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A progrea report n effort. to aaderatud and 
apron adiabatic capture in the Ferailab Booster bJ 
experi.Mint. and siaulation i• pre•ented.. Ia 
particular, a ••• IF Tol toge FOSJ'&B for capture 'Illich 
aaeliorate• tranSTerae space-charge effect• is 
d .. cribed and •i.,..lated. 

Introduction and Onnin 

· !he Peniilab Liaac accolnatee B- ina to a 
kinetic ... rv of about 204 lleV. The ••r1i11& be .. ie 
a stre .. of bunches equall7 epaced at the Linac IF 
frequenq of 201.242 llBa. The hll Linac _,.tu 
•pread of about 0.41 ie reduced to about O.ld in the 
be.. tranaport line to the Soootor bJ a buach-rotatiD& 
IF caTi t7 called the Debuncher. Usiq B- charse­
uchuse injection, one or 110re t1ll'D8 are injected 
into the -e re1ion of 11-dimeaeional phuo opaco, 
except t.hat the Linac frequenq and the lloooter 
reTolatioa frequency are in general inco.aensu.rate, •o 
that _Liaac l>anches ueuall7 do not coincide with 
preTioul7 hj ected ones. Bowtrrer 1 there is no hi,p­
f requenq chcl"pper and no •ch••• to •paint• the be .. 
into loqitudiul phue space per ae. The Liaac be .. 
current of about 35 aA corresponds to ex1oll protons 
per tarn. 

The pide field B, resulti1>1 froa a f•l5 h 
reaount circuit, ia approximatel7 haraonic with a DC 
offaet: 

where 

B • lloain(l+C)/2 + 8-ax(l-C)/2, 

c - .,.,. 2rl (t.-tmn). 

There i• no •flat-bottom• on the magnet waTefora; the 
injection time tinj ia clooe to t.in· Acceleration bJ 
t;he 18 IF caTit.ie• takes place at a haraonic nu.her 
h=84, correaponclla& to an initial IF frequenq of 
about 30.316 lllhl. At the start of the c7clo, the 
injected proton. .... t be captured in one of the 14 
stable areae or buckets in loqitudiul phaee apace, a 
pro c .. • uuallJ called adiabatic capture. 

AJIOD& the readil7 Y&riable paruetera affectiD& 
capt.ure are the aini..um magnetic guide field, the 
injection t1-, the .. plihde and phaee of the 
Debuacher IF Toltace, the initial Talue of the lloooter 
IF frequ .. q, and the time dependence of the -litude 
and phaae of the Booater IF Toltoee. lxperimente ud 
9iaulationa intended to abed licht oa how the•• 
p,..._tere affect Booster perforaaace and how to 
aptl.aiH the. are dHcriJ.ed here. The time-honored 
-irical - a.:h of T&r'JiD& the parwtere to 
optl.aiae perforaaace llllOuat• to a (ti•e-coaeuiql) 
•earch in a wl tidimeaeional parueter apace; 
111m9rical ahulatioae proTide innluable pidaace for 
thi• ••arch. Ccmnreol7, experiment• . help to 
deterai.•e the panaetera u .. d in the aiaulatina; the 
two appr 1che• are thu -lwntar)'. 

SeTeral -iou •mlationa of adiabatic capture in 
the Boooter which nqlected apace-charce effect• ban 
been reported [1...f.]. 

•operated b1 the \JuiYersities Research As1ociation1 
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The Simulation llethod 

The ahulatioae reported here, 'Illich include 
loqitudinal apace-charce effects, noed the 
lOD&itudinal trackiq proer.. ISllB, deecribed in 
uother paper at thio conference [5-8). In order to 
ch.eek the correspondence of the•• •bulations with 
realit7, tho rHulto ban been Eared in detail with 
HTaral uperiaental obeenat • Fipre 1, for 
u_lo, ahon real and aiaul ted ·•mountain raqe• 
pictun• of a •incl• turn iajlocted into the Soooter 
with u IF TOlt.&o procr.. like tho one deecribed 
belcnr and .•hcnrn in Fipre '· The hich-frequenc7 
•aoiae• ill the aiaulation ie-f caued b7 statistical 
errors resultiq froa the finl.te n1111ber of particles 
•mlated. There are 25 oocilloocope trace•, with 
succe••iY• traces taken •••rr second turn, •tarting at 
injection time. The horbontal. acale ie 6 
nsec/didaion and there are ten dhioioae. Atteaptinc 
to reproduce anch co•plicated pattern• proTide• 
Btriqont test• of the aimulation and helps to 
deteraine the injection and capture paru.eter•. For 
a-le, the patterns of Fipre l are aenoi the to the 
injection ener17, the iai ti al Liaac phaee apace 
distribution, the injection ti•• with reopect to the 
ugnetic field ft.Tefora, and the Booster IF .,.oltage 
prolJ'aa. In fact, the comparison •uaeata that the 
injection tiae with re1pect to the minill\lll of the 
pide field i• about 100 'oec earlier than a dB/dt 
•icn•l aT&ilable in the control rooa indicate•. 

Fi1. 1. Simulated (aboTe) and real (below) •mountain 
raqe• picture• ahowiq tbe time deTelopaent of the 
1'eaa current when a •iogle turn is injected into the 
Booster. 



.l Beneficial New IF Yoltace l'rocr• 

Darin& the optare proceoo, the IF oocillator io 
locked to a progr...able frequenc7 orntheoioer. 
Control of the IF Toltage duriq capture io 
accoapliohed by boldiq the e&Tit7 •olta&eo 
approxi-tel7 c:oastant (to aToid aultpactoriq) and 
•arri111 tile IF pbaoe htween t"" equal sroups of 
c:a•itieo called .l and B oo that ,A=-~(t-tiuj). 
t'hio proc:eso io called paraphuiq and ' l.o ealled the 
paraphase aqle. Con•entional wiodOll and tradition 
aaintoin that injection ohould occur with the t"° 
sroup• exactly out of phase, that io, with the initial 
poraphase &1111• #(0)-90°. Capture b accoopliohed by 
reducing I Aootbly to oero, allowing the effecthe 
ri111 Tolt.ge to ria<1 sraduall7 to t7picall7 400 kY 
«JI) /f .. C after injectiOD. 

le-17 3. Oriwp and J; Lacke7 of Pendlal> 
dillCOTered that tile o•erall tranniHion b iaproTed 
at high inteuit1 ,if the initial paraphase &111le io 
not 90°. Th• resalto ehown in Picure 2 are typical. 
the upper CWT• •ban the beu iute1111i t7 ohortly after 
injecting 8 turn and the lower one io the inte1111it1 
just before eztraction. The ahociHa io linear iu the 
initial paraphue angle, with the dip iu the final 
inte1111it7 occurring at ,(0)=90°. Vsaall7 ,(O))llO° 
ai•e• oliabtl1 htter performance than ,(0)(90°, hut 
either b oipificautl1 htter than "O)..go•, ..... 
thoqh the last choice uouall7 result• in alightl7 
ltigher capture efficieuc7. It i• iutereatiq to note 
that atartiq~ with #(O)>G0° reoulto in faraation of 
initial huclteto which are dioplaced by half the bucket 
spacing froe tlte location of the final bucketo. 

The Booster performance b liaited by traneTeroe 
wpace-cbarae effect• early in the cycle, the 
deleteriou. effects ~f which are di•cuaaed in another 
paper at thi• conference (7). Thus it wao imediatel7 
aur.i•ed tbat the obsert"ed iapro•eaent result• from a 
redaction of the peak bunch current, which lowero the 
incoherent opace-cltara• tune wpread. Yerif7i111 thie 
hypotheais waa one of the goale of the aiaulationa: and 
esperimemts deacribed in the next. section. 
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Pia. 2. The hu intensit7 ahortl7 after injection 
(upper curTe) and •hort.17 hfore extraction (lower) ao 
a faction of die initial parapbue ancle. 
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Coaparieon of the r.... IF Vol taae Progr!!! 

It ia bcnm froa put experience and prior 
eiaulatio1111 fl-2) that the traditional capture .. thod, 
with IF TO toe• rililll aoothl7 fr<>11 a •er1 lo• 
initial Talue, reoults in little dilution of the 
l0111itudinal phue apace in the aboence of epace­
charp off ecto. If the Linac beu i• captured 
efficientl7 without dilution, the resulting 
l0111i tudinal ui ttance i:ontainiq about I 95'1 of the 
be1a ii 0.02 eV-90c per Booster bunch, correapon~ing 
to tbe area ia loqitudinal pbue apace of a rectangle 
who1e length ie 1/84th of the Booeter circuaf erence 
and whole full -entua spread lie 0.18!1. The bucket 
area io lWted by the a•ailal>~e IF •oltage to about 
0.0& eV-a_ec a fn ••c after injection; larger bucket 
areu aro achi ... ule later in tlle cycle. Thie factor 
of twn diffeHDce between the ainiaus bunch area and 
th• a•ailal>le bucket aroa proddeo • .,.. leewa7 to 
llOC!if7 the l0111itudinal phase: ]space distribution of 
the be.. in order to reduce apace-charp trannerae 
tune wproada. It wu nspected that the new RF 
YOltlce prosru wu c:ausiq ouch a hneficial 
llOC!ific:ation. 

Pill'll'•• 3 and 4 confirm thio interpretation. 
1'h91 ahow the bunch current diatributiou oboened and 
aiaulated with the two IF Tol tage progl'-• ahowu, 
which correspond to initial paraphaoe &1111•• of about 
go• and 100°, rHpecthel7. Bach picture ahon 60 
traeea, one trace eTery three turns, with auccessiTe 
trace1 displaced 11pwardo. The horisontal ecale is 
& n1ec/did1ion. In Pl.cure 4, the effect.he riq RF 
Tolt!I• underaoe• a phaoe flip when the aaplitude is 
at the ainiaua. It is apparent that injecting with 
the new IF •olt!I• prosru of Ficuro 4 reoulte in 
loncer, flatter bunches. Further aiaulation reaulta, 
aot shown, indicate that the center of the two­
diaensional loqitudinal phase apace di1tribution of 
the bunch ie •-bat depleted with the new RF Yol toge 
progru, explainiq tbe flatter projection ou the 
loncitudinal po•ition azis. 

The •inlation procru reports the following 
n•ultw for the two capture procraas at the •aae final 
Toltage. Por the traditional IF Toltage proaru, the 
rm. .. ittan.ce is 1.IXl0-2 eV-•ec, the ras bunch lenath 
i• 4.0 noec, and the aiaulated capture efficienc7 i• 
981; for the aew IP Yolt.ac:e proaru, the result. are 
1.liXJ0-2 eY-ooc, 4.8 1111•c, and 881, reapecthe17. 

ConclaoiOllll 

The abilit7 to simulate adiabatic capture, 
-1-nted by -riaento to ... rif 7 the accuracy of 
the aiaulatio1111, has alread7 proTed a Talaable tool to 
nhanco llllderotandiq of the capture proceH and to 
pide efforto to optisise the process. The 
•inlatiOllll confirm that tranneroe apace-charge 
effecto can be reduced by llOC!if7ing tho IF Yoltoge 
prosru during adiabatic capture, ngeating that 
there ll&J be aiaple alternatiTes to the ingenious but 
-Heated loqitudinal phaoe wpace 'painting' 
scbeae• recentl7 in••nted for •••eral proposed 
-=ines. 
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FJ.s. ll. Siaulated · (aiddle) ud real (bot-) 
•-untain r-ge• picture• •bowing the tiae deYelopaent 
of t.H .... carr.nt with four turns injected into the 
llcJoater mi• the tnditional IF Yolt.,.o ,.._ ahon 
at tho top. 
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