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Introduction

In a recent paper[ ]], T. Raubellht=il[lt’r atl(l l;’ Zillllllt>rlllatln clescrib(’(1 a nelv,

Past tratlslerse instabilit~’ callse(l by the interaction of a train of bunches l~itll

the resiclual gas. Ious pro(lucecl by transversel~ offset bullch(>s in the heat] 01 a

train incluce oscillations of the tail of tht~ t rain. ‘1”’ht,ions I1~ay be clt,are(l out

by a gap after one r(>iollltioll, but the nlenlory remains in the train. .Anlplit ucle

of oscillations keeps gro!ving exponentially as c.r~l S/sC until the anlplitu(ie of a

bunrll ct’lltroi(l is on the order of the trallsvtrs(> rltls a of a bunch, Tilt> rise tinle

.SCof tilt oscillations of a bl]]lch c(llt roi(l for tile 1’1;1’-11 IIER }vas fouucl to be a

fraction of a nlillisecon(], ev(~l] t akillg into accollllt tll(> s])reacl of ion frc(luencies ”].

(.:onlputer sitTILlltLtions “] “]collfirnl the exponential gro~vth. Ho\v~’\er.the r(~sult.s

of the sinlulatiolls sllo~v that the exl>oll(’utial reginle l](~lcls oILly for a short periocl

of time ancl thetl changes to a I1luc1l slower gro~vth. Initial grolvth is rapicl: it \Youlcl

bt’ difficult to observe it flirectly ill (>xl)t’rittlt’nts. Fronl a practical I)oiut of \ie\v,

the inlport arlt qut?stions are, \vllat is the alnplit ude at lvhich a transit iol] to S1OJV

gro~vth takes place ancl. secoll(lly, Ivllat is t 11(’gro~vth rate after that transition

conlparecl to the rat c. Lvllicll COLIIC1be hancllecl \vitll a reasonable’ f(’eflback syst(’nl.

The expolleIltial r(>ginle is lilllited by nonlinearity of tilt’ bca,ttl-ion interaction.

.’1s a result, exponential grolwth at larg(’ a,tnplit u(les is replacecl by a litlear clepell-

clence of th(’ aulplitucle on tinle. The transitioll froJTl Cxpoll(:tlt ial grolvth to a linear

reginle depeIIcls ou the initial conditions: expollf’Jltial grotvt 11is noticeable o[lly for

very snlall initial a,lttl)]itucles. .AILestinlate of the gro~vth ratt’ al large anlplit Ilcle

is obtainecl and coltlpare(l Tvitll conlputer sinlulations.

For COllll>l(’tt?IleSS,the basic fornlulas of the original pa 1~(’rare re-tleril(’cl.

Basic equations

First. lve reproduce t 11(1basic (Jquations of the paper [1], Cousicler a train

of bunches 7? = 1, ..>r//,. TII~J heatl of the ~~-tll bLlnc.11is locat ((l at the position

2(,s) = s - :n of tile ring at the Illonlent s = ct Ivhere 2,, = (,, - 1).sI, is the ciistaJ,,t,

of the bLLncll fronl tll(’ l]f’atl of t II(>train.
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‘~lle vertical nlot ion of electrons of the )/-t11bunch is described by t 11(:e(lllat ion

(1)

lvllere L’t, is a beta,tron frecluency (ill CII)–’ ), andtlle I>otential [oftllel>(’aIll-i(>I]

interaction is

The ion density T/i(F,s) is given by tile iIlitial de[lsity rz~:

I-l(’rc’, .Yi. ( )V,s ) and J‘~.( !)’ , 2, ,sj are trajectorit>s of ions gc]l(’ratecl lJJ. the k-th bLuLcll

at the locat icoIl2 of tilt> ring. The initial value y’ for 1~, l~(~j’, :, .~kj= y’, is equal

to the Ufrset y’ = \//,( !s~, ;k ) of tll(= L-th bIIIlch at tile location z of the ring at the

nloIn(’nt !s~ < .s>!s~ = : + :~.

Ions are generated uniforlllly aloIIg th(> rirlg ~vith the rate

d,v, 3001<”
— = o.06(&)(T)JYb CII1-’ , (4)

(12

Tvhere ~~is the residual gas ~~rt>ssur(-a IId t llf’ ionization cross- sectioIl is assu IncId

to be 2 h~barn. lrlit ial distribution of ions is defint’d by t,llt~d{>[lsi~j of the l]a,rent

bUIICh

(j)

~vhert’ (J(,r), p(,y) art’ C.aussian distributions }vitll rIIIS mr, my, rc’s])ectively. LVe

ass~lInc’ a flat beanl or >> Oy, and take a~,Ycolisi aJltaround t]le ri]]g, aJld for al]

bunches. Thereforel the ion frt’(lll(>Jlci(’s for ions Ivith atolnic nunlber .’1,

> ~;~”hr$,
~’~>Y= .~?h~y~r ‘

(6)

are also constant. The frec~uencj’ s[~rea(l ill a Ilonlinear reginle is l}roduc~’d autc)-

nlatically by nonlinearity of tht.’ IIIOtion.



Tll(’11

Here ~(x) has rll]s o; (:LOS2~t ~ a~/2. Tile t~(lllatioll for a lJUIICI1 centroid is ol]taineci

l>y averaging E(1. (1) \vitll ill(’ (It>llsitjyp,L(F, s) = ;J’~p(l)p(//–y~(s, 2n))p(z–(s-2n))

{of tile n-tll l]un(ll. 111(>[ollo~ving relation sinll]lifies tile result

(8)

1

p[y’ –yb(s – :,, +:k>:k)]
-&[.Yl/(s!:b )–Yk(y’,s–:,L, s)]’

(11]( (9)

[)

Here yb(s – u,, + u~, :~ ) is tile ofiset of tile L-tll l) LIII(I1 al tl~(, ]llorIl(>llt. Sk = : + zk

\vllell it generates ions at tile saIIl(’ Io(at ion 2 =s—- ‘1-1~, FTlere tile ~~-tllljuncll is

<iti]a,{<>(ia,t tile l~lolllellts.

Dt?fine tile ~>osition i; (s, 2(,) 01 llle gr~)lll) of ions genera,tecl l)y tile /T1-tll l>uncll

at tile l{~ca,tion :()
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(1) gi~(>s after averaging

IIere

tile tJLlllcll traiI1.

111 tile lillear al>l)roxiIIlatio[l Iyb – 1~.1 << OY, \V(>Call

()

(11)

(12)

is t,llt>total lellgtll of

take t.lle clclJ(eIlcl(:Ilce

(1:3)

‘Ulleforce F(1. ( 11) clel)t’Il(ls 011 a sign Of (jj~ – } ~)

TIIe Inot ion of ions at t lle lo cat ioIl ;I) call I]e considered sil Ililarly. Tile ion

r(’Iltroicl is dcscril)ccl I>y tllf’ t’(lllatioll

Ecl~latiolls (10), (11), aIlcl (1;) call Ije geIleralizt>(l for t,ll( (as(, \vlIeILions are

Ilotcleare(i oLltafl (’r oIle t Ilrll. A ceIltroid of ions, generated I]y tile [?/-t111)1IIlcll 011



tile initial (olltlitioIl fjl(:” +:m +/(’ ,:0) = yb(:[)+~m+~~yl:m) at ,S = ZO+Zln+lC.

EqlLations ( 11). ( 15) take tile forltl

Here (’ is tile circ~llllIerellce of tll~ ring, SC = ,s nlo(l ((’), an(l tile s~lnl over L“is

t a,k~ll OYer llllllClleS l~itll =k < ;),.

Linear approxinlation

E[lllations (11) and (lj j gi~ein tll(> li[lc,ar al~]~roxiIllatioIl l~[,(s, :j – 1‘]<< ay

tile s:-stcnl 0[ tJ(lLlatioIls

(17)

l-’lle st’ctotlcl of Eels. (17) has a sol~ltion

A

l;n,(.s, 2) = y(,(: + :,,,, =),,) Cos[dy(s -- z - :,n)] + 1’;: (s, :). (1s)

s

2+2,,,

Ecluatiolls (17) ancl ( 18) sllo~l that (?ffect of tile ions is ecl~livalent to a transverse

\vak(’fi(~lcl.



Tile solution }vas founcl ill tile original lJal)er “]in 130\tTer series

ludet>cl, sul]stitution of tl](; t(,rlll ~)(’r’) ‘(.,, -) iIl {Ilt> right lIaII(l side (RHS) of Eel. (17)

(-~ ~) lJ~O~7i~le~~tile s’~lall terl~ls of tile order Of (~~~/~?~~ )-], all(l (~(,s/J~~~ )-1gives tile next tf’rI1l ;l( ‘n) s

can l>e neglected. ‘~-’ll(’s(>rou(litiolls,
[1]

coIll])ared to tile original l)a[~er , include tile

additional factor ~~~.l:rOIIl tilt? exl~ansion in E(1. (19), it is easy to see that signifi-
k-u,gszz

cant 77/N —8w,h are large, and neglect ed terrlls are snla] 1 l)ro\~id(-d

Under these conclitions, 12c1. ( 1~ ) givt:s tll(: rf:slllt”]

1“’lIc solution gro}ls ex]>onellt ially as c.r?)[w’g: .s/.srff]. ‘1’’llis exl)ression cle~j(-llds

only on t }vo paral~lt>t {>rs: IIUIlll>t’r Of l~UllUlleS ill tile train ~tb, and Characteristic

tinle SC

.Yb– & ,,(n/”~) m, ; = (~:;;;b)’.
(~~)

(1 ~ ,.
r

For larger s >> Seff, tile solution can l~e found in series

giling oscillatory df,l>endence on tinle

‘l-’lIiS solutiou descril>es oscillations ~vitll tile anlplitude nlodulatecl iIl tinle s ~vitll

fre(lUellC}” ~tib /K2.



‘The PEP-II HER l~aranleters ar~~: E = 9 ~el~, I>ressure 5 nTorr, aT = 0.1

Cnl, au = 0.02 CI1l, bunch spacing .~b = 1.24 111, nunlber of bUIICheS ~~b= 1650,

;}ib = ~.:3 X 101” (at the average beanl c,llrrent Ib = ~ .\), and ~b = 0.07 lrL–l

(fol l)b = 2:3.5). ‘lhat gives ~l.YL/~ls= 24.9 C?n–l, L’Y = 0.96 x 10–2/ .4 c171–1,

~ = 2.1 x 10–1’5 ~171–:1
1 ‘fff = 1.2 x 109 (III for A = 2S. In this case z,n,a~ is

larger than the ring c irc unlfert~nce. (;lt>arly, t.1](’ rcgillle sholrn in Eq. (24) can

not be achicvecl, and the rxpon(>nt ial grolvth of Eq. (22) can be stopped only by

nonlinear cfft-cts.

The nonlinear regime

Exponential gro~vth, as it }vas noticed in the original paper ‘1], tends to saturat(?

at larg(’ aInplit ud(=s. I,(-t 1]s collsi(l(-r this reginle in nlor(’ d(:tails. Eq. ( 17) sho~vs

that I ~. gro}vs fi~ster than a buIIclI centroid U(). IOIIS can be cleared out by a gal)

in the bunch train, but IIlenlory is rt>tain(nd iII tile bt>aIII, and the anlplitude of

ions is dt’terlIlined b} the anlplitude of bLln(ll c(-ntroids. hlotion beconles sllbstall-

t ially rl(onlin~=ar ~vhen t.11(=a,r~ll~litudt~ gro~vt,h, Eq. (21 j, changes tile ion frequency

d’(~~/my)2 R 1 ~vht-rt tl~e nonlin,-arity of ion oscillations d’ = dtiy/d(,]/0yj2 on the

order of ~“ m O.I&Y. This pro~”ides criterion for the tinle lvhen transition to the

llO1llillear r(’giIlle fOr the laSt ?7b-t]] bUIICh takeS p]aCe:

Clearly, the exponential regiInc can b~?tx l~t>ct((i for s >> SC only if the initial

anlplitude CIuis snlall.

111tll<> substantially nonlintar rt’ginle JV1lCJI1anlplitud(s of ioIls and electrons
.

a,r[?la,rg(?, l~b — ] ~\~ ~Y, the eqllat iollS of I~loti~]ll are



Not(:, that

IT’(’ asslinle

lvllere the first ternl corresponds to the initial condition 1’~1(20 + JTrl, :Ij ) = /)6(~()+

:m GWl)for ioIls generated I>y tilt> ,11-tll l>U*ICIIat locatio*l ;(, of the ring, and the

SC>COIIC1ternl cl(:scril~c>soscillatioIls 0[ tht>s(>iolls ill(lucecl l)y kicks of the follolving

l)unches, ‘TIIe a,rgllnlent of t 11(=s;gll fllIlct ion oscillates Jvit h s Ivit.h fr(>quency L’Y.

l-’he nlain Fou ri~~rharnlonics of the si~~? fll IIct ion oscillates ~vitll the saIlle frequency,

confirnling the choice of t ht’ solution sho~vn in Eq. (29). Fronl Eq. (27) it follo}vs

that .4m m my, l)ut tilt’ J)llase <,,7 (It’l)t>ll(ls 011 t llt- reldtioll bet.kvee]l anl[>]itucles of

(Iiff<>r(>ntI>llncht>s.

(:11 )

— n—l
T

— —Ko,ysb
~ sign[a(:,, )ct>s@(<s,2,z) – ~/(z~)cos@(s,2~) – mvctos(@(.s. :n) –<rR)].

k
(:j~)

It oscillates \vitll the lrequt:ncy ~’b ill the resonance \vilh tile IIetatroll oscillations.



The solution of Eq. (26) grotvs lillear]y \vitll tilj](,

ti~Y%h
yh(<$,:,l) = a,lcoso (.$,:)1) – (~ )s(ilt sill Q(s, :n ) (:3:3)

- ~’h

\vhere co(:fIici~>llts (f~lclepenc] again OJI tll(’ rtIlat ion lj~>t\vcJcIItlI(J amplitudes of ciiffer-

ent terms in the suIn of Eq. (32). The result, Eq. (:3:3)? can he \vritten iIl the forlll

Eq. (2S ) }Vitll th(: frequency shift I{ = ~Oy$h/( ~~h ), Jllaking analysis self-consistent,

Note> that the frequency shift p kills rf’sollallce aL]ci stops amplitude gro~vth l)ut it

happens on]] at v(-ry la,rg(> nu]nl)ers 01 turlls.

I)c,l>~~Ilding on the correlation of sigl)s of (liff(~rent terms in Eq. (:32), the anl-

plitu(le squared is l)roportiollal to J1 or to l~z. SLlch ullcertaint~’ trallslat(>s ill tll(~

COIllpL[fj(Ir simlllat ions to a noll-nl(ollot 011ic gro~vtll of an anll>]it ucle for Clitierent

l~unches Tvith t hf? I>uncll IIItIIIl)L-r: tllc> alllplit LIIIC>S01 clifl(-r(-lli. I)UJICII(=Svary l]y st~v-

eral or~l(~rs of magllit ucle arlc1 a l~IIIICl I }vit 11 a largt’r lllllnl]c~r clocs not necessarily

llaYc- a larger amplit ucle. .issuming rall[lonl signs of clitierent ternls in Eq. ( :32)

\ve get the estimatt> for the> tiIIle clepeIlcience of tile amplituclc> of tll(? 17-th buncl-

lvhe]l the amplit ucle is large

(:31 )

As cliscllss(’cl 12(=1o}Y,this est inla,t(’ qua lit at ively agrees with numerical simulations,

although it cloes not preclict rather rallclom ~:ariation of anlplitucle Yvitll time for

illcli\i[iual bunches.

Bt>(ause full scale modeling is tinl(’ consuming, a simple code \vas usec] to moclel

the inst al)ility basecl oIl Eqs. (17), (26), an(l (27). Equation ( :31) is compareci l>elolv

~vith the CO(I(’to clemonst rate t 1)at t 11(~t>stil~late in Eq. (:34) is consistent ~vith Eqs.

( 17), (26), (27). E(lllatioll (j-l) is also coI]Il)artci kvith l{aLll]elllleiIller’s tracking

simulat ions.

11 train of l>unches Ivas

macroparticle per hunch.

moclelecl in the cocle as a train of nlacrol)articles,

Bunches generate a lIlacrol>art icl{’ rt’l~resent ing

10
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all locations around the ring sel]arat t’d by a bunch sl]acing. IOIIS are generated

by all bullclles, lvhich pass a gi~-en location and the’n ar(’ r~>taill(’(1at this location

for a sI)tci[ieci IIllllll)t>r 0[ turns, or until their allll)lil 11(1c is less than a certain

al)ertllrt> ( :J x 1O:3flYJvas Ilsed ill the silllulat ions). ‘T]](> ; Ill cracti(~n bet~veen ions

and b~lllcl~t~sis d(~s(ril~(’d as a ki(k to ions and l) IIIICIICS l>rol)ortioual to the difference

of the I>ositions of tllc ITlicr~jl)tirt.i(.1(’s if 1lit’ (Ii ff(’rcnce is smaller than ay, inversely

pro~]ortional to the clifference if the clifference is larger than 100Y & Oz, and as a

constant kick del~end(=nt onlj. 011 the sign of the (lifff’r(’llce ill other cases. l’ariation

of tht’ ion fr(>qu(>Ilci<>s arolllld tile ring aILd variatioIl of t llf’ l>t=tatron frequencies of

the individual bunches }vere ol~tional.

‘The results of th(’ sillllllat ions Ivitll

train of 111,= so nla,crol>a,rticles nloves

t IIis c(ode are sho~vn in Fi,gs. 1-5. The

in the 1:10 rf bucl~f>t lo[lg rillg. 111111(’11

sj>acillg is .s6 = 0.12 nl, th(’ ion fr(’qu(=llcj L?, c(orresl~onds to ~Y.$l,/C = I.jj, the

intc>racl, ioIl is (I<=fiut’d bj ,~rfj = 2.;l.j x 105 111,atld characteristic tinle SC, definecl

by I/.sC = (&’Y.s6~71,)2/.5,ff, is .Sc = 1.j.:1 111. ‘1”’ll(Tinitial anll)litude is not zero only

for the first bunch J/l(0)/OY = 10-6.

Uncler this conditions, the lill(-ar t Il(>ory ~~redict,s that the anll>litude of the ?~-

tll bllIICh grolvs to ((7)1/oY)2 = 0.1 aftt,r s = Srl = 2450(),~/)z)2 n,. Fig. 1 shows

the resldt of the silnulations ~vhere all ions are cleared out after each turn and no

frequency spreacl is include’cl both for iol~s and bunches. The results qualitatively

rel)roduc(= the nlaiJl lt-at.llrcs 011 I](>cxa(.t sillllllations “]”]. They gi~e an exl]onential

grolvt h in agreenlent \vith linear theory, and slloll’ that ex])onetlt ial grolvt,ll slo~vs

clo~vnat large anll>lit udes. The behavior I>redicted l)y E(l. (:3 1) for the sanle lIUIIC1lL,S

is sllfjt>ri[]ll)(~sc~c]\yi( 11tilt> r(’stilts of tll(~ CO(l(>iJl t he lolver ~]a,rt of Fig. 1. ‘The curyes

t urlls rat her than cleared out after the first turn. Results are silllilar but beha~rior

of different bunches is much less systenla,tic than in the first case. Quadratic
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dependence on s is seen nlore clearly if results are plotted in the usual (not senli-

logarithntic ) scale, Fig. 212. Note that the anlplitude of the first bullcll grolvs

because i]le ion are not cleared out conlplet ell~” by the gap. Ho~ve~er, the anlplitude

of the first bunch renlains snlaller than that for the last bunch in the train by t~vo

orders of nlagnitude.

‘~lle effect of the frequency spread of ions }vas studied by G. St llpakov ‘2]. Fig.

:3 shotvs the ~’ariation of the anlplit ude ~1’ith tinle f(or the sanle parameters but ion

frequencj is varied periodically five tinles around tile ring }vith 10% arnplitucle.

The ions are cleared out in one turn.

Fig. 4 is calculated under the sanle conditions but b<’tatroll frequency is ill-

creast:d froln lJLI11cll

bunch train.

l~ig. 5 conlpares

of the NL ~ damping

to l~li]]cll lll(~llot~~llic;llly, increasing totallj b~f 5(A aloI]g tllt~

Eq. (3-1) ~vith the I{al-ll)~>lllleil~ler tracking code. I)aranleters

ring }vere used: E = 2C;CI”, )1~ = !)0, .11= 28, .l-~ = 1.5x lol~,

pressure 10 ‘7 ‘l-tirr, s~ = 0.42 Ill, ;~v = 8 Ill, oz = 42~11~1,av = ~.?~{~ll. That gives

,Sc = 0.s2 nl, s,ff = 1.3 x 10’4 nl, and &’YSb= 1.4. tlgrcelnent is reasonable.

Ra,Lll>c>IllleiI~ler’s nuIllerical siltlulatiolls for the .ALS ring (~’ys~ = 0.5) gi~e

S,ff = 1.7 x 10”1 In in good agreenlent }~ith the lint’ar

this reginle continued, the anlplit ude of the last bu[lcll

Jvould gro~~’to J)~/aY R 5 x log at s = 1500” Tn. The

theory for this lnachine. If

in the train of 1.50 bunches

sinlulations s11oYVthat this

quantitj is ill tll(~ ra[lge of O.1 to 10.0 for different bunches in the lloulill~~ar regil[le

after s = 1.500 nl. The estinlate Eq. (;14) for thc~ last bunch is 0.3. Note that the

range of the arnplit ucles for different bunches agr<~~?s~vith linear clependence on )7

in Eq. (:34).

For paranleters of PEI>-ll, s,ff = 1.2 X 107 nl, tiY.s6 = 0.22, and ??~ = 1658,

equation (34) gives (y~/oY) = 7.5 X 10–7(<s/7~1) ~1/llb, Or ~b = Q ill d.~ lnSeC fOr

the last 77b = 1650 bunch, This rate is snlaller than the 1>111}-11danlping tinle but

can be lnanaged ~vitll the l)lIIIc1l-l)Y-1>1.LIIcIIfe(~(lback sjrstenl.
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lT(: can t’stin~at e t lle a[llp]it II(le, at lvllicll tile transition fronl tl)e exponential

reginle of E(I. (22 j to tile linear reginle of Eel, (:34) takes place by calc~llating s at

~vllicll both formulas give t lle sanle result:

Tile break point anlplitucle for tllc ??-tll buIIclI is

(36)

It is \’<’r}’sIllall in tilt? tail of tile train, indicating t]lat tail of b\lI!cllt?s is allvaj’s

described by Eel. (:31). In tl~e llt~aclof tl)(= t rain, tile break point anlplitucl(~ can be

large but tinle F;(1. (:3j) in this case is largt> too, an(l gro~vtll can be stoppecl by a

feeclback systel~l.

conclusion

loll-incluceci fast traIls\(~rst~ instability) is constrained by nonlin(’ar t’fft>cts. NoIl-

linear elr~?cts stop exponential gro}vtll of tile anlplitucle at fractious of tilt? rnls bunch

size. .it larLge s tile exponential grolvtll clescribc(l in tll(- papers
[1][2].

1s repldcecl by

t lle nlucll slolver linear gro~vt11(of t lle anlpl it uelf-. .’!11(’stinlate of tile gro~ltll rate in

this case is given by E(1. (:34). “11)(’t-s{ inlat (>is (Jualit atilely consistent \\itll nunler-

ical simulations. Instability at I) EI)-ll call I)<>CO1llroll~>(lby tilt> l~~LIlc:lI-by-l>uIlcll

feeclback systelll \vitll [Ianlping tinle of less than 4,<5nls.

Acknowledgenlent

I t]lank T. Ra~ll~elllleil~l~?r Ior kil~(ily pro~i(lillg IIIC>}vitll tile reslults of his sinl-

ulations. I also thank .4. ~llao, F. Zil~llll(-rJIl;lllrl, au(l ~:. St ul)alio~ for cliscussions.



REFERENCES

1. T. Ra l~l>enlleinler, F. Zinlnlerlnann. Interaction of a ~llargecl l>art icle Beanl

~vitll R(’siclllal (;as Ions or F:lectrons, S1..4(; , .JaIIIIary. 199.5

2. CT. St~lpakov, ‘l”’.I{aLll)(J1ll](Jil]l(>r, l:. Zil~]l]l~’rnlann, l?ff(,ct of Ion Deco]lerence

on Fast Bean-toll 111s1al)ility, SI,,4C~, ,Jall\lary, 1995



100

_>10-2N

b

a
- ,0-4

10-6

100

N_ I O-*
b>

a
- ,0-4

10-6

I I I

, ,

111/, / ,/, I

o 15000 20000

8-95 s (m) 8004A1

Col~l~>arisoI~ of tll(> resIIlls 01 SiITIIlla I io[ls (al~ove) ~vitll E(1. (:34). Lines are

for clifferellt l)IIIIc1l llLllllljers. ,111 iolls are cleareclo~lt aftereacll t~lrll alldllo

fre(~~lellcy spread is illclllde~l ]]otll for iolls a,ll({ l~~lllcl-les. Bf~lolv: restllts of

E(1. (:34) are a(l(le(l. IIO acl(litiollal ~>arallleters art? lls(J(I.



, ~o

,0-2

,0-6

0.8

0.4

0

2) TIIe sallle

l]lc~tt(,d il]

——
=——
—
_——————
—

I

—

—

—

—

I I I I I
,

o 5000 10000 15000

s (m) 8004A2

as 17ig. 1, bLlt ic)lls are retaillf.’d ft)r 10 tLlrlls. Tile

logaritlllllic (iLl)(~ve) and lill(-ar (l~elo~v) scales.

sallle data are

1(j



1

0.01
0 5000 10000 15000

8-95 s (m) 8004A3

:3j Effect of ion fre[lllency variatioll. I-’llc io[ls are clearecl ollt in one t ~Lrn.



100

,0-6

E 3
80

50
I I I

70

60

0 5000 10000 15000
8-95 s (m) 8004A4

4 ) BetatroIl frecluellcy variation is illcllldecl.



10°

,0-2

,0-4

10-6

10°

,0-2

,0-4

10-6

0 2000 4000

S (m) aoo4A5

,5) C(~lIll>arisoll of Ec]. (34) }vitll tile Ra~ll)elllleil~ler’s trackillg code.


