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Abstract

Theenegy depositiorandradiationissuesat8 GeV H ~
beamcollimationin the beamtransferine andat stripping
injectionto the FermilabMain Injector (MI) areanalyzed.
Detailedcalculationsvith thesTRUCT [1] andMARS15 [2]
codesareperformecbnheatingof collimatorsandstripping
foils, aswell ason acceleratoelementgadioactvation at
normaloperation.Extractionof the unstrippedpart of the
beamto the externalbeamdump andloss of the excited-
stateH° atomsin MI arealsostudied.

INTRODUCTION

Fermilabis currentlyworking on the designof a super
conductingRF linac, ProtonDriver (PD). It will accelerate
1.5x10'* H~ ionsup to 8 GeV with a total beampower
of 0.5MW upgradabléo 2 MW. The H ~ ionsarestripped
to protonsin foils andinjectedinto MI for acceleratiorto
32-120GeV, mainly for neutrinooscillationsstudies. Re-
sultspresentedh this paperarefor the0.128MW PDbeam
injectedwith the 0.67Hz repetitionrateinto Ml in the 120-
GeV mode. The 32-GeVMI canbefed at 2.5 Hz by the
0.5MW PD beam.The 8-GeVbeamdirectly from PD can
alsobe usedfor neutrinooscillation studiesand other ex-
periments. The enegy depositionandradiationissuesat
8 GeV H~ beamcollimationin the beamtransferine and
atstrippinginjectioninto Ml arediscussedbelow.

BEAM LINE COLLIMATION SYSTEM

The beamline is comprisedof five sections(Fig. 1):
beam matching betweenRF linac and the FODO lat-
tice of beamline, amplitudecollimation, momentunjitter
correctionandmomentumcollimation, matchingbetween
FODO lattice and MI. Halo collimation is doneby strip-
ping H~ ions at a foil locatedupstreamof the focusing
quadrupoleand then intercepting H° atomsand protons
at the beamdumplocated5 m downstreamof the focus-
ing quadrupole(Fig. 1, bottom). Six foil-dump stations
areusedfor amplitudecollimationin thefirst threecells of
the beamline, with two additionalstationsfor momentum
cleaningat locationswith positive andnegative dispersion
wave maxima. Beamcollimation is doneat 3.5, and
Ap/p=0.001.

As MARS15 calculationsshav (Fig. 2), the steeldump
withstandsjn principal, a single pulseof accidentallylost
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Figurel: g functions(top), horizontaldispersionmiddle)
in the beamtransferline, and principal of stripping colli-
mation(bottom).

beambut is meltif the next pulsearrives. If oneassumes
that the dump shouldwithstandtwo pulsesin a row, then
the optimalsolutionwould be a0.5-mlong and10-mmra-
dially thick graphiteinsertin a 1-mlong steeldump.
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Figure 2: Instantaneousemperaturerise in steel beam
dumpperasinglepulseof 1.5x 10'* protonsato,, , =1 mm.
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gasstrippingis about1.8x10° p/m or 0.15W/m. We have
foundthatwith ataperediner insidethe bendingmagnets
at 2 m to their downstreamends,irradiation of the inter
connectregionscanbereducedby anordersof magnitude
down to about0.5mSv/hr

PAINTING INJECTION

Painting injection of the 8-GeV H ~ beamis performed
by using four horizontal kicker magnetsin MI and two
pairsof the horizontalandvertical kicker magnetdocated
in the injection beamline (Fig. 3). Gradualreductionof
thekicker strengthsallows “painting” of theinjectedbeam
acrosgheapertureo therequiredemittance.
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Figure 3: Painting injection scheme(top) and kicker
strengthduringinjection (bottom).
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The stripping foil is locatedat the exit of the second
paintingkicker in its fringe field. The kicker magneffield
is chosersuchthatit providesstrippingof atomswith prin-
cipal quantumnumbersn > 5. As showvn in Fig. 4, thisre-
quiresthekicker field to be >0.05T. Fromthe otherhand,
the field shouldbe low enoughto minimize the H~ ions
stripping. It is seenfrom Fig. 3 that the kicker strength
decreasefrom 0.1 T to 0.06 T during 20 turns,andthen
slowly dropsto 0.05T during another70 turns. Estima-
tions shav that at the beginning of injection the magnetic
field of the secondkicker causesstripping of 5x10~° of
injectedH —, producing? W of powerlossdownstreanthe
foil. Thestrippingprobabilitiesof H? Starkstatehydrogen
atomsin downstreammagnetsarepresentedn Tablel. It
is assumedherethat H° atomspassadistanceof ~1 cmin
the maximumfringe field of the kicker magnet. This dis-
tanceis enoughfor H° atomswith n > 5 to be strippedto
protons,which go to the circulatingbeamwithout chang-
ing the beamemittance.Someatomswith n=4 areleft un-
stripedandgo to thebeamdump,and,unfortunatelysome
fraction of themis strippedin the third kicker. Thesepro-

tonswill contributeto the circulatingbeamhaloandcause
lossegddownstreanof thekicker.
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Figure4: Calculatedifetime of Starkstate8-GeV hydro-
genatomsin magnetidfield.

Table 1: A strippingprobability of 8 GeV H° Stark state

hydrogenatoms.
n B lifetime decaylength effect
T sec m
kickerN0.2, L ¢se1¢ =~ 1 cm
4] 01 <107 0.003 stripped
4| 0.06 >101° 0.03 unstriped
5| 0.06 <1012 0.0003 stripped
4| 0.05 >1078 3.0 unstriped
5| 0.05 <107 0.003 stripped
quadrupoleQ102,L¢;e1qa = 2.1 m
410.025] >100 | unstriped
kickerN0.3, Lie1a = 0.34 m
41 01 <1071 0.03 stripped
4| 006 | 10'°-10% | 0.03-300 | partialstripped
41 005 | 10°%-10 3-30000 unstriped

The circulating protonspassseveral times throughthe
foil. Multiple Coulombscatterings smallbecausef small
foil thickness. Particle ionization lossin the foil at one
passs 4.e-20of initial enegy. Multi-turn simulationsshow
that 0.03% of the injectedbeamis lost in the accelerator
becausef nuclearandelasticinteractionsin the foils for
the270-turninjection. Thisfractionis afactorof threeless
for the 90-turnone.

HEATING AND RADIOACTIVATION

Two carbonstripping foils 1.5um thick (300ug/cm?)
with a trans\ersesize of 12x12 mn? are located0.4 m
apart. Protonspassthroughthe foils 4.4 and 15.9 times
on averageat the 90 and 270-turninjections,respectiely.
This includesthe very first passwhile the protonsare still
constituentof H~ ions. It is assumedhatthe enegy de-
positionis instantaneousnd thereis no evolution of the
foil temperatureluringtheinjection. Most of the H ~ ions
arestrippedin thefirst foil andthe electronsareremoved
beforethe secondfoil. The foil heatingcalculationswith
the MARS15 codeweredonewith a conserative assump-
tion that all the H~ ions were strippedin the very up-
streampart of the first foil and electronspassedhrough
it contributing to the heating.At the sametime, it wasas-
sumedthat 20% of H~ ions survive the first foil andare



strippedin the secondfoil. The protonenegy of 8 GeV
correspondso a Lorentz-factorof 9.526andthe electron
enegy of 4.357MeV. As shavn in Table 2, the instanta-
neousemperatureisefor the 270-turninjectionis closeto
the carbonintegrity limit. Fig. 5 is a graphicalrepresen-
tation of the temperatureise after one cycle of 270-turn
injection.

Table2: Enegy depositionandinstantaneoutemperature
risein the strippingfoils dueto electronsprotonsandboth.

Peakenepy deposit | Peaktemperatureise
Foil 1 | Foil 2 Foil 1 | Foil 2
Jig K
Electron 1478 296 -
Proton,90-turn 2182 2230 -
Proton,270-turn | 6616 6639 - -
e+ p, 90-turn 3621 2502 1991 1470
e+p,270-turn | 6616 6639 3358 3368
10*
107
"1
. = 102
=10
2.4 26 28 |
x (cm)

Figure5: Instantaneoutemperatureise in the first strip-
ping foil for the 270-turninjection.

Residual dose on the upstreamend of the hottest
guadrupolébeyondthefoil after30 daysof irradiationand
1 day of cooling, alsoknown asa “0 cm/30days/1day”
dose,variesfrom 20 mSv/hrdown to 0.1 mSv/hrfor the
90-turninjectionandfrom 74 mSv/hrto 0.1 mSv/hrfor the
270-turnone (1 mSv = 100 mrem). A correspondin@D
distribution is shawvn in Fig. 6. Table 3 summarizeghe
averagedesidualdoseson the quadrupolesurface.

Table 3: Residualdose on six surfacesof the hottest

quadrupole.
Surface Residuaddose(mSv/hr)
90-turninject. | 270-turninject.

front 41 155

rear 0.16 0.57

left 0.15 0.69

right 0.22 0.77

bottom 0.41 1.41

top 0.46 1.63

Residual Dose (mSv/hr) 0 cm/ 30 days/ 1 day

Aspect Ratio: X:Y = 1-1.0

Figure 6: Residualdoseon the upstreamend of the first
quadrupoledownstreanthefoil for the 270-turninjection.

The most radiation-sensitie magnet ingredients are
epoxy and coil insulation. A typical lifetime limit on the
absorbedlosefor thesematerialsis about4 MGy (1 MGy
= 100Mrad). The MARs-calculatedpeakabsorbediosein
thequadrupolecoilsis aboutl MGyl/yr thatcorrespond$o
about4-yearlifetime.

INJECTION BEAM DUMP

The H® atomsremainingafterthestrippinginjectionare
directedto an additionalthick foil to ensurea complete
strippingto protonsbeforeextractingthemto an external
beamdump. As arealstrippingefficiency is unknowvn, we
follow a consenrative approachallowing up to 10 kW of
beampower be absorbediy the beamdump. This corre-
spondsto 8% of the injectedbeamdirectedto the dump.
A shutdavn afterabeamaccidentwill allow to investigate
the causeof theaccidentandto keepanintegratedparticle
rateonthebeamdumpin arequiredimits.

The design goal for the injection beam dump is to
achieve similar radiationlevel asat the existing Ml beam
dumpwhich consistsof a0.15x0.15x 2.4-mgraphitecore,
a0.15-mthick aluminumwatercooledbox, surroundedy
a 0.84-msteelfollowed by 1.1-mconcreteshielding. The
MARS15 calculationsshav that additional 0.3 m of steel
shieldingis neededn orderto achieve thedesigngoals.
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