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Abs tract 

Uuncil~d ueams of lUO Jnti 150 GeV t111ve 1.>een stor~d in t11c Ferm"ila~ 1'-l11in 

Ring for periods of up to one huur. The observ11tions of bc1.1111 current 11nJ 

l:>eam profiles arc anal,:t~cJ fur the effects of yas sc~rttcr·ing, cl1romaticity 

dnd non-1 i near 111au111.!t·i c f i cl <l. 

Tulk giv~n Jt the l~or:,shop on Accelerator Orbit an<l Tru.ck·ing Progr'1111s, HJy 

3-6, 1982, at BrookhJven National Laboratory, Upton, Long Islun<.i, NY. 
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The First studies of be~n life time in the Mclin Rin~ dir~cted towilrd 

co'llic.dng l>ecim u.µplic1.1tion wt!re carried out in 1976 J.nc.1 19/"/ 1
• Tile \·1ork Uj) 

to Dece1111.)'-!r 1Sl76 wu.s reported '1t the 1977 Pllrticlc Acccl(:rutor Coufcrcncc2 • 

There J.rc S<.!vcrul .:xccl lent tirticlcs ·in the Prucccuing:> of the l':J77 

Fermilab Sun11ncr Stu<.iyJ un tile worl' up to AU!.JUSt 1977. 13eginning in 1978 

the character of toe stuufos cn<.tngc<l so111ewhat els th~ ioe:a of p-µ collisions 

between beams in Main R·ing '1nd the Energy Doubler/Saver ~1Js dropped in 

favor of p-p opercltion "in the ED/Sit. Thus. such consider11tion 11s ocv-:lopin~ 

il 1 ow-a insertion .;in<.l meusuri ng uackyrounus in the proposco collision 

s tru i gl1t sec ti on \'Jere droµped; cl t ten-ti on ~~els fucuset.! on the ilas ic proll 1 ems 

of long term stor119e and technic\ll studies of the beam manipulutions 

required for p production Jnd p acccler11tiou. In tilis talk I will 

concentrate on meusurcmcmts taken in ea.rly 19DO which provide a good basis 

for a discussion of the dynamic aperture of the Main R"ing, chromaticity 

~ffects, effects of hi~h orJcr resonances, and non-linear couplings. 

In Fig. l one se.;s u typical bcai11 survivcil cur11e takt!n <.lur-ing '1 lOu 

~eV store. The qua"litative explanution for tr1is b~:1dv·ior is 

straightforward. There is a very slow loss during the Cilrly part of the 

store from nuclear scattering and an exponential loss durin9 the late part 

uf the store dS the cJiffusiun begins to bring d signiticc:ant. fruction of the 

beam out to amplitudes for \t1hich thc betatron oscillation is unsta.ble. One 

of the qucsti ons we wi I 1 1t1.int to uociress is w:1ctl1er the source of that 

diffusion is also scattering, i.e., multiple coulomu sca.ttering, or 

involve~ some other mechanism such as multiple crossing of non-linear 

rcsonclnces as well. To that end \'le compare the dat11 to a basic model which 

incorporates ·the effects of ~11s scattering only. In this model, then, r1e 
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will expect a slow early loss depentient on pressurl.!, dependent on 

compositio11 of the rcsiduul gus (J'A213 ), but independent of beam energy. 

we 11lso cxpec·t an cxpuncnt·ial ·1oss late in the store ~1itll .i time constant 

cJepcndcn t on pressure, depcntlcn t on ~as composition (J'l2
), cltld .:i. 1110111entum 

Je?cndencc of p-2 • Another consequence of multiple cou10111~ :iC<Attcring is a 

growth of the rans ueam ~1idth proj:>ortion.:il t.o t 112. uiffusion due to the 

presence of iii gli order rcso11ances on ·the other il.:ina should l>e va1·y 

sensitiv~ to th~ choice of oµcr'1tin~ point (vx• vy). 

The c:arl.1 loss is then i;lSSumed to l>e the result of nucl<.:ur collisions 

leading to a slow exponential loss o'f bc111n current 

\'/here 

l .i l u-At 
0 

(l) 

(2) 

In these equations tis the tir11e in seconds, sc is the proton velocity, P; 

is density 11t s·t •. mC.:11ru tc111jlcraturl.! doc.I pressure of the ith component whicil 

has cl partial pressure Pi. The composition of the ~as is not really wall 

known. ~-le use "in tile mouel a composition similar to that rua.:isureu in 

regions of good vacuum iln<l tyt>ical of wh11t can i>e expected frcm .:in un~11keJ 

stainless steel vacuum cham~er, viz., 40"1 tt2 , 40i CO, ancl lOi ti2o. For tiris 
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composition A•4JOP where P is the ciilsolute pressure in Torr. Pressures are 

mcasureo in ·the r·iny OJ reading uaclc the ion µum~ currents. Tn~refor~ to 

~st.cllll ish the true µressurc one must correct for con<.luct.:incc l,)ctwecn pw.1ps 

(a factor .rl.5), gas composition, and pump lc.:i~ogc current. ln 

consequence, the "4VCrcl!Jl! gas prussurc is not d ~·1cfl I meJsurcd 4u<.intity dnd 

the value is inferred uy comi>ining a numbc:r of ouscrvcJ1.ions including 1.hc 

t:>eam loss rate into a se.lf-cons·istent set. 

Ona can find from the c.iiffusion equation "in the four uimensiondl 

trcinsverse pl'hlSC space i.ln expression for the beam current clS " function of 

time6 • In this expression, the correction for thi: loss clrisin!J lrom $in~lc 

scatteri n~ has a·1 so been ·incl udcd: 

~ eAt • F(y) • 
0 

~1here 

+ us t 
ar 

( 3) 

(4) 

and x111 is the mt;·, zero of the 3essel function J 1(x), aJ is th~ rms width of 

an initial uaussian &lcam distribut·ion, a is the critical bet<ltron cJ1uplituJe: 

or "<iyn\liaic uperture", ll is the diffusion constant in m/s, and Bis the 

ilverclge Courclnt-Snyoer iJ~ta. Although the pr~cise coefficients in th~ 
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~erics of cqn. J <lo d~µen<l on the choic~ of initial ~istribution, the 

Jsymptotic c1ccuy const'1nt is the same for dll oistributio11s and the 

assymptotic solution L>ccomcs estul.>'lished ruther promptly /Jl;!causo ti1e x1 is 

substantially smaller than the higher ci9env11lucs. Th~rl.!forc, the tir,1e 

constafft for toe 1 llte 1 oss is 

(5) 

If the source of toe diffusion is mult·iplc coulomb sc11tt.cring only, the 

diffusion constunt is 

o = (B/4)(15/p6) 2 c/x
0 l (j) 

whereµ is the proton momentum, c is the velocity of li~l1t, and tho () in 

tile tlenominutor ·is the relativistic veloc·ity factor v/c. 

is tile radiiltion length in meters for the residual gas 

The 4uantity x 
0 

(7) 
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Either from the solution of ·the diffusion equ'-ltion or c.lircctly uy 

avercl~iny smal 1 runc!om :<icks over many beiJm turns on~ finds 1 inear growth 

of til~ spilt.icll sccon<.l 1110.uents of th-: l.>cclm distril.>ut.·ion 

.:i 2 + 2B Dt 
0 

Thus, from the growth of the lJeilm wi<Jth one can infer ti1~ diffusion at 

early time t so lon~ as u
0
<<a, i.e. so long .:is intensity loss is 

insi ~ni ficant. Equation !l allows on~ to infer the diffusion constant fro;11 

the lonu time beam loss; the t\·10 evdluations a.re in<.l.eµ~11u~nt iJut both uascu 

on the MCS aiffusion model. 

In Fig. 2 ur~ plotteu t:1e sccona moments deterurined JJ fitting the 

verticcll and horizontal profiles with cl gaussian at various ti111es in a 100 

GcV store from c11rly 193U. These i:>rofiles, taken b; collcctinsi electrons 

produced in the ionizution of the residual gas, are statisticcllly inferior 

to Jatcl of a similar k·in<.1 g11ti1ercd uur·ing e.:irlier studies sitnply u~c11use of 

improved acc<:lcrcltor vucuum. Despite the sprcilo of <.l..ita paints, lloth 

prof ii cs i ndiccltc .:i con vi nci ng linear time depcnJencc. Note, llo~1~vcr, ti1at 

the slopes arc not the same. T11is can be unuerstooci as a consequence of 

longitudinal uiffusion because the profile monitor is in .i region \·1ith 

Jispersion n=2m. It is known that the main ring transvarsc emittances are 

approximately equal so th11t in the expression for the horizontal beam width 
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inc·1uc!ln9 llispcrsion \·1c can represent the L>ctatron 11mplitucle contriuution 

·.·Ji th the measured vcrti cal bt!illn sprcad7 • 

(J 2 
x (9) 

wllere l>otil momentum and betatron .:implit.udc distdbutions ilrc .:issumcti to oc 

~11ussi un. Thus, 

(10} 

The tlata in Fig. 2 9ivc ap(O).r.5xl0-3 aoa op(lOOO).rl0-3, 11umbers \-J!1ici1 arc 

consi s·tcn-t with bunch \vi cl·th measurements ·t'1ken during tile s tu<li cs. 

Table I su&umarizcs the observations on 10 stores made in Janu1uy 1980, 

including ci!Jllt at 100 GcV and two at l!jQ GcV. The tabl~ inc1udcs rncJsurcu 

av~ragc pressure inferred UJ correcting t•1e value measurcJ i.lt ti1c iotl ;>umps 

'U:J a calculuted ch111111.>er com.luct11nce correction factor of l.5 11nc.l the three 

independent detcrminat·ions mclde frolU the dcltd accor<ling to eqn. 2 for 

nuclear scattcrin~ .ind 11ccorJ·in9 to cqs. 5 ilnti e for .nul·tiµlc coulomb 

scattering. Because each of these detcnuinatioos h11s its own sculin9 in 

such quantities as averu~e 11tomic numi>er, avera~e uto111ic \>JeiDht, momentum, 

etc •• incousistencies of the four numbers m11y ile interpreted as a mca.sur~ 

the of t/)C uiffusion not driven by multiple scattering. Unfortunutcly, 



uec41usc of unccrtclinth:s clrising from i111preciso1y :rno0>m p.J.r11111~tcrs ·1 ikc SJ.iS 

pr~ssure and compositio~, the pressure numbers wust L>c used JS wu11 to 

evclluatc tile cons·isLcnc.1 of the o.Js·ic r.iode1. The data in T.:iulc: I arc not 

suffici<.mt ·in themselves to make these simultaneous tl~tcr1nin.:itio11s 

convincingly. Rath.;!r the ta/Jul11tcu dutu, whicl1 are Jru\'m only from R~f. 5, 

ilrc 11 good Sclmp'lc to i1lustratc assertions most of \·1hi~i1 ccln !.>e just.ifico 

only by drawing clS wel 1 upon a larger llvJy of uJ.ta wllicil arc 14 eportcd in 

the other r·efcrcnc~s. Tncy arc u special samph: in thJt they i11c·1uuc the 

stores \·1i th the 1 ongcs t survival tir11es. We cone I uc.ie in this L>ro11dcr 

context that the agrcemc:nt of the pressure detcrmin.:.itio11s is rcason..i.~1e, 

cspccfolly if r1e cl1oosc to 11tt.ributc the consistently l1iyj1~r values 

ul.>taincd from ay2 (t) to µlausiblc deficiencies of the ion J~clm scanner 

profi 1 e u1oni tor. 

Table I rccorus two 100 GcV stores (No. 4&5 of 1/3/DO) mau(; \·1itli the 

bca;n stored significcln-tly off the central closed ori>it. Thi! 100 GcV 

coromatic·ity w11s corrected rather well as shown in Fi~. 3. The: dynclmic 

aperture inferred from cqs. 3&4 is small er for these ti1an for the other .i.UU 

GcV stores altilou~h ccrtain'ly not dramiltica11y so. i.-1ore: cv·iacncc fro111 

earlier stuJies on the effects of chromaticity correction ·is give in Fig. 4 

llnd T11blc II. Figure 4 shows bc.:im half life plotteu ag11inst the 6.p/p 

offset of the ori>its. The curve joins iJOin-ts taken uith the :1orizontcil 

chromaticity corrcctc'1 us shown in Fi~. 5 !.>ut vcrtic11l cllromaticity nearly 

at ·its uncurrectcd valuca. Tile points plotted with tr'iuugles u.pply to 

l ifctiwe with tile chromaticity correcting sextupolcs turned off but witi1 

tl1e tunes set to the same values applying for the mcu.suremcnts with 

corrected cllromaticity. Tal.>le II sho•'ls u. comparison of lifet·imcs for 
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relcltive height of the loss pea"s one can say in yencral th.it the fifth 

orJer resonances can reduce the beam 1 i fetimc by one to t~'/O orders of 

magnitude. The cxpcr-imcnt \·1as not made in f·inc cnougll steps nor the actu.il 

crossing of the reson.incc sufficiently Cclrcful ly cxecutod to justify 

quan-titative conclusions al>ou·t the rc"lativc strength of the lines. 

It is convcnt·ionul wis<.10111 tilat, in the absence of tune swe~ping, the 

ilcam can sit on a resonance of fifth or higher order \'Jithout loss. Thus, 

we attribute the loss to diffusion <.lr·iven 'u.J r11ultiplc crossing, an 

intcrprct.ition rou~li"ly consistent with the claimed tun~ spr~.:.tu ilw.005 full 

\'liuth Jn\! the Vcl'lleys bct~-1ecn luss peaks. Altl1ou~h the pc11ks uo seem on 

the broad siue, some loss is probably attril>utablc to somcwi1at less sta!.>le 

conditions obtained during the uctual tune change. Th11t is, some sudden as 

well as gradual losses were noted Juring the tune changes. 

Resonances lower than 5th orucr are 11 qualitatively Ji ffcrent case. 

Store No. G on 1/3/80 was intentionally set very near a fourth or<i~r 

vertical rcsonanc~ lJ.:t taking vy;;l9.245. Uesidus the m11rkeJ1y shorter bca.11 

surviv~l one can see from the profile gro\'1th rates µlotteu fo Fi~. ll that 

the linc..ir growth ·in second moments o2 expected from the diffusion mod~l is 

not observed t!Ven though the beam survival curve i1as a typiccJ.1 fonu. Tile 

results of applyin!J ·the diffus'ion modal analysis to this fourti1 order 

resonance case is inJicatcJ uy the figures in parentheses in T11!lle I. Th~ 

inappropricl·tc r11odcl !Jiv~s ull absurd result that dynumic <lµcrture is, if 

anything, a little larger uu·t the pressure llas increased bJ a factor of .r6. 

A b.:1;>rouuct of the studies dcscribeu allove is an indication of the 

order of zeroth i1ar1nonic non-1 inear "fields in the main ring ari si n9 from 

observcltions of the horizonQl-vcrtical coup·1 ing as a function of momentum 
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offset from tile centrul orl>it noticed during chromat·ic"ity m~.:iurcmcntsi 0 • 

The chroma·ticity wus measured oy recording the horizo,1tcll 11nJ vcrticcll 

tunes of cul1ercnt osc·iilutions excited about various off 111umcntum orbits. 

It was noticed ·that \·1hen the tunes came close together th~y Ji<l not vurt 

smoothly with momentum 11nd ·thJ.t tile fast fouricr tNnsfutm of l:.i1c position 

detector sign~l used to cvaluJ.te the tunes would show t\'JO lines appearing 

with comparaulc strcn~th in l.>oth radial and vcrticcll pl.incs of oscillation 

r~gar<.llcss of the plilnc of the cxcitin9 kick. An cxumplc of the µosition 

Jctector data an<l ·its 2!j6 point fast transform is given in Fi~. 11 si1owing 

very strong couplin~ bct\·1ecn radial a;i<.1 vertical oscillations. It \'/JS also 

11oted ·that the effect was stronger for off-momentum orui ts to1-JJrJ ·the 

outside of the vucuum chami.>cr. 

Thu str~ngth of ·the coupling v1cis explored in cl s,ystcm11t'ic \·1ay 'u:J 

measuring the l1or·izontal and v~rt·ical tunes while chJ.nging th~ quJ<lrupo1c 

currents in such a manner tllat tile horizontul tune shoulu rcm!lin constJ.nt. 

Starting from w~ll separated tunes, the verticcll tune was ~wci)t towurd .:incl 

through the horizontal tune value. Examples of such uata. aµµlyin9 to 

different mo111entum values are given in Fi~s. 12 11nJ 13. As Lile t\'10 tunes 

approach eacl1 other, the results of the FFT of position detector signals 

u~comes 1 i kc that sho'tm ·in Fi 9. ll and i t uecomes i mpos ~ i l> l c to sa:; \'Iha t ·i s 

vertical and what is horizontal tune. As the tune sweep is continued the 

normul modes return to the uncoupled radial and vcrticcll moJcs. The value 

cv12 giving the mminimum value of separation for the normal rnoue tunes is a 

direct measure of ·the strength of ·the coupling. Althou~il the lin~ar 

cou?lin9 coefficient is a complex quant·it:t its modulus is simply 
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(H} 

Fig. 14 gives the result of plotting this quantity <lgainst ~p/µ of the 

closed orbit including a check point taken at 150 G~V .ind one taken .i 1car 

·1ater than the rest of t:ae 100 GeV cl.ita. The couplin~ is mu.nifestly 

non-line.ir. Its greater strength tow.ird the outsiuc of the vcicuu1i1 chJmbcr 

is 1 ikcl.:t rel atco to the same cause els the assymmctry of I.he Je.im l ifetim~ 

witi1 respect to momentum Jisp1'1ccment shown, for cx11mplc, in Fi~. 4. lt is 

also part of the machine operators• folklore that ti1e 111\.lin ring 11 runs 

oetter" with the occl111 toward the inside. This non-liflearHy results fro111 

the lattice as a whole .ind not, for ex'1£aplc, from ex·tructioo devices 

because the results ~un l:>e closely reproduced witi1 thes~ devices off and 

wel 1 remove<l frou1 tne L>eam. 

If we pretc11d ·that tile betatro11 auapl itudcs induced to 1oc<lsurc th-: 

tunes are infitesim11l compared to thu radial offset bctwe~n the sev~ra1 

off-momentum orbits, we can squeeze some crude estimJtes of zeroth i1Jrmonic 

multi pole strength from these observations. Converting the Ap/µ offset 

into an averugc rudial offset 

(12} 

one Cdn fit lKI vs x a~ 



IKI = .0015 + 4.3Ux + 2.32xl03 x2 (13) 

The linear cou;>ling is the constant term ·in this exprc~sion wilicn i1'1s ul>out 

the value of .r.OOu J.ccording to eurl icr analysis of higl1 ficlci coupling .:it 

Ap/p::011 • l~norin£J t11e im-i:,iinary part of K one c.Jn wri tc 

(6 a )l./Z au 
K = Re { K} ~ F. x :I __ Y ds 

.. 11 Y Up ay (14) 

The multipo'lcs contr·ibu·ting th~ linear and quadrc.ltic term:; arc respectiv~ly 

tho skew sex·tuptil c for r1hi ch 

(l~) 

and the norm11l octuµole for which 

(16) 

The fit using just ·thes~ terms is not very good llecausc there appears to be 

a hi~ller curv11ture for X>O, i.e., something like skew o~capolc which would 



!Ji Vt: a curvature odd \'Ji th respect to x=U, but tr1c qu.il ity of tile dJtu 

scarcely supports sucr1 refined analys'is. Usinu just tl1c three tcr111s frum 

eqn. 13 one calculates 

au 
.!_~Yds = l.7xl0- 3 m- 1 (17) 
Up ay 

1 a'o1 1.1 111- 2 Clo) f> us = up axay 

1 () J Uy 
5.7xl02 m-3 (19) f> ds = 'Up a2 xay 

One certainly should not ti.lkc tilese numbers very seriously, uut tl1c value 

in eqn. 17 is a~ou·t the value reported after some effort hau i>ct:n m~tic to 

eliminate it b:J rolling selected quac.lrupo·iesu. The values in 18 .i110 19 are 

in order of magn'ituJ.e agreement ~·lith measured properties of some 111ain rin~ 

magnets unti obsc:rveu Landi.iu du111µin9 times for coherent b~t.itron 

oscillations. 
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Q·"•atity~ 
January 3, 1990 January 27, 1980 

1 2 l 4 5 6 1 2 l 4 

Energy [GeV) 100 100 100 100 100 100 150 150 100 100 
- I 
I

0
(initial Int.) (1012p) 12.2 13.2 13.l 12.5 12.5 12.6 10.6 2.9 10.3 2.9 N 

I 

"x 19.443 19.443 19.444 19.447 l!:.448 19.443 19.424 19.424 19.447 19.447 T 
I 

Yv 19. 432 19.432 19.428 19.424 19.428 19.245 19.448 19.448 19.432 19.432 A .. L 
&?/?(closed orbit) UJ -.051 -0.47 -.202 +.119 -.319 -.100 +.065 +.065 -.004 -.004 

; (av; at ion pumps) (10- 8TJ s.o s.o s.o 4.8 4.8 4.8 l.8 l.8 l.8 3.8 

"}. (0) x [nu·lJ 3.30 2.80 2.55 2.50 1.72 l.60 

.2 (0) 2 2.10 1.99 1.75 1.90 1.46 1.22 1.85 M 
y [mm J E 

d•x 
2 
/dt (10- 3nun2 /s) 

A 
6.6 5.01 (4. 07) 2.14 "'2 l.12 s 

u 
d•~/dt uo· 3nun2 /s) 3.03 3.34 4.31 (5.1) ·1.14 -2 2.25 R 

E 

(l05p/sJ 
D 

l/I0 (dI/dt)t=O 4.1 4.1 4.1 3.1 l.7 (5. 0) 2.2 1.9 2.& 2.7 

?~5 (fr nucl scat.) (10- 8TJ 9.5 9.5 9.5 7.2 8.6 (12) 5.1 4.4 6.0 6.] 
D 

2 (10- 8T) 10 11 14 (17) 8.5 -15 7.5 
E 

::>.,c· (fr d a /dt) R •• ·1 :; y 

(10- 8TJ 
I 

?:.:cs (fr I (t)) 6.3 6.0 5.2 4.8 (ll) 5.1 4.8 4.8 v 
E 

~ (··dynamic aper.") (11b1l) 6.0 6.2 5.5 5.6 (6.6) 5.3 4.8 7.4 D 

l6;-:'p)2t=O (10-6) .30 .20 .16 .28 ... 12 .44 

:.l(l?/p2)/dt ( 10-J /s) .76 • 42 .25 .22 

r(l~ng time decay) (h) 1.04 1.12 1.05 1.12 (. 24) 2.17 1.97 1.11 

r. c:ialf life from I (t)) · (h) 1.2 1.3 1.2 1.3 (.28) 2.6 2.3 1.5 x .l 
---
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