0, 40py) are at the bottom rightorners,
particles with horizontal andertical amplitudes of @gx, 0) are at theupperleft corners, and
particles with horizontal and vertical amplitudes a§4 40py) are at the bottom left corners.

Figure 6.54 through Figure 6.57 shdie samehings exceptfor bunchesA0l1 and Al2
rather thanAO6. In Figure 6.54and Figure6.56, the tunespread forthese bunchefor BD15 is
much bigger thanhat in Figure 6.55and Figure6.57 for JJ15C. Bycoincidence, the spacing
betweencrossing points with 396 nsec bunch spacinglmost exactly thecell length in the
Tevatron. As it happensAOl always encounters proton bunches at horizontally focusing
locations, whergy is large andBy is small, andA12 always encounters proton bunches at

vertically focusing locations, whefy is large angy is small. As a result, for AO1, the tune shifts
are almost entirely horizontal and for A12 the tune shifts are almost entirely vertical.

A01, bd15.pppp52, No BO, DO A01, jj15c2.pppp52, No BO, DO
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Figure6.54. BD15, AO1,Tune spread from Figure6.55. JJ15C, AO1Tune spread from
all crossing pointsexceptB0O and DO, the all crossing pointsexceptB0O and DO, the
main IP's. main IP's.
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A12, bd15.pppp52, No BO, DO

Al12, jj15c2.pppp52, No BO, DO
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Figure6.57. JJ15C, AlZTune spread from
all crossing pointsexceptB0O and DO, the

main IP's.
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Figure6.56. BD15, A12 Tune spread from
all crossing pointsexceptB0O and DO, the
main IP's.

Figure 6.58and Figure6.59 showthe combined effectbom all crossing points.These
footprints aren't foldedThey are pretty close to thesual shape for &dead on beam-beam

interaction with round beams.
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Figure6.59. JJ15C, AO6Tune spread from
all crossing points.
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Figure6.58. BD15, A06,Tune spread from
all crossing points.

Figure 6.60and Figure6.61 showscatterplots of the combined tuf@otprints forall the
bunches. The darker the points, the more parttblshavethose tunesThe open circles in these
figuresare the tuneshifts forzero amplitude particles in eatlunch. Forboth latticesthe zero
amplitude particle tuneshifts for AO1 andfor A12 are displaced vertically andorizontally,
respectively, fromthe cluster ofpoints forthe otherbunches.The separation between the zero
amplitude tuneshifts for AO1 and A12 and theest of the bunches significantly increases the
amount of space taken up in the tune plane. This is snaldd15Cthanfor BD15, but is still a

problem for both lattices.
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Figure 6.60. BD15, Al bunches. Tune Figure 6.61. JJ15C,All bunches. Tune
spread from all crossing points. spread from all crossing points.

These scatterplots should be compared to the Figure 6.62 showing the resontredsnis
plane neaour usualoperating point of aboyt585, .575). Neither the histogranfior BD15 nor
thatfor JJ15Cfit nicely between theesonances. For BD15, wexpect wewould straddle the
(vx=vy) line and the 7th and 9th order difference resonaftes distributionfor JJ15C issmaller
and, if we straddle the 7th and 9th order difference resonances, we can keeplatimgarticles
below the Yx=vy) line.

0.61 TETIEEENE FERNI EREN SRNNI RN AT SR AN SR N RE RN

E Up to 10th order | E

3 resonances shown. [— E

0.60 3 I —— .
% 357 5

0.59 4 E

[} ] o
c ] o
2 ] C
o . -
” 058 'x / / / \\\ s
5 /#%

056 . TTTTTTTTT TTTTTTTTT TTTTTTTTT TTTTTTTTT TTTTTTTTT L
0.56 0.57 0.58 0.59 0.60 0.61

horz tune

Figure 6.62. Tune plane near our usual operating point of about (&), showingesonances
up to 10th order.

The effects of thdirst crossing points omither side ofthe IP's are smaller in théattice
JJ15C than in the lattice BD15. As a result, for JJib€otal tunespread due tall the parasitic
crossings is smaller and the zero amplitude particle tune shifts for bunches A0l and A12 are closer
to those ofthe otherbunches Thesetwo effects both reducthe amount of space taken up in the
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tune plandor JJ15C.Mainly for thesereasons, welan tousethe JJ15Clattice for Run 1. We
believe that the distribution for JJ15C is acceptable, but we still intend to try to improve it.

We can also consider filling schemes that are not three fold symmetric. Imagine a proton and
a antiproton bunch colliding &0. At this momentthere must be @aroton bunch aFo0, if we
require thatthis antiproton bunch also collides with a proton buncib@t (Two thirds of a
revolution later, the antiproton bunch will have gone counter-clockwise around the ring from BO to
FO to DO and the proton bunch that started from FO will have gone clockwise dneuird) from
FO to BO to DO.) The proton bunches at BO and FO are separated by exactly onettiendngf or
371 RF buckets. 371 RF buckets is 53*(7 RF buckets), sthddr32 nsec (7 Rbucket) bunch
spacing we could fill every 7th RF bucket between these two proton bunches. Bt366 nsec
(21 RF bucket) bunch spacing, we must leave a gap.

For the 396 nsec bunch spacing, \aee considering a 4841 filling scheme.The proton
beamhas oneabort gap andwo small gaps tdfill out thethirds ofthe ring. We wouldhave 17
proton bunches with a 396 nsec or 21 RF bucket spacing. The spatiegnextproton bunch is
35 RF buckets. This completes 1/3 of the ring. The filling pattern for the second tthediofy is
a repeat of thérst third. The last third of theing hasthe abortgap, sohere there arenly 12
proton bunches with the 21 RF buckeicing, followed byhe 2.6 psec aborgap. This gives a
total of (17+17+12)=46 proton bunchesThe filing schemefor the antiproton beam isery
similar except ithas twoabortgaps and onemall gap. This gives atotal of (12+12+17)=41
antiproton bunches.

With this filling schemeall the antiproton bunches wiltollide with proton bunches at both
BO andDO. All the proton bunchegollide at least oncevith an antiprotonbunch, but some
protons collide with antiprotons abth BO and DO and others onlgollide with antiprotons at BO
or at DO. Thisdifference between some thfe proton bunches wilmake it more difficult tofind
conditions that are good fafl the proton bunches.

In the 132 nsec casene of the major advantagéem the 14%121 case is that if an
antiproton bunch doemt see a proton bunch at, say, the first crossing point upstre@, tien
it will see a proton bunch tite first crossingpoint upstream oBO. Since these pointare often
similarly bad, this helps to reducthe difference betweethis bunch andhe others by nearly a
factor of two over the D0 case. However, fdhe 46«41 case, wenly getthis advantage for

the last antiproton bunch at the ends of the 2 short trains aftifzotonbunches. Fothe 36«36
filling scheme, the biggest problem is from the first crossing pointstberside ofthe IP's. For
the 46¢41 filling scheme, consider an antiproton bunch that doesee a proton bunch #te first
crossing point upstream of DO (upstreanthie antiprotorsense)Because of thehort gap in the
proton beam of 34 empty RF buckets to fill out the third of the ring, this antiproton bunchaioes
see a proton bunch at the first crossing point upstream of BO either.

6.9 Beam Halo Scraping

The hardware, software, and procedures useddam halcscraping inthe Tevatron at the
beginning of a colliding beam store must be improved for Run Il in order to reduce the losses at BO
and DO to devel the Collider experiments cdalerate. In addition, during Run 1he typical
scraping procedure took about 20 minutes at the beginning of each store -- sometimes much longer
if there was anemittanceblowup duringacceleration, incorredunes,large orbitdistortion, or
some other anomalous condition. We are building an automated Tevatron beam coltiysadion
that will scrape the beam halo at the beginning of each store quickly and in a systematic manner.

6.90



po  antiprotons

protons
- — — "

Figure 6.63. Schematic of collimator layout in the Tevatron for Run |l

Currently there are 4 collimators in use in the Tevatron. At F49, A0, andhEldbllimators
are stainless steel, 0.61m in length. Bi7 the collimator is carbon ste&l8m in length.
Furthermorethe collimator at AGhas twothin tungsten'lips" welded ontoeachend to act as
targets. During Run 1bthe collimators at D17 ang49 were used fathe scraping protorhalo,
and the collimators at AO and F49 were used for the scraping antiproton halo.

For Run Il wewill use a two-stageollimation systemalready pioneered at SPSand
HERA?Z?® A target, consisting of a movable, narrow tungdiie® mm thick, acts to scatter the
particles in the beanhalo. Secondary collimators, consisting o6 m long stainlesssteel
absorbers, are located at a suitable phase advance downstream of the target to intercept the scattered
particles. The target is moved to about 5 tod the beam axis to become tiiting aperture in

the machine. The scattered particles are efficiently intercepted by the collimators placed at about 8
from the beamaxis. Targets will be located atD17(1) and D49 to scattqarotons with both
vertical and horizontal large emittances. Collimators willlbeateddownstream at D17(3), AO,
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EO(1),andF17(2). For antiprotongargets will be located &17(3)and F49, with collimators
downstream at F17(1), EO(2), F48 and D17(2). As shown in F@6@& there will be a total of

4 targets and 8 collimators to be used for beam halo scraping. There is also 1 extra collimator to be
placed at EO for the proton remowgistem described ithe protonremoval section of thiseport.

Table 6.20 lists the phase advances frotarget to collimator and thkbetafunctions at each. In

order to obtain suitable phase advances and proton/antipydids, the 2 Tevatron tune quad
circuits have been split into 6 separatgcuits, and another fuads will be powered
independently. Lossealculations have been domsing the STRUCT® and MARS®*' codes, to
understand backgrounds at BO and DO.

Table 6.20. Beta functions, phase advances from target, and beam separations at collimators

prctons antirotons beam separation
collimator | ¢, (deg)| ¢, (deg) | ¢, (deg) | ¢, (deg)| B, () | B, (m) | X (MM)| 'y (Mm)
(mod 360)(mod 360) (mod 360)(mod 360

D17(1) targe 0 0 326 354 87 34| 4.41 1.80
D17(2) 6 12 320 342 63 47| 3.41 | 2.82
D17(3) 8 14 318 340 58 52| 3.18 | 3.06
D49 target 170 185 156 168 88 78 5.02 | 3.08
EO(1) 183 193 143 160 59 94 3.60 | 4.08
EO(2) 213 224 112 129 96 59| 2.14 | 4.47
EO(3) 214 226 111 127 99 59| 2.07 | 4.49
F17(1) 144 167 182 187 96 28| 5.81 | 0.98
F17(2) 145 171 181 183 90 29| 5.60 1.22
F17(3) targe 151 184 175 170 64 41 4.74 2.19

F48 312 308 14 46 99 29 5.76 1.1y
FA49 target 326 354 0 0 179 40( 7.74 | 1.59
A0 331 18 160 61 7.37] 3.5
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Figure 6.64. Block diagram of collimator control system

A block diagram of thecontrols for a singldeam collimator isshown in Figure6.64.
Each collimator station will be controlled by &VME162 processor running VXWORKS in a
VME crate located in @earby servicéuilding. Targets will have a single motdor vertical
motion and a single motor for horizontal motion; collimators will have 2 motoesch dimension
to control upstream and downstream motion independeiithe stepping motors wilfun at 400
steps/turn, anavill be geared so that the collimator can be moved ~1" irsé®nds, which is
approximately the distandeom the full outposition tothe beamaxis. This gearing will yield a
minimum step size 0f.000125". Position readback is provided WWDT's (Linear Variable
Differential Transformer) — 4 per secondary collimator, 2 per primary collimator, liamt
switches will protecthe hardware from damage. Position readbatlkhave anisb of .00003’,
although the signal/noise ratio wilinit position sensitivity to abouf005". Local fast feedback
for the motioncontrol, operating at 20 Hzcycle in theCPU, will be provided by 4 standard
TEV loss monitors -- dupstream and 2 downstream for redundancy. Stepmiogprs, loss
monitors, and LVDT's will be interfaced to the CPU via 3 IP's (Industrial Packsgastidg will
be handled by a Fermilab-designed daugbtard. Communication with ACNET will be via
Ethernet. More than one syst@an be installed in a sing¥ME crate. A prototype system has
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been assembled and software is undergoing developmiggt a prototypeollimator stand in the
lab.

The beam halscraping sequence will be controlled by an application progreat will
initiate motionfor each collimatorand waitfor completion status fromthat collimator before
initiating the next collimator. It ienvisionedthat the entire beam haszraping system wiltake
approximately 5 minutes. In the simpledgorithm, acollimator will simply move into théveam
until the locallossesreach a certain level (scaled by bemntensity), then stop and inform the
controlling application program of its completionMore complicated algorithms are being
developed and can easily be handled within the 720 Hz feedback loop.

6.10 Antiproton Recycling from the Tevatron

6.10.1 Proton Removal

Once a store has been completed and we are ready to begin the next collider fill it is necessary
to first decelerate theantiprotons in order tagecyclethem. Based oroperational experience
acceleratingprotons and antiprotons simultaneously, ifak that ahigh antiprotondeceleration
efficiency will be operationally much easier if theotonsare removed before the deceleration.
Without theprotons inthe machine théong rangebeam-beam effects are no longerissue and
the helix can be collapsed to provide more apeffiorehe antiprotons which will havdarger
emittance at the end of the store.

Since it isimpractical touse akicker at 1TeV to remove theprotons without disturbing the
antiprotons,the plan is to remove thgrotons by scrapinghem away with a collimator. The
challenge will be to remove the %0protons in 2minutes at 1TeV without quenching the
superconducting Tevatramagnets. The scraping processreates particléosses,which deposit
energy in thesuperconducting magnets causitigm towarm up andquench. Toshield the
superconducting magnets fraime losses, aet of fourMain Ring dipoles have been installed in
the EO straight section form a doubledogleg.The target collimator is located between fhst
and second magnets as shown in Figure 6.65. Since the orbit is not pathkelT&v centerline at
the location of this target, the neutral particles are pointed awaytfi®superconducting magnets
and the dogleg bends sweep away the negative particles and low energy positive particles.

Calculations oflosses inthe Tevatron magnet®r such ascheme have been done and
suggest it is possible t@move k10" protons in 100 second3hese calculations were done
using a geometry similar to that shown in Figéré5 but with the double dogleg magndtzated
downstream anthe spacdor the superconducting RiocatedupstreamThe calculationsised a
target collimator located between tfiest and second MR magnets and a secondalymator
downstream of the fourth dogleg magnet. The secondary collimator was a rectangular aperture with
height and width equal to 10 sigma of the prateamwidth at collisionsWith this geometry the
loss calculations give #ossrate of1.5 W/m in thesuperconducting magnets downstream of the
collimator. Also in these calculations the MR magmnetse assumed toperate nead440 Amps
and provide a bend angle of 2.8 mrad for the protons. The value of 4440A was chosen since this is
the current of the TeV bus atTEV and theinitial ideawas to runthe MR magnets iseries with
the Tev bus.

Even thoughcalculationssuggest thisschemeworks, there is a technical problemvith
cooling the MR magnets running at a DC currend®0A. The calculated temperatunse at this
current is 95 degrees Fahrenheit with a 10 djmw rate of LCW. This results inmagnet
temperatures of an unacceptably h&fl0 degrees Fahrenheit. Also, running fourrBagnets at
4440A continuouslyvould cost$67,000per year ab.5 cents pertkW-hr. Thusthe choice was
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made to operate the B2 magnets with an independent power supply. This allows the B2 magnets to
be turned on only while performing the proton removal and allows the magnets to be run at a lower
current. It was also decided to use the geometry in Figure 6.65 so tlealmgations will have to
be repeated with the updated geometry although no significant change in the shielding effectiveness
is expected with the new geometry.

To power the dogleg magnets an existitl) kW Transrex power supply (5000A @0V
Transrex model ISR2126-2) can be used with the four B2 magnets connest¢eiselectrically.
The maximum current imited to about 3280A because of the 100V maximpower supply

voltage and the total resistance of the magnet cods.24nQ) andbus (1.7 n@). We should be

able to run at 3280A with a ramp time of 10 sec (k8#H, so L/R is about 1 second)perating
the MR magnets at this current bends the beam by 2.3 mrad at 1 TeV and shouldsufficidat
bend to protect the superconducting magnets.

The power supplymay or may not needfdter. The question is whethethe ripple in the
magnetic field will translate into too much orbit motion at the location oSt¢h@per. Assuming a
20V peak-to-peak ripple at 720 Hz into a 28 tnad the current ripple is 0.10A, which is 1 part in
25,000 at 3280AWith a2.3 mradbend,the peak-to peakvobble ofthe beamposition on the
target collimator is 0.4 microns. This is smaller that the rms wobble from other sources.

The magnets are placed in paraltai the purposes ofvater cooling. At 3280A thepower
dissipation is 78 kW pemagnet andvith 10 gpmLCW flow the temperaturese iscalculated to
be 52 degrees Fahrenheit.

At the upstream end of EO, thelical orbit for the low beta latticevV3H15a putsthe protons
1.8 mm tothe radial inside an@.2 mmyvertical downward. (The antiprotonsare at+1.8 mm
horizontally and+2.2 mmuvertically.) Thebetafunctions athe location of the primary collimator
are about 60 meters horizontally and 95 meters vertidalith these orbitseparations anteta
functions the protons can be scraped as@ypletely by moving the primary collimatbom the

radial inside and still leave more than 2Z2hm-mrad for the antiproton beam.

collimators

= L ==
T e L= I I e et . —

~ N

B2's

= E0 warmstraightsection =

Figure 6.65. Sketch of the protoemovalsystem at EOQ. Transverseale is exaggerated. Space
is left in this straight section for possible superconducting RF in the future.
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6.10.2 Antiproton Deceleration

Part ofthe Run Il plan for increasing the number dntiprotonsavailable for collisions
requires the Tevatron to recycle thetiprotons athe end of a Collidestore bydecelerating them
from an energy of 1 TeV to 150 GeV for extraction into the Main Injedtdhile some tuningwill
be required talecelerateand extracantiprotons fronthe Tevatron, ndundamental problems are
expected. The following outlinesthe schemdor deceleration of the beam in the Tevatron and
subsequent transfer to the Main Injector.

Once the protons have been removed (see seé&tlidnl), the electrostatiseparators will be
turned off andhe B* will be increased from itdow beta value of 35 cm to the injection value of
170 cm. The sequence to accompliis (“RecoverFrom Low Beta”) alreadyexists, but is
currently used onlyafter beamhas been removed fronthe machine. This step haseen
accomplished withbbeamunder study conditionsThe beam will be decelerated 160 GeV. A
new sequence will be created to accomplish the deceleration. There is a great amount of flexibility
already built in to the power supply controllers (CAMAC cardal. the power supplycontrollers
generate outputs that are than of 3independentables. Each sequendeas itsown group of 3
tables. This architecture makes it easy to have separatettaiiesiction to correct the effects of
hysteresis (if necessary) and persistent currents. The dipole corrector power supply controllers are
being upgraded to the same type of controller as other Tevatron power supplies.

The ramp wave form used in Run | hachaximum rate ofise of 16 GeV/sec. Thigalue
was chosen sthat acceleration could tak@acewith a single RFcavity off. The deceleration
waveform was a mirror image of that acceleration waveform. In Run I, the acceleration waveform
may increase to 24 GeV/sec, but the deceleration portion of the ramp will remairslaibe 16
GeV/sec ramp rate. This ramp ratesligw enoughhat theone quadrant lovibetapower supplies
can stay in regulation during the deceleration process.

The antiprotons will have toemain in the Tevatron d50 GeV long enough forseveral
transfers through the Main Injector to the Recycler. The numbeamsfers requiredill depend
on the waveform of the protdnjection kicker that iduilt. There will likely be ningransfers of
four antiproton bunches to the Main Injector. The length of time that antiprotons must be stored on
the Tevatron backorch is onthe order of 10 minutes.Magnetic measurements of the dipoles
would indicate that about 30 units of chromaticity dnfiuld beexpectedduring that timeperiod.
Experience withbeam measuremenks&s shownthat lessdrift occurs onthe front porch than
would be predicted by the magnetic measurements.

Beamhasbeen successfulldeceleratedrom 800 GeV to 150 GeV during studies. The
studies tookplaceduring a fixedtargetruns sothe lattice,energy,and bunch structurezas not
representative of the collidean. Chromaticity drifts were measured otme 150 GeV porches.
The drift on the backporch is dependent othe length of the precedinfiattop. Typical
chromaticity drifts on the back porch were on the order of 20 units in 15 minTitesdrift on the
front porch is a function of botthe length of the preceding flattop as well as the length of the
preceding back porch. During previotallider runs, the Tevatrorhascompensatefor about 25
units of chromaticity drift in the first half hour on tfr@nt porch. There will belesschromaticity
drift on thefront porch than irpreviouscollider runs because of the presence of a bpokch in
Run 1.

More magnetic measuremerttgefore the start oRun Il could beused to establish the
functional form ofthe chromaticitydrifts with varying ramphistories.During the commissioning
of the colliderrun, the drifts will have to be re-measured time real machine to obtain tlzetual
time constants of the chromaticity change.
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During thepreviouscollider run, the ramphistory wasmade to be the same evestpre by
cycling the ramp to full energgix times between eadtore. The front porchchromaticity drift
was compensatedor by playing a pre-definetable as dunction oftime on thefront porch. In
order to streamline shot setup in Run 11, the six ramps will not be played between storesill This
necessitate the loading obw tables to compensate the chromatidtyfts everystore. These
tables will be a function of the recent history of the Tevateonp. Because of theew technique
that will be used to contr@* in the Tevatron, the table used last for compensation will not be
available. Because of this, a second power supply controller wiitée forthe sextupolgower
supplies. The waveform tothe power supplieswill then be the summed output of the two
controllers.

6.11 Instrumentation

The increased number of Tevatron bunches combined with a shorter injection cycle time leads
to the necessity ofipgradingthe existinginstrumentation. A side issue tise loss of available
warm sections suitabler instrumentation, due both tbe installation ohew Run Il hardware,
and a new CO collision region. Thibapter listehe various devicesised forbeamdiagnostics in
the Tevatron and thglans for Run Il upgrades. Fdre most partthese upgradesre directed at
coping with the harsher operating conditions of the Tevatron, but eitinee addnew capabilities
and/or fix known problems diagnosed from earlier runs. Although this section primarily deals with
the Tevatron, since it ishe most challengingenvironment,similar instrumentation in the other
machines will also be upgraded in daoeurse. The last part ofthis chapterdiscusses the
instrumentation problems for operations with more than 36 bunches.

6.11.1 Initial Run 1l 36 x36

The majorissue forthe instrumentation ilRun 1l will be the factor ofsix increase in the
number ofbunchesand yetonly one tentithe time available tacquire, analyze, and report the
results. Fortunately faster processors and judicomtisnization of existinganalysis softwarevill
enable the instrumentation to handle the increasedralataA secondaropic is the directionality
(or lack thereof) of the beam insertion pickups and how they will handle the shorter spditngy in
between the proton and antiproton bunches.

6.11.1.1Sampled Bunch Display (SBD), and Fast Bunch Integrator (FBI)

The SBD (fast oscilloscope ammtal CPU) andFBI (hardwareintegrator and interface) are
primarily used to measure individual bunch intensities. Both rely upon a wall current monitor (with
a bandwidth of 3 kHz to 6 GHz) as a pickup. The two systemsoanplementary in that the SBD
provides precisiorf<2% absolute uncertainty) and tik@I| provides speed. laddition the SBD
calculates bunch lengths.

The non-directionality of the pickup complicates the bunch measurement when the proton and
antiproton bunches overlap in time. A second wall current monitor (aleeaalable) could be
located at anothguosition to insurdhat the injectiorand collision cogging pointare adequately
covered. In any circumstandbg existing pickupnust be moved to mew location to make way
for a new Run Il deviceThe SBDneeds a two tahree bucket separation ttme between the
proton and antiproton bunch for a clean analysis. The FBI is anitical since its measurement is
done in hardware and requires a larger separation. It might be better if the FBI could be moved to a
long stripline pickup (with appropriate front-end detector) to gain some directionality, although no
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plans exist to do this at this timéhe speed othe SBDduring injection has beenshown to be
adequate (better than 3 Hz), while the FBI is basically “instantaneous”.

6.11.1.2Flying Wires

The Flying Wire (FW) system provides precision transvelssam measurements. It is
composed of one vertical, and twmwrizontal wires. The wire, a 30micron diameter carbon
filament, passes througlthe beam at 5m/s creating a piorspray from the beam-carbon
interactions. The proton and antiproton beamare measured simultaneously lgedicated
(downstream and upstream respectivelgintillator paddles.The signals fromeach bunch are
digitized on a turn by turn basis and stored in the digitizer's memory. At the end of a fly, the data is
read out and analyzed by a local CPU.

The crucial issue for the FW is the accelerator-complex injection cycle time since the Tevatron
injection is the last step of this event. Time musabalablefor boththe fly, the dataacquisition,
the analysis,and SDA (Shot Data Acquisition) readout. Assuming protorare injected before
antiprotons and that at least 3 seconds are available between injections, the problem isawdll in
The reason forthese requirements is thatoton injection (2B Tclock event) is faster than
antiproton injection (2A Tcloclevent). Since no antiproton analysis is necessary during proton
injection, the FWanalysistime is decreased a factor tivo. The current estimate d¢flying Wire
Cycle time during protoninjection (of the 38" bunch) isapproximately 3seconds fronthe 2B
injection event 0.6 sfly time, 1.4 sanalysis time 1.0 sAcnetanddata readout handling. The
longer time available during antiproton injection easily allows the analysis of both beams.

Further speed optimizations (i.e. breaking the one system into Woe&) add tathe costs
and complexity of the system. Other more benign solutions wodlidde reducing the amount of
data and analysis done at injection. At this stage, these paths do not seem to be nbutfisayy,
are left as options in case they are needed.

6.11.1.3Sync Lite

Sync Lite is composed of twaptical telescopewhich image thesynchrotronlight from the
proton and antiprotobunches. It provides a continuopeecision on-line measurement of the
transversdbeamsize. Ittakes dataonly whenbeamenergy is greater tha®00 GeV due to the
intensity of thesynchrotron lightTherefore its primaryse ismonitoring the beam sizguring a
store.

Each bunch is handled individually giving a maximum cycle speed (ignoring analysis) of 2.2
seconds forall 72 bunches using a standard 8@mes/sec vide@ameraand a singleframe
grabber. The data handling/analysis runs at speeds approaching 20 Hz/bunch omtadaiyiss
(200 MHz). This gives a total cycle time of about 6 secondalf@roton and antiprotobunches.

Only the period during the LoBeta Squeeze miglprefer a faster rate, but at thiswe it doesn’t
seem necessary to loddr fasteracquisition possibilitiesHowever sedhe discussion below on
the framing mode of streak cameras which offers the potential of faster acquisition.

Two possible upgradeare feasible. The bunch length andelative intensities could be
measured (a la SBD) by using a fast photomultiplier tube (pmt) and oscilloscope. If a red sensitive
pmt is usedX > 800 nm),this system coulavork with energies as low as 3@eV. A different
upgrade would béhe correlated measurementhafth the transverse and longitudinal bunch sizes
using a streak camer@he strealcameracould potentially baised to study a single bunch on a
turn-by-turn basis or a single turn af bunches with onérame capturé30 ms) usinghe streak
camera in “frame mode”.
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The location ofSyncLite is problematic. The possibilitgxiststhat the CO experiment may
begin installation at the START of Collid&un 1l (when CDF and DQdetectors are rolleoh). It
isn’'t clear whether we will have a new location by that time scale. The section on >36x36 operation
addresses this issue further.

6.11.1.4 Tevatron lon Profile Monitor (TIPM)

The TIPM is a turn by turn transverseittancemonitor, which would bespeciallyuseful
during beaminjection. A prototypewnasinstalled in the Tevatron near the end of 1897 Fixed
Target Run and proved that the measurement is feasible. A major change fariRal I (in all
the IPM systems from the Boosterttee Tevatron) is the collection of the electrons instead of the
ions. This variantuses arexternal magnetic field (2 kG in Tevatron) to confine #iectrons,
allowing us to dispense witihe needor bunchspace charge corrections (a major difficulty with
the ion collectiormode).Since the electrons are collected itinge scale 0f3-4 nsec,the proton
and antiproton bunchesn be separated liyning. Howeverthe existing preamplifiers have an
integrationtime scale on therder of a microsecond and woulded to be rebuilt with ahorter
time constant. Separated orbits at the TIPM locations @s@provide unique proton-antiproton
identification, but as the available locations are extremely limitesh)'it clearwhether this option
is available.

6.11.1.5Collision Point Monitor (CPM)

The CPM is a precisiotransverse and longitudinal collision point monitor at BO and DO,
which like the SBD uses an oscilloscope and local CPU. It fimeldongitudinal collision position
to 1.5 cm (rms)and transverse positions to 20 micrd@sitisticalrms only) usingthe low-beta
guadrupolebpm’s. Unfortunately the time-delaydded-through ofthe strong proton signaihto
the antiproton signafjives up to &.6 mm offset,rendering thetransverse antiproton position
measurementiseless.This offset, in principlecan be removed by further on-lirenalysis. A
working system could be quite valuable when we go to crossing angle operation.

Several hardware and software improvements would be bene€fic@ahctual replacement of
the existing low beta quad bpm’s with a new quad-pickup bpm (with a feed-through only on one
end ofeach plateyould be highly desirable. This woulgreatly reduce théeed-thoughsignal.
Software couldhen easily eliminatany remainingeed-throughThe slow cycle time (primarily
due to averaging in the oscilloscopmjits the utility of thesystem during fasscans. We are
actively seeking a faster system.

6.11.1.6Beam Position Monitors (BPM)

The Tevatron BPMsystem measurdsgeamposition, and as a system provides diagnostics
(closed orbit and turn-by-turn informatiohe primaryissue for Run Il is which bpm positions
will give reliable antiprotormeasurementd he directionality of the bpm striplines asly 25 dB
which allowsthe feed-through of high intensity proton signals to trigger bpm digitizerwhen
antiproton measurements avanted. This was solved in Run Ib by slgating of the intensity
signal (the trigger to thdigitizer). Howeverthe closerbunch spacing will probably render this
solution inoperable. As one considers a future upgrade sessugiscome to thefront. They
include thefront-end analog electronics (single buneh batch processing andhe intrinsic
position resolution)digitizers and fast gatingchemeslocal diagnostics (turn-by-turnft,.....),
and global diagnostics (turn-by-turn synchronizatioemire bpmsystem which wouldhid lattice
measurements). It is obvious that such a system could notgtec@for the beginning oRun I1.
Two technologies are being developedw for the Antiproton Source andhe Recycler BPM
systems. Hopefully one of the two might be adopted for the Tevatron.
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6.11.1.7Beam Line Tuner (BLT)

The BLT makes a turn-by-turn measurement of a horizontal/aridal bpm tocalculate the
injectionerror. As astand-alonesystem, it uses @ore flexiblehardware and softwanglatform
than the standard BPM system. Upgrades to this syistude a better analdgont end than the
standard Tevatron RF module, and a faster cycle time (easily possible with a newer processor).

6.11.1.8Loss Monitors

The standard ion chamber and log amp system will be available for Run II. In addition a new
fast system of PIN diodes will be installed at selected location around the ring to monitor individual
bunch turn by turn losses.

6.11.1.9Bunch by Bunch Tune

A new active bunch by bunch tune measurement is being worked on. This systewrtrach
the bunch tune by time gating and phase-locking orex#ationsignal. An issughat remains is
the pattern recognition of the horizontal arettical tune lines to extract numericadlues of the
tune.

6.11.1.10Luminosity Monitors
Online Luminosity Monitorsalculate thduminosity provided tdhe experiments. Currently
the CDF and DO Luminosity Monitors are built, calibrated, and run by their respective experiments
and made available to the Bearisvision. They are expected to be operatiof@ Run Il. A
Beams Division versiomsesthe measurements of the beantaéiculate the delivereldminosity.
This is also expected twin as beforeCurrently theaccelerator measuremetisagrees with the
CDF and DO measurement B@-40% withthe disagreement changioger the length of astore.
The comparison of the three may provgtene useful insights ahe lattice, thenstrumentation,
and perhaps the proton-antiproton cross-section

6.11.1.11B0 IP_ Measurements
A collaboration between CDF and BD plans to place a spare horizontal and vertical FW in BO
collision region during Collider Commissioning in ordemtake relative measurements lzfam
size between interaction region and the locations oflyieg Wires andSync Lite. Thiswill aid
our understanding of the lattice.

6.11.1.12Control Room Display

The large number of bunches requiregraphical display of instrumentation measurements
in order to be useful ithe ControlRoom (and elsewhereThe standard techniquessing Fast
Time Plots and other ACNET utilities are assumed to work as before.

Onesolution is toimplementthis display usinghe standard console programming, which
requires application programmers with C (or Java) skills.

A second solution is tonake thedisplay locally on the InstrumentatioRlatforms (which
support it) and have it bavailable in via astandard welservers. A successfekample ofthis is
the “SBD On-line” which was implemented during ©&97 FixedTargetRun. This can be done
by the same person responsible for the Instrumentation Platform itself at almost no extra effort.

6.11.2 Instrumentation for 132 nsec Bunch Spacing

At this stage we should consider whether single bunch information ias&fill (as opposed
to multiple bunch measurements). To scemeentthis will be decided byhe availability of faster
CPU'’s, and by theability of the hardware to separatbe proton and antiprototbunches. The
systems that are likely to be impacted are listed below.
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6.11.2.1Sampled Bunch Display (SBD), and Fast Bunch Integrator (FBI)

The non-directionality of the pickup becomes more critical, espedatlythe FBI. A
directional Pickup (long stripline)might be a necessitfor the FBI, and very desirabléor the
SBD. Narrower bunchewill require a faster sampling scoger bunchlength measurements
(SBD). The bunch spacing will require some rework on the fast integrators of the FBI.

6.11.2.2Flying Wires

The mainissue withthe Flying Wires will bethe factor of three increase in the number of
bunches. The shorter bunch spacing will require a rework of its integratibrsyashare aimilar
design as those of the FBI.

6.11.2.3Sync Lite

At this stage we assuntleat thenew COcollision region is operational aridat the current
location (an approximately 3 m warm section n€ad) is notavailable. Anew warmlocation
betweentwo Tevatron dipoles (full or half-lengthpr proton andantiproton telescopedoes not
currently exist. In fact no other location in the Tevatearsts in whichthe downstream edge of a
dipole opens into a warm region of at least 60 cm (necessatlyefproton telescope). hight be
possible td'steal” this space aCl1ll bykeeping a 60 cm warm space betwéan existing dipole
and a new 6ndipole which willreplace the existinglownstream 3m haldlipole. Otherwise we
would need to create such a space elsewhere in the ring either by “nudging” some existing magnets
or building a new highefield (but shorter length) dipolenagnetwhich couldlocally replace a
standard dipole magnet.

Assumingthat asolution tothe physical problem can Weund, then thespeed ofdata
acquisition could be improved lysing a streakamera in “framing” mode - eadtunch would
appear as a separate image on the streak camera. The improwenidnbedependentipon how
many images could be stacked on the camera. The same streak cameras as mentioned before could
be used.

6.11.2.4Tevatron lon Profile Monitor (TIPM)

If we wish to distinguish the individual bunches of protons and antiprotons, the preamplifiers
would have to be rebuilt with verghort time constants. Alocation where the orbits are clearly
separated (if such a location exists) would offer the best solution.

6.11.2.5Collision Position Monitor (CPM)
Hardware and software improvementsréonove theproton feed-through signare even
more critical.

6.11.2.6Beam Position Monitors (BPM)
The majorquestion is whethereliable antiproton measurements canniede. Itmight be
necessary to have an upgrade to the BPM system at this point.

6.12 Warm Straight Section Allocation.

As new ideas for Tevatron upgrades are being discussed an impapians the availability
of space inthe warm straightsections. Thighapter is a list of thevarm spacellocationduring
Run II. The listdoes not provideletaildown tothe inch scale bugives a listing ofthe devices
installed in the Tevatron now and the plan for the start of Run II.

This list does not consider the devices needed for the insertion of a new collision point at CO,
the devices neededr putting in acrossinganglefor 132 nsec bunch spacinglectron beam
beam-beam compensation, electron cooling, stochastic cooling, or optical stochastic cooling.
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6.12.1 List of devices by functionality

6.12.1.1Separators

Locations of separators for Run |

(This list does not include adding separators to provide a crossing angle for 132 nsec bunch
spacing or to provide colliding beams at the CO interaction point.)

Horizontal Vertical

B11 (2) B11 (1)
B17 (4) C17 (4)
C49 (1) C49 (2)
D11 (2) D11 (1)
F17 (1) A17 (1)

A49 (1) A49 (2)

For Run Il
The horizontal separator at F17 will be moved to D48.

6.12.1.2Collimators

Locations of Collimators during Run |
A0 Horz/Vert

D17 Horz/Vert

F17 Horz/Vert

F49 Horz/Vert

EO Horz/Vert (was never installed)

Location of Collimators during Run 1l
For beam halo scraping
D17 - one 5 mm Tungsten target
two opposing 1.5 meter long L-shaped collimators
F17 - one 5 mm Tungsten target
two opposing 1.5 meter long L-shaped collimators
For proton removal
EO - one 1.5 meter long L-shaped collimator with tungsten wings.
two opposing 1.5 meter long L-shaped collimators

6.12.1.3Dampers

6.12.1.3.1 D

ampers for Fixed target
one stripline pickup at F11 for longitudinal damper.

6.12.1.3.2 D

ampers Run II.
2 horizontal stripline pickups 1 at D48, 1 at E11

2 vertical stripline pickups 1 at D48, 1 at E11
2 horizontal kickers (proton and pbar). At EO
2 vertical kickers (proton and pbar). At EO
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6.12.1.4Instrumentation for Run Il

Beam current monitor DCCT at E49

Flying wires E11(H/V), E17(H)

SBD Resitive wall monitor at E48

FBI Resitive wall monitor at F11

Sync Light Monitor - C11 half dipole space.

Shottky Detectors - 4 pickups at A17.

Tune Measurement System - Part of damper pickup system.
lon Profile Monitor at A17.

6.12.1.5Kickers for Run Il

6.12.1.5.1

njection Kickers

Proton injection kickers at F17

Pbar injection kicker at E48

Pbar injection bumper magnet at E48

6.12.1.5.2

bort kickers

Proton and Pbar abort kickers at AO
Proton abort kickers at CO

6.12.1.60ther
Electron Compression Experiment at F48.
Superconducting RF at EO (damper kickers will have to be relocated)

6.12.2 List of devices by straight sections

6.12.2.1A0
- (~2030 inches beam valve to beam valve)
Now and Run Il
458 inches of 5 Proton Abort Kickers.
318.5 inches of beam pipe.
45 inches of 2 BPMs for kicker scope trace.
390.25 inches of 2 abort blocks.
45 inches of 2 BPMs for kicker scope trace.
329 inches of beam pipe (with collimator at upstream end.)
444.5 inches of 5 Antiproton Abort Kickers.
Beam Halo collimators.

6.12.2.2A17
- (464 7/16 inches between cold bypass)
(446.625" between beam valves.)
Now and Run Il
~24" for ion pump
~19' for lon Profile Monitor
~23.5" of beam pipe
(The above three items take up 66.5" of space total.)
50" Horizontal Schottky.
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5" bellows.

50" Vertical Schottky.

33" Bums and ion pump.
50" Horizontal Schottky.

5" bellows.

50" Vertical Schottky.
16.5" Vacuum port.
120.25" Vertical Separator.

6.12.2.3A48

- (114 inches between cold bypass)
(104.875" between beam valves)
Now and Run Il
Tokyo Pots

6.12.2.4A49
- ( ~354 inches between cold bypass)
Now and Run Il
Filled with 3 Separators (1 Horz, 2 Vert)

6.12.2.5B0
- Detector.
Now and Run Il

6.12.2.6B11
- ( ~354 inches between cold bypass)
Now and Run Il
Filled with 3 Separators (2 Horz, 1 Vert)

6.12.2.7B17

- (462.5 inches between cold bypass)
(448.625" between beam valves.)
Now and Run Il
Filled with 4 Horizontal separators.

6.12.2.8B48
- (347" between beam valves )
Now and Start Run Il
4 CO Abort Kickers (or 3 CO abort kickers and E853 Goniometer.)
Future
Used for CO interaction region upgrade?
[Note: If C-magnets and Lambertsons are removed then the
half-dipole downstream of B48 will have to be replaced by
full length dipole and the length of this space is reduced.]

6.12.2.9B49
- (~ 51 inches)
Now and Start Run Il
Empty
Future
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Used for CO interaction region upgrade?

6.12.2.10C0
- (~2043 inches, or ~52 meters)
Now and Start Run Il
Lambertsons, Collimator, C-magnets.
Future
CO experiment.

6.12.2.11C11
- (~122 inches)
Now and Start Run Il
Special Cold Bypass. (No access to beam pipe.)
Future
Used for CO interaction upgrade?

6.12.2.12C11 (half dipole space)
- (~105 inches)
Now and Start Run Il
Proton and Pbar Sync Lite Monitor.
Future
Space will disappear if half dipole upstream is replaced with a full-length dipole.

6.12.2.13C17
- ( ~445 inches between cold bypass)
(445.375 inches between beam valves)
Now and Run Il
4 Vertical separators. (Drawing shows only one separator but there are 4.)

6.12.2.14C48
- (114.25 inches between cold bypass)
(105" between beam valves.)
Fixed Target
2 QXR guads and bucker magnet take up entire space.
Run I
Empty
6.12.2.15C49
-(??)
Now and Run Il
Filled with 3 separators (1 Horz, 2 Vert)
Possibly roman pots if space is created by moving DO low beta quads closer to DO.

6.12.2.16D0
- Fixed Target
Extraction Septa and dogleg magnets.
Run Il
Detector, possibly with moved low beta quads

6.12.2.1/D11
- Now and Run II.
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Filled with 3 separators (2 Horz, 1 Vert.)
Possibly roman pots if space is created by moving DO low beta quads closer to DO.

6.12.2.18D17
- ( ~ 445 inches between cold bypass )
(447" between beam valves.)
Now
22.875" beam pipe.
70" D17 collimator.
15" bellows.
35" fixed hole collimator.
224.625" beam pipe
64.5" fixed hole collimator.
15" bellows.
Run I
20" for 5 mm Tungsten target + bellows
283" space
72" (1.5 meter collimator + 12" for bellows)
72" (1.5 meter collimator + 12" for bellows)

6.12.2.19D48
- ( ~230 inches between cold bypass)
(226.6" between beam valves)
Now
188.5" D48 kickers.
22.5" "Beam Detector" part of
15.5" beam pipe.
Run Il
119" horizontal separator.
12.25" horizontal damper pickup.
12.25" vertical damper pickup.

6.12.2.20D49
- (~62 inches.)
Now
Empty
Run I
Possibly a damper pickup.

6.12.2.21E0
- ( ~2087 inches between quads, ~53 meters)

(~2058 inches between beam valves )

Now
Injection Lambertsons

Start Run Il
Proton scraping and Dampers
239" for B2 magnet

14" space
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72" (1.5 meters for collimator with tungsten wings plus 12" for bellows)
14" space
239" for B2 magnet
40" space
239" for B2 magnet
100" of space
239" for B2 magnet
20" of space
48.25" for proton horizontal damper kickers.
48.25" for proton vertical damper kickers.
48.25" for antiproton horizontal damper kickers.
48.25" for antiproton vertical damper kickers.
~505" of space.
72" (1.5 meters for collimator plus 12" for bellows)
72" (1.5 meters for collimator plus 12" for bellows)
2058" totall
[Note: the damper kickers are located in between crossing points for 132 nsec bunch
spacing.]
Future
Relocate damper kickers and install superconducting RF.

6.12.2.22611
- (~ 91 inches)
(91.25" between beam valves.)
Now
32.75" beam pipe.
25.75" of E11 Flying Wires.
32.75" beam pipe.
Run Il
20.25" horizontal damper pickup.
25.75" of E11 Flying Wires.
20.25" vertical damper pickup.

6.12.2.2317
- (~ 458 inches between cold bypass)
(452.95" between beam valves.)
Now
2 proton injection kickers, E17 Flying Wires, and Pinger.
Run I
E17 Flying Wire.
Pinger.

6.12.2.24E48

- (~232 inches between cold bypass)
Now
4 stochastic cooling tanks => Recycler.
36.75" Resistive wall monitor (used for SBD).
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Run II
181.5" for two pbar injection kickers.
22.5" for beam detector.

6.12.2.2549
- (~50 inches)
Now and Run Il
41.875" DCCT (Beam current monitor)

6.12.2.26F0
- (~2055 inches)

Now
Tev RF.
Resistive wall monitor => Recycler.
12" Resistive Wall (FBI) => F11
66.5" Vertical Damper deflector => replaced with new kickers in Run I
66.5" Vertical Damper deflector => replaced with new kickers in Run Il
Wide band cavity => Recycler.
45.75" Berkley Schottky Detector => not used in Run II.
50.75" Vertical Tune plate => Use damper pickups for tune measurements.
50.75" Horiz Tune plate => Use damper pickups for tune measurements.
Stochastic Cooling Tanks => Recycler.
54" Horizontal Damper deflector => replaced with new kickers in Run
Run I
Tev RF and Injection Lambertsons.

6.12.2.27F11
- (~91 inches)
Now
54" Horizontal Damper Deflector => replaced with new kickers in Run I
Fixed Target and Run Il
36.75" Resistive Wall monitor used for SBD and FBI.
12.25" Stripline pickup for Tevatron longitudinal damper.
[Note: F11 is about 30 meters from FO so F11 is midway between
crossing points for both 396 nsec and 132 nsec bunch spacing.]

6.12.2.2817
- (458.75 inches between cold bypass.)
(450.5 inches between beam valves.)
Now
61.5" Horizontal Proton Detector => Replaced with new damper pickups
50.5" horizontal LLRF detector (rpos) => not used.
53.25" Collimator
61.5" Ver proton damper Detector => Replaced with new damper pickups.
119" Horizontal Separator
1999 Fixed Target Run
Proton injection kickers from E17. Two at 86" apiece.
Run I
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20" (0.5 meter) for 5 mm tungsten target (including bellows)
240" Proton injection kickers.(5 magre#8 inches/magnet)
12" for 2 ion pumps.

60" (1.5 meter) L shaped collimator

+ 12" bellows

60" (1.5 meter) L shaped collimator

+ 12" bellows

416 inches total

6.12.2.2948
- (~233 inches between cold bypass. )
(224.5" between beam valves)
Fixed Target
2 QXR quads, bucker, scanning target, intensity monitor.
Run II
Electron Beam for Tune Compression Test

6.12.2.30F49
-(?7?)
Now
collimators.
Run Il
Empty

6.13 Operational Concerns
There will be many new features and changes tavithewe operatefor Run [I. The major
ones are :

* Integration of the Main Injector and the Recycler into operations
* Multi-batch coalescing

» Upgrade from 6 to 36 bunches per beam

* New antiproton injection line

* New injection kickers

* New damper systems

* A new family of feed down sextupoles

* 1 TeV Operation

* Luminosity Leveling

* New beam halo scraping system

» Greatly improved orbit stability at the Interaction Points
* Proton removal

» Deceleration

* Recycling antiprotons

* No 6 ramps at the end of a store to reset the remnant fields and return the magnets to a
consistent hysteresis state
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* Reduce the shot setup times to about 30 minutes

» Lattice Changes

* New Time Line Generator (New hardware, new software, and a new operating philosophy)
* Instrumentation Upgrades (These are described in another section.)

* Change from 160 cards to 460 cards for the Dipole Field Generators.

In addition to the changder the initial portion of Runll, we are planningfor 132 nsec
bunch spacing and for a new high-energy physxperiment in the CO straighgection.
Preparation for 132 nsec bunch spacing include

* Kicker upgrades
» Crossing angle and beam dynamics studies
* Moving or adding new separators to allow crossing angles at the IP's

Changes to the CO straight section

* Removing the CO abort
» Lattice modifications including new low beta quadrupoles
» Installing a new high energy physics detector

» Adding new separators as part of an integrated plan for providing collisions at BO, DO, and/or
Co

Each of thechanges and new features for Rurwlll require a substantial effoftoth in
planning and preparation before we turnamd during the commissioning. We must not only
make them work, we must also make them a part of operafibeyg. must beobust and reliable,
and, in many cases, we also have to work out procedures for lometthem ugvhen problems
arise.

Most of the commissioning of thdain Injector and the Recycler and their integration with
the other machineshouldtake placebefore or duringhe fixed targetun plannedfor 1999. In
particular, thistime will also used to establisimulti-batch coalescing of high intensifyroton
bunches.The Fixed Target startup, commissioningand operations are consideraliéesks in
themselves and will require thiene and effort of the same peopleho would otherwise be
preparing forthe colliderrun. During this time, we must be careful tmlanceour resources
between commissioning, fixed target operations, and preparing for Run II.

When we turn on in Collidemode, we hope thave theframework inplacefor all the
features and changes in our list. Many of these may only be rudimentary or "bareJswsiEsis,
but this way wewill be aware of problems with or conflicts between featwzady, we will
quickly gain the use of the ones that turn out to be "easy", and we can startug=tngthe new
operatingmodes.This is an ambitiougioal. We wouldnot be surprised if one or two of the
features have to be completerthought or re-worked frortineir original implementation. Even
with a framework in placegach of the features will have to be tunedang made towork well,
both individually and in conjunction wittie others. We doubthat we will have theesources to
tackle all of these at once. Even if @i, it may still makesense tdake ononly a few at a time.
Many of these will have effects on tlahers, effects that wemust learn to recognize and
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eventually understand. We must also be careful not to overwhelm ourselves with so many changes
and projectghat wecan'ttell if individual changes were beneficial. Wepect that it may take a

year or more before all the features in tstrareworking well. Asdocumented in Fermilab Note
TM-1970, Run IA tookabout 6 months to routinelyachieve initial luminosities above
5x10*/(cm2-s). This was alscabout how long it took for RuniB, despite only a 7 month
shutdown for the Linac Upgrade, the only major change between Runs IA and IB.

During start up and commissioning we can expect to be on rotating shisisvinalmonths.

This may be the case at the start of the fixed targeeandwill certainly be the case at the start of

collider operations. We not onlgave to staff thesehifts, wehave to diagnoseroblems,plan

ways to solve them, prepare studies, analyze and understand the data, document results, and revise
operational procedures.

We want 2 people per Tevatron shifttire ControlRoom duringthe colliderstart up and
commissioning. The Tevatron is a complicated machine. We believe it will take about 2 months for
a new person ttlearn theropes” andgain a basic understanding lkdw and why the Tevatron
works. After about 4-6 months, they can start to plan, conduct, and analyze studies. Of course, the
time required depends strongly on the person's prewpesational experiencéfter this training
investment, it is importarthat these people continue to contribute to Tevatqperations With
commissioning and development Rfin 1l expected to take aboutyaar, we hopehat the effort
put into training in the first half will pay off in the second half.

We will require approximately a one-year investment fromisimumof 8 to 10 people full
time. In both the Run IA and IB start-ups, this is aldbetnumber of people wead, but both of
those start-ups ended with these people over-worked and burned out. From our list of changes and
new features, Run Will have one of theharder,more prolonged start up and commissioning
periods.

As one suggestion to try to avoimlirnout, we should consider periods saveralweeks
when wetemporarilystop doing studies and just try to run luminosity. Tik hopefully allow
some time for the physicists to "step back and loakebigger picture'br, more specifically, to
get out of the controfoom, analyzedata, prepare futurestudies,and recuperate from rotating
shifts. This will also allow somédime for the operators td'catch up” with the changesnade in
studies and to again establish an idea of what is "normal".

Another complication for this start-up is that we have many ogratorsThe 14 Operators
recently transferred fromthe Research Division have not directly experienced any Collider
operations. Of the 13 Operator | and II's wWiave alwaysvorked fromthe MainControlRoom,
about 1/3 have seen less than 6 months of Collider operations and half halesstam lyear.

We can expect to lose several more experienced operators between now and the start of Run II.

To summarize :

1) Present personnel resouregen'tadequate. To be usef@dditions should béwvolved
full-time for at least6 months to a year. Staffing rotating shifts is a large commitment, but a similar
amount ofwork is required to prepare and analymbat happens oshift. It is essential that the
people doing this are the samwup ofpeoplewho are onshift. Also duringthe fixed target run
before Run Il, many of the same people will be needed for fexggtstart-up and operations and
for preparations and planning for Run Il. These needs will have to be balanced.

2) There is arenormousamount ofwork to be doneand many changes to thvweay we
operate. It will take months to get back to the performance levels from the end of Run IB.

3) Commissioning and changes to operation will contiiouea long time, ateast ayear. At
start-up, we hope tbave theframework in place, deast to tryall the new features. Some new
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"features”, such asiminosity leveling and 30 minuthot setup timeswill not be present at the
start. Others may be present but in a "rudimentary” form. After the initial period when we see what
does and doesn't work, we mustgrepared to decidehich features or projects wifjet priority
and which will be put on backurners. Atthis point, the number of availableyained, and
knowledgeable people will be a major factor in how quickly these features are made to work.

4) Training will be an emphasis and a burden at least thefirst 6 months.Training of
operators and personnel could take about 10 to 20% of the time.

5) There will be timesvhen wewill want to take breaks from studieddowever,even after
the run hafficially started, wewill need studieperiods, both t@ontinue to commissiofnew
features” and to prepafer Tev33. This should belab priority and weshould consideregular
scheduled studieperiods. These arein addition to "operationalstudies"intended to tune up
present operations.

6) There are several factdigt likely will not be big problems in themselves iat will
contribute toproblems. Inexperiencéraining efforts, the new SDA, changes to instrumentation,
difficulties in coping withthe datafrom all 36 bunchesand increased complexity in orbit control
will all sow confusion and make the diagnosis of underlying problems more difficult.

6.14 132 nsec Bunch Spacing

We plan to increase the number of antiprdianches by decreasirtge bunch spacing to
132 nsec. Fofixed emittances, a fixed proton intensity gaunch, and a fixed number of
antiprotons,the luminosity remains constant while the number of interactionscesing
decreases as the number of bunches is increased. However, as describedi@taihoetow, we
plan to introduce arossinganglewhenthe bunch spacing is reduced 182 nsec. This effect
reduces the luminosity as well as the number of interactions per crossing.

6.14.1 Kicker Considerations

Missing bunches (gaps) in the proton beam cause antiproton tunetsiiftary from bunch
to bunch. A long gap is required to accommodate theinmeof theabort kickers andhort gaps
may be required if the proton kicker rise time is less thartimeh spacing. Welan to build the
proton kicker sahat therisetime can beancreased tdl32 nsec. The plan to initially achieve a
kicker rise-time of 396 nsec and later upgrade it to 132 nsec was outlined in section 6.6.4.

It would be possible talecrease the antiproton kickase time to 132 nsec aswell.
However,there isless reason to do ssince theproton shiftsare smaller because of thaver
antiproton intensities.The 14121 bunchloading scheme described bel@assumeshat both
kickers have achieved a 132 nsec rise time while the 90x90 scheme awtmegher kicker has
been. With the 132 nsec risme for the proton kicker but nothe antiprotorkicker, it would be

possible toachieve a configuration similar to 14TP1, but the antiprotorbeamwould have an
additional 10 missing bunches to accommodate the antiproton kicker rise time.

6.14.2 Beam-Beam Considerations

Over the lastyear, most of our work hasoncentrated on the casath 132 nsec bunch
spacing, where we run with about 100 bunchesaichbeam. This repomvill also concentrate on
that case. For the 132 nsec bunch spacing, wedrdyelooked at the collision heligonditions.
We have not yet looked at the injection helix or considamd wewill make the transitiorfrom
the injection to the collision helix.

For bunch spacing of 132 nsec (7 rf buckets at 53 MtHe)irst