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SIMULATIONS OF TIlE LONGITUDINAL INSTABILITY IN THE SLC DAN/IT ING RINGS"

K.L.F. Bane and K. etde *

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA

INTIIO[)UCTION and E0 the machine energy; r i is a random nulllt,cr c,t_-
A longitudinal, single bunch instal_ility has been ob- rained from a normally distributed set with mean (i and

served in the SLC damping rings.li| Beyond a thr_,shold rms 1' the induced voltage on any turn is g iv_-,n by
current of 3 x 101° the energy spread of the beam increases z

and a "saw-teeth inslability;" appears. 'I'he latter term is [ z_) ~,
meant to describe a rather complicated t>henomonon, de- _'ind(:;) = -eN J U,"(z -- A: (_) dz' , (3)
pending on both current and rf voltage. In one forn_ ii -_
d,_scribes a cycle !hat incl_ld,:'s a quick increa,,_e in bunch with N _.l_e bunch population, U,_(z) lhc (;r,_el_ filtictioll
l,:,ngth, ovf, r a time on the order _t" a ,_ynchrotron period, wakefield, and A:(z) the longitudinal charge' distrit_llli_n
and lhen a t-l_lcl_ slower rf'turll tc_ the original lenglit, ov,,r We apt_roximate Robinson damping of dii,ol,, r_scillalions

alinwon the order of a radiation damt,ing time. Although by adding -2To(¢}/ra on the righi, of Eq. (1) witl, t"! the
the total relative change in length is only about 10% the a_,'erageenergy and re the ltobinson dan_pilJgtime.L J(;

resulting unpredictability of lhc beam properties in the PracticalC, onsiderations
rest, of the SI,C acceh:,rator makes it difficult, if not im-

possible, to operate the SI,(? above the threshold currelit.. Simulations use only a small fraction of t}l,, real l_Utel-
With the goal of trying to understand this instability the ber of particles in the beam, and numerical noise can stlp-
simulations that are I he subject of this paper were begul_, press real phenomena or generate its own phenc_rrler_a. This

Bunch lengthening calculat.icms have been performed is particularly true with alrl inductive impedance, such m';
the SI,(? damping rings', since then the in,l_ced voltagebefore for the SLC damping rings, to oblain the average

bunch shap,- _,q function of current.r2| The wakefields of ali depends strongly on the slope of the charge dis_rib_io_.
the important vacuum chamber components vv_,re first ob- To calculate A_ on each turn we si_nply bin the macro-
rained numericallY.r3| The dominan,, elements were foulld particles in z, without smoothing, and count on the us_' of
to be many s_nall discontinuilies ..... bellows, masks, t.ransi- a very large nun_ber of macr(>partich,s tc_ _iv__ us a suiIi-
tions, etc.. .... elements that are inductive to the beam. Once cientlysmooth distribution.
the total wakefield had been obtained, and the thresh- The wakefield for the ringwit.l_ bellows sh'eves was cal-

old current wmq known (from measurenwnts), the average culated ms before, using the con_puter progra_ TB(:I.[10]
bunch shapes were foundby means of a potential wellcal- with a short, gaussian driving bunch with cr_ -- 1 mm.
culation. The bunch shapes obtained in this way were To make it causal, the part, in front of bunch center (at
found to agree very well with measurement results.r4| z = 0) was reflected to the back (see Fig. 1). V',:(• expect

In this paper we investigate the single bunch behavior to be aMe to find beam instabilities down to waw.I,,ngths
of the SLC: damping rings using time domain tracking and of about 1 cre.
also a Vlasov Equation approach. Since the earlier bunch i l 1 _ l
length calculations the damping ring vacuuln chamber has 1000 -
been modified, by sleeving the bellows. Our results will,
therefore, include the effects of this modification. ,--

,_g00
PHASE SPACE TRACI'(ING

The Formalism "_ o
We use a now standard tracking method for simulat-

ing t.he effect of the wakefield on the longitudinal phase

space of the beam.r5-9| The beam is represented by N v 500

rnacro-particles; each particle i has position and energy 0 5z/mm 10 15

coordinates (Zi,(i) , with a more negative value of z more Fig. 1 The Green function wake used to repre-
toward the front of the bunch. The properties of particle
i are advanced on each turn according to the equations: sent the current SLC damping rings.

2T0 ,/-_ For the simulations we take To --" 118 ns, E0 =Ae_
=-_ei+2o'_0V r_ri+V'/zi+Vind(zi) (1) 1.15GeV, rf frequency t,,-! =714 MHz, o'_0=0.07%. We

r_ choose a peak rf voltage V,.! = 0.8 MV, where the nominal

Azi = acT°(_i+Aq) , (2) bunch length o'_0 = 4.95 mm, and synchrotron frequency
[2o u.,0 = 99 kIlz. For practical reasons r_ was reduced by a

with To the revolution period, r, the da_npingtime, a_0the factor of l0 to 0.17 ms. Therefore there are 1445 turns

nominal rms energy spread, V'! the slope of the rf voltage per damping time, compared t,o 85 turns per synchrotron
(a negative quant.ity), a the momentum compaction factor, period. We take Nv = 3(10,000, and for calculating A: we

• Work supported by Department of Energy contract DE- take 100 bins to extend over 10ct z of the bunch. \V_,start
AC03-76SF00515. the program with the potential well bunch dic, tribution and

oFromKEK, r_._._1 _'. _ _.. ]et it run for 3 damping times.. +#_)
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SIMI;I_:VII(>N I¢t;S[I/I. <, i_ for a wak-ficl,t _h:,I r,.l,r_.:,._lTs ,,111; l!l,. rf .';_vili,.s ('lh,.
t,,.s_ i:_,t)_..tarlc_. %"' t":th ll}l;l_ilt") Vk .... til;llll ;_ Ci:[_:ir'ill\"

A vera/e Bu.ch Prut>erti,_s w'akofi,.l<t at,,t lhres[,_>l,] <)f 1,t × 1(1_';

()n each turn we calcula_, the l(:>w,:r _Ii:>rl_ents <,f lh(. M(,t,'.', <,fh>tabllity

di._l.rit,utitms. By' averaging <>v_,r the la.st dal,lpix_g l.itl_:. Taking a F(,urier l rarlsf(,r_l_ tl"l) ,,f ,.,_,,' ,,f t}_,. nl,,-
we <)btcdn the "average'" prol)erties of the di,;lrit)utions, rn,.t_swetind l hat. ],_.ginning a_ ,\ -= '2",'. lr) lt', r-;;c>r_:_n,',:s
Fig 2a displays the average value of lhc first (the crosses)
an,t lhc second (the diam,;I_ds) nl()m_'nls in : ;c,_funcli,ms al,t,_,at w'lth fr,.quoTl('i,,s at,c,v," 2.:,_',. "I;_ki-,,e; _1_,, i'"tl.s.. )" al 3.5 x 1(1t(I, wil.l_ .sz the sk_.w il_ z (s,.,. l"ie,. 3a). w, tin,t
of current 'l'he ring b-ing inductive, th,' i,unch sl_ai,,'s• ' a v+:ry clean signal with only (_,,,, ;'err _arr:,w i,,,ak ,,s,.,.
are more t)ul_c, us lltan gaussians, and the },unch l,.ltglli Fig. 4a). The f_ll width_ l.:5g, is giv,._ l_v It_,. li_l_ix,.,l
increases with currmg, l,,nglh ¢)f _h,, run a_d n,,t by any nta,r,, f_l_,la_,q_:al lit,_it

In Ref. 2 Ill,-, average bunch shapes art-? ot)tained by a

is USe<ilO fin d the bunch sh al>,';mt,ove t h restlol<t the ,.llorgy _ _:et) ___ll ! --

st,read, and thercf<_>re the natural bun<:l_ length used in
lhc formula, arc., taken to increa_,se a.s :V_/3 (since the ri_g m" 0.2 --_
is very inductive). This method applied t(_ tile curr,_,_t |
danll)ing ring, taking the thr_:shold _,> t,, '2 × 10 _°, are
shown by" the lines in Fig. 2. This at,proxima_e n_elho<t

that of the old ring, only IO_Z_,shorter at 3 x lO _°

20 (a) , ___._r_- 0.8

+" _ 1.B5
1.5 _ : _, - 0.6

ta _ _ 0 1 2 3 4 5
"_ .:---_ # ^ N t/t 0o0b 1.0 - 0.4/ v

1 Vig. 3. Th+' turn-.t,y-lurn skew wh,,n :V = 3.5 ×

0.5 _)_-<z>/ - 0.2 1()]!_ (a), and tlm r_s when ,_: = :'_.() ,: lr) _!) (},)

o,o'- t t- t t o.o
- IFT(,,)I I_(s,)l -

0.5 .
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Fig, 2. Averago bunch properties vs N. 0 1 _. 3 0 1 2 3 4
1,*/I/_} i¢//1¢_0

The Threshr_i<t Current Fig. 4. The at,solule value of _he |",.,l_ri,r l rans-

In Fig. 2t) w,' plot the average rnls energy Sl:,r,_ad a.s form (>f the skew signal for tw',., cl_rr,,n_s.
funrlion of currenl. Fill.ing the resulls l.o a power law Al some currents, lik:' 5.0 × 1()_° v,'_. fitl,] a fairly r,.g;-

increase above a threshold we find the pow,r law to be 0.2_5 ular overshool paltern in th<' rnonl_q_ts a.s f'_lnclicm ,,f li_n,'
and the threshold Nt_, = 2.0 x 10 _° A co_firmati<m tidal (se- Fig. 3t7). In this example the bun,:h le_lgth varies _,v
this is the threst_old current is the fact thai til, _ unsta})l,, 5</( over a oy,tie the lengthening time is about 1.5/t,.,,.. l l_,,

mode (discussed below) first a_)pears at. this curr_:_l., with shortening time is maybe twice a.s Icing. In the /"7' we s,,,'
an uncertainty of-0.25 × 10 an extra peak at 22 kllz and sideband,s around Ill, ins_a-

P.la;. Wilson once hypothesized that one criterion for bility. At N = 3.0 x 10 _° the patlern of the t>unctl l,q_/_th
the onsel ofthe instability is that the slope ofthe total volt- is r_ore irregular.

age (V': + V';'_) goes to zero within the bunch.[12] Irl our Fig. ,5 gives two snapshois of the uns*abl-riled," when
case this criterion holds at, 1.9 x 10 _° at higher currents, N = 3.5 x 101° We see that the n_aximu,,t a_tl_lil_l<t,' of

a.s the bunch lengthens, it continues to hold. A related hy- the nlode is about 10% and t.ho wav_-ltmgtll at,,:)_ll 1.2 crn.
pothesis by' P.B. Wilson is that the Ita'issinski Equation, a W,, obtain a 3-dimensional nmdc plol by averaI<ing lh,. dis-
transcendental equation of the form A, = f(k,), will, when tributions al. a fixed pha._e in the oscillati<m and sublracl-
iterated above threshold, asymptotically give two, alter- ing frc,rr_ this the average over Ali l)hases (sop Fig. 6). W,,
nating solutions.[13] In our case this begins at. 2 x l010 spe that the n_<.)(leis a rnixtur- <)f dit)ole, quadrul,',l_', and

Repeating the tracking calculation for the old ring (no s,,xlupole COl_ponenls. By 5 x 101" an octuI,ol,' <'c)t_l,<,_,'n_
bellow sleeves) we find a thre.shold of 1.1 × 1()_°; repeating can also t,e seen.



F----T T...... T---T----T I _ T [ i r

0.2 - K. U)ide and K. Y,)k,wa haro v,riti,.]_ a c,,tl_put_,r pr_'_-

l'2quation including tllo effects _,f t,ol,'t_1ial w,'l! ,ti.._,,r-
tic,Ii [14] !.'sir_g Tho wakofi,'l,t <,f Fig. 1 w,. tak,' {; a;,iTIl_Itt_:tl

0.1 st}ace harn_<)nics and G0 hie.sh I)_inl_ in alUl,lil_l<t-I,, r,,I,

(a) --(b woll disi.ortioxl, alrea,lv t,y I × 1()ll_ t]_,,'larE,, _.;_l,Sii_ yl_,,,l,'
frequencies have disai)poar(.d. 'I'll-first _Jtlsla}_l,_ t_l. ,I,, i_,

0.0 ':- .... .___1____....... fO_llid at. 1.9 × l()l(), ,,'<il}_a fr,'<t_l('n<v <_f'_...,_,,,_:, (_.,,' t"i_. _-5 0 5 -5 0 5

z/_,_ z/_,_ 4 _ I _" I _'"I l I I
Fig. 5. A snapshot of ttl_, t.,am, at two pha._es
lb<l)_ apart vvh(,ll :Xr --: :{.5 × 101¢' ( ............ "".......

Fo 'z',-_',",J_'_'_-_ ".2:::: f,"J /". ....... ,,

' 1
-z -2 0 2 4 6

-4.0 _s _zo _"_
-4.5 Z/_za 4.0 Fig. 8. A cont<mr plot. of t.ho unstat,l, l_l,,d,..

obtained by solving the Vlasov Equali,)n.

()OMpart_soN wf'rH MI,._,SURV;M_':NTS[1,'1]

03) "]']_o agreen-lenl wil}l l'neastlrol_lenls <,f Iii,, a\',,r:_t_,, ,

,._{ _ _& rents are about 30_, lower than the i_leas_lr,,_li,,iils, wt_i,'}_arc, 3.0 x 10 I° ill the current ring, 1.5 × I(}1_il_ lh,, _,1,t ri_vl
A _node (s<mmlirI_es call th,' "sextut_ol,"" n_c,,t,,) l_;_,,,l,.,.t_

co mea.,_ured ahow, threshold. At 3 x 1()_" i1 hg_sa fr,.q_,,ncy
2.6r,_a: at higher curr,'ids lh(' frequency incr,,as,,s :_t :,t,,,_
0.08/10 _°, a much lower slope than calc_latod t_,,ro.
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Fig. 6. The shape of the unstalde irlode fr(ml two SI,C Damping; lung Task Force for h,'lpful disc_lssi¢,_s.
views at N = 3.5 x 1(.)_°

I_E F E I_.E N (' t,_S

_I'l_e positions of the major peaks in t,he spectrurrl of [1] P Kreicik. ¢.t al., "tligh Int_.nsitv Bunch I,,'nglh Instal,ill-
the skew signal for differe;lt currents is shown il_ Fig. 7. " "
'-Ihe diamonds show the cases wi_h one narrow spike in the ties in the SIX; Damping Ring, s," this confer,,nc-. Q7.

sp-,trum of se, the crosses those with more complicated [2] K. Bane and R. ttuth, Prec. of the 19_9 IEEt'; t'arlicl,.
spectra. We see that the frequency of the unstatde mode Acc. (:onf., (:hicag_, 19_'.-),p. 7s_.)
increases with N' tile dashed line has a slope of 0.27/I0 _. [3] K. Bane, Proc. of the 1't t-?uropean Parlicl,. Acc. (:,inf.,

I I I 1 i |{orrle, 1988, p. 637.

+ ,: [4] L. [tivk,'n, et al., Prec. of the 1"_ /.:urop-an }'atrial, Acc.
3.5 - /-

+/ (%nf., [{ota-, 19_, p. 634.

_ %. / + [5] A. |{enieri, I-'/a,,_c:ali, i{eporl No, I,NF-7:5/IlI{. t:el,. 197c,

'ii [6] P.B. Wilson, ct cal., If';EE "/i'an.s. Nucl..S'cl., NS-28, """_

13.0 - Oz'/ -/ (1981).

/ - [7] T. We|land DESY 81/11b_8 t)_,c 1!_"1-- /4- ' ' ....

/0 [8] I{ ,qiemann, Nucl. In.str. Myth. 203, 57 (1' ")

_..5 - o [9] I). Brand_, Ct_tlN-ISIt-'I'It-_!_-(19. May 1982.
1 1 _ _ 1 I II0] T. Weil;tnd. Nucl. Inst. Moth. 212, 12, (1987,).

0 2 4 6
N/10to [11] J. tlai'ssinski, I1 Nuot,o r'tm,,nt., 18B, No. 1, 72 (1973).

Fig. 7. The positions of the major peaks in l}_(' [12] P.P,. Wilson, private communication.
l"ourier transform of the sk,'v,' sig_tal vs N. [1:_] P.B. Wilson, PFP-'2:¢2, F,.b. 1977.

[i4] K. Oide a.nd K. Yokoya, KEK-Prr, print-grl-10, 19!*1_.

3






