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Abst.ract. 

The design o f elech'on st.o r age rings for t.h e 
production of synchrot.ron radiation has become 
inc r eas ingly sophis t ica ted in recent. yea r s, To 
assist in the optimization of such s t orage rIngs, a 
new, use ['-ft'iend ly code to tt'eat the relevant 
co llec tive phl:lnomena, called ZAP, has been written 
at LBL, The code is designed pt'imarily to Cal"ry out 
parameter studies of elech'on st.orage rings , 
although opt i ons f or p['o tons or heavy i ons are 
included where app['opriate, In this paper, we first 
de scribe t.he conte nts of the code itse lf. and then 
illustrate, via selected examples, how the 
co llective effects h'eated by ZAP manifest 
themselves in t.he new gene['alion of synch['otcon 
light. sources. 

Introduction 

There has been worldwide interest ['ecently in 
the design o f high- brightness s ynch['otcon light 
sources , both for the VUV and X- r ay reg imes. Host. 
of these facilities a['e intended to mep.l:. the 
characterist i c (but conflicting) r equirements of low 
emittance, s hort bunches , l ong lifet i me , and hi&h 
beam intensity. As beam dimens i ons decreasp. and 
beam intensities increase, of course, the i nfluence 
of va rious co llec tive phenomena on benm p['ope['liefl 
becomes mOt'C pronounced. To investigate the 
influence of these effects, a n ew compute (' code , 
called ZAP 11 J, has been written at LDL, The code 
i s des i gned t.o fac ilitate parameter studios o f 
sto('age dngs. Such studics pe t'mit the design t eam 
to make optimum pa('ameter c ho i ces for LheiL' 
particular ci t·cums t ances. 

Desc ription of the Code 

ZAP i s an inte('ac tive Fortt'an code designed Lo 
run on a VAX computer . However, i t was written in a 
manner that. s h ould not preclude ils being used on 
othe r machines, A ZAP User's Hanual {I) has been 
prepa('ed, and i s available upon ('equest from its 
autho('s. 

Inputs to the code--&enerally pt'ovided f('om a 
terminal-- fall into three catego t' i es. The first. o r 
thesp. involves machine parameters, e. g. , 
c i[' cumf erence , momentum compaction factor, natu[' a l 
emittance , d amping times, lallice (unctions. 
Second, there are beam parametl:lrs, e.g" enet'SY, 
in t ensity, bunch length, momentum sp['Cad. Thi('d , 
thet'e al'e L'ad io- ft"equency (Rn system paramct.ct·s, 
e.g" ft"equcncy, vo ltage , and highc r - o('de(' cavity 
mo des, 

In gcnet'a l , the various ZAP t'oulines a t'e rather 
Loosely couple d, that is, thece is no constra int 1n 
the code t hat the results of o ne r outine must bc 
u sed as inpu ts t.o a s ubsequ e nt rouline. This 
feature g ('eat ly facilitat.es parumete t" studies . but 
it does place the bu('den on the ~ to inte('pt'et 
the r esults of his calculations properly. (Stated 
a nolhe [' way, the code has bl:len w('itten t o be 
cons i st.ent with the General Law of Compuling: 
Ga('bage In, Ga rbage Out ,) 
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ZAP calculations a r e performed by se l ecting 
from any of nine "Hain Henu" op tions. Options 1- 6 
a['e slond~alone options , i n t h e sense that t.he i(' 
inputs can all be p('ovided from the tenninal; 
opllons 1 ~ 9, however, (' equi ['e a table of lallice 
func tions that has p('evious ly been written to a disk 
fil e . The individua l Main Menu options aee 
described below ; details can be found in Ref, {l], 

Main Menu options 

1 =- SINGLE BUNCH TIIRES IIOLDS 

A table of sing l e-bunch parameters is 
ca lculated as a function of RF vollage , based on lhe 
longitudinal microwave and tt'snsverse fast - blowup 
(or, if lower, t['ansverse mode-coup lin& ) 
th('esholds , Inc luded s('e bunch l en&th, synchronous 
phase angle, synch['ot('on t une, (comb i ned) 
['cs istive- wall a nd parasitic- mode cne('g y loss 
es timates , RF bucket momentum ha lf- he i ght, th('eshold 
cu('['enls fo r both l ongitUdina l and transvc['se 
ins t abilities, and the bunch cu('['ent co('('esponding 
t o the more severe of these. 

2 :: SINGLE BUNCH LONGITUDINAL PARAHETERS and ENERGY 
SCALING TABLES 

This option compri ses three diffe('ent. "utility" 
roullnes, The firs t p('oduces a table , as a function 
of beam cut'renl, of lon&itudinlil bUllCh parameters, 
based on the longitudinal mic t'owavc instability 
( "turbulent bunch l engthening"), the effect of 
pot ential- well distortion, or the combined effec t of 
both phenomp.na , 

The ('emal.n l.ng rout.ines p r oduce tab l es of 
parame l e t's needed fo(' ca l culations of e l ect ron 0(' 
proton s to('agc rings , ('espectively, as a function of 
energy. 

3 = LONGITUDINAL COUP LED- BUNCH INSTABILITIES 

This option pe ('fonns longitudinal coupled- bunch 
ca l culat i on s f o (' equa lly spaced Gaussian 0 [' 

pat"abo lic bunches. The code lists the modes having 
the fa s t.est growt.h ('ates and those having lhe 
l a rges t [['eque ncy shifts, Landau damping is also 
cons idered , 

4 - TRANSVERSE COUPLEO~DUNCII INSTABILITIES 

This option p['ovides th p. same information a s 
Main Henu option 3 , but f or the h'ansve('se case. 

5 - GAS SCATTERING LIFETIME 

This option ca l culates e - fo lding electl'On beam 
lifetimes fo (' gas scattet"ing . 80th clastic and 
Bremsst('ahlung p('ocesses a t'e considered . 

6 '" FREE ELECTRON LASER FORHULAE 

This option evaluates t.he f' t-:L performance of a 
dng . FOt' a s pecified wavelcn&th and undulato [' gap, 
parameters for the ('equLt'ed undulator at'e 
calculated, as a('e values fo[' the FEL gain parameter 
and e-folding lengt.h, The deg('odation i n 
pe['formance due to the finite beam momentum s pl'ead 
is also evaluated, 



7 ,. IUTRADEAH SCATTERING 

This opt i on calculates beam t('owth rates (in 
all thl'ee dimensions) due t o the effects of 
int('abeam scatterint (18S). 1£ non- zero synch('ot('on 
radiation dampint ('ates are provided (for 
elect('ons) , Z AP ite('ates to obtain the equUlb('ium 
emittance based on the balance amant qua n t um 
flu ctua tions , I8S , and radiation damping. 
Othe('wise, IDS ('ates at lhe specified beam emittance 
a ('e eva luated . Ove rall ('ates are weith ted a ve ('u tes 
of those ca l cula t ed point by point th('oughout the 
lallice . 

8 ,. TOUSCIIEK SCATTERING 

This option evaluates the Touschek scattel"ing 
half- llfe as a we ich ted average over the lifelimes 
ca lculated point by point th('oughout the laUice. 
The momentum acceptance at any given lattice point 
is based on the minimum value of the Rf acceptance, 
the phys i ca l or the dynamic aperture. If the 
equ ilibdum emittance has been calculated ( fo(' 
elect('ons) i n option 7 , th is value i s automatica lly 
utilized i n tha Touschek calculation. Thus , beam 
blowup £l'om I8S is taken into account in a 
consistent manner. 

9 ,. ION TRAPPI NG FORMULAE 

This option eva luates parameters ('elevant to 
the effects of i on tcapping (foc e lect cons). 
ccitica l masses foc tcapping al'e calcula t ed , along 
wL t h lhe limiting ion density, the neut ro liz8t.lon 
fa c tor, the equivalent ion " pl'essure , " Ilnd the 
i on- induced tune shifts (all assuming fu ll 
neu tralization). 

Examples of Pacametec optimizat ion 

To illustrate how the code con be uLilized. we 
se l ect severa l cepcesentative cases. First, we 
eXlimine a secies of candidate l a ttices that were 
invesigated ( 2 ] during the eacly design phase of the 
L8L 1- 2 GeV Synchrotron Radialion Soucce . Such a 
pat'ameter s tudy i s typical of that employed t o 
e va luate t he s ui tab ility o f a pa('ticulac lattice 
design for a synchrotron light source. Nex!;. , we 
conside[" t he design of a slol'age ring optimized f or 
use as a hish- sain FEt (3) . Finally, we exp lo["e the 
issue of l ow e nergy injection into a stocage ring . 
This issue has particula[" ["e l evance at prosent 
because o f its impo["tance to the des ign of compact 
synchrot r on l'odiation sources for use in x- r ay 
lithogcaphy (" ] . 

1 2 Ge V Light Soucce Design 

Perfol'1na nce i ssues conside l'l:ld hore Ol'e bunch 
l eng th, emi t t once growth, and beam li fetimo. We 
t ake as a stacting point. a set of r equit'cments 
specified (5 ) by the potential users o f such n 
facility. Five diffe ce nt l attices were 
investigated : the "ociginal" Chasman-Green I\LS 
laU ice 16 ] , des i gnat.ed "CC" ; an expanded 
Chasman- Green st.cuctuce (7] in which the centcal 
quadrupo l e of t he achcomat is replaced wi t h two 
empty FODO cells , designat.ed "EGG"; a triple- bend 
achromat s tl'Uctuce (8), designated "TDA": and two 
FODO st["uctures (9 ] , one with two and one wilh th["ee 
cells pel' achromat , denoted "r~OU02" and "FOD03 , " 
res pecti.voly . 

Bunch Length . Our cequicement (5) is fOl' ve t'y 
short bunches , 20

T 
= 20- 50 ps. The attainable 

bunch l ength is de t ermined by the Rf pat'ome t et's Bnd 
the constraints of the longitUdina l microwave 
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instability. For RF paramctecs, we take a 500- HII:.o: 
syslem operated at 3 HV; these pa camete l's wece 
se l ected to provide vel'Y s hort bunches . The 
influence of the longitudinal microwave instability 
depends upon the e ffective impedance of the ring. 
In pacliculac, the matnitudo of the bunch 
lengthening is vecy sensiti ve to whether o r nol:. we 
assume SPEAR sca ling 11) . A value of 2 ohms is 
taken for the vacuum chamber broadband impedance; 
the RF cavity i s assumed to have an impedance (per 
cel l) of 0 ,25 ohms. 

In terms of bunch len&th, the five lattices all 
show essentially identical behnvioc. The inf luence 
of SPEAR Scaling is demonstrated in Fig. 1. At 
highe[" cuccents. the bunch l ength is reduced by a 
fllctor of 2- 3. Without. SPEAR scaling , achieving a 
bunch l ength of 20 ps with n roasonable sing l e - bunch 
current is clearly difficult . 
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Comparison of predicted bunch length with 
and withou t SPEAR scaling . 

Emittance Growth . In ge nera l, the severo 
e ff ects of IDS diminish capidly as t he beam e ne cgy 
increases. However, fo c l attices whe ce the natural 
emittance and natural bunch l en&th va lues are (by 
design) very small, we might expect to see some 
emittance blowup even at cathet" high energies. 
Decause the IDS phenomenon is a sing l e - bunch ef fec t, 
the most seve ce problems will occuc in the (high 
current) single- bunch scenario and for the sma lle!it 
coupling . In Fig. 2 we show the emittance gcowlh 
foc a r epresentative case. It is neg lig i ble at. high 
ene cgie s and is only about a fa c t o l" of J beyond t.he 
nat.ural emittance at 1000 HeV. Due t.o the ces ullant 
highac beam density, the SPEAR sca ling case l eads to 
more gt'owth. For all lattices inves tigated, the 
emittance gcowth does not compt'omis e user 
requirements (5] . 

Deam Lifetime. Beam life time is limited by a 
combination of two effects: Tous chek sca tte ring and 
~as sca t.tecing , Touschek scattering is most severe 
fo r bunches hav ing high curre nt., s hod bunch l ength, 
l uw emit tance, a nd weak coup ling . These properties 
al'e (unfortunately fcom this viewpoint) just those 
we are striving for . Touschek lifetime is a lso 
strongly influenced by the momentum acceplance o f 
the latlice. Foc these l attices, the limiting 
acceptance at low ener&ies is always t r ansvecse. 
Touschek lifetimes have been ca l cula t ed foc all 
lattices f o[' lhe cases of 400 rnA i n 250 bunches and 
7.6 rnA in 1 bunch. Fot" both single - and multi-bunch 
cases the calculate d pallern is about the same but, 
on lhe average , the s ingle - bunch lifet imes a re about 
half those for the multi- bunch case. 
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Fig . 2 Predicte d emittance gt'owth from IDS for 'l'BA 
lattice. 

Gas scattering lifetimes h.we been calculate d 
for each lattice , assuming a pressure of 1 nTorr of 
nilrogen gas and a ring acceptance limited by an 
undu l ator (full) gap of 8 mm, Resultant lifetimes 
lie in the range of about 5- 20 hour:> ; all lattices 
exhibit fairly s imilar behavior . 

Overall beam lifetimes for the fiv e lattices 
are collected 
hours should 
important to 
will decrease 

in Table I , Lifet imes in excess of I) 

be achievab l e in most cases . It is 
r emember, howeve r , lhat the lifetimes 
a t l ower beam enet'gies, 

Table I 

Beam Half- Life at 1500 " eva) 
(10 : 1 emittance ratio; 3 MV; 500 MHz) 

400 rnA; 250 bunch 7. 6 rnA; 1 bunch 
S,S, no S,S . S.S. no S.S. 

Lattice 
b) 

T T T T 
g 

(hrs) (hrs) (hrs) (hrs) (hrs) 

eG l2.9 6.B 9.5 4.0 6.B 
EeG 15 .5 7. 1 11.8 4.6 9.6 
FODC2 15 . 0 B.4 12.3 6.0 10 . 0 
FOD03 14 . 2 7.5 11.7 7.3 9.9 
TBA 10 .5 B.O 9.6 6.4 B. 9 

a), 1 + 1 ,. --;-;: TT 

b)N2 gas; p = 1 nTOtT 

High Gain Free Electron Lase r Design 

A promis ing approach to the production of 
cohe r e nt radiation in the XUV reg ion is the 
so-ca lled high- ga in FEL 13] , in which the 
interaction of the beam with the unduLator OCCUt'g i n 
a s ingle pass and no mirrors are requircd. Because 
o f the disruptive effect on the beam (in terms of 
e nergy loss, ellergy s pread , and gas scatt.e t'ing 
lifetime) , t he FF.:L undulnt.or is placed in a special 
bypa s s sectioJ\. through which the stor e d beam passes 
pe riodically . 'l'he beam requirements for this 
purpose inc Lude a high peak cur['ent , a l ow 
emittance , and a s mall energy s pread; these 
t'equirements place severe demands upon the stot'age 
ring design . To st.udy the trade- offs inherent in 
such an application, a series o f lat.tices was 
inves tigated [ 3 ] . 
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Peak Current. For low mome ntum spread , the 
pr.ak current limitation arises from the LongitudinaL 
microwave instability . To gain in pe ak current , 
then, thp. momentum spread of the beam must 
increase. Unfortunately, the ga i n of the FEr. itse lf 
degrades wilh inc['easing momentum apt'ead [3] qu ite 
rapidly, so the actua l effect of the inc ['ease in 
momentum spt'ead is t o decrease the gain pa t·amete t· 
and increase the e- f o lding Length . Thus, a sma ller 
momentum spread is favored, de spite the pena lty in 
peak current . 

Lifetime. For the bypass scenario cons idered 
here, the be am lifetime is dete l'Jnined by Touschek 
scattering. The required high bunch dens ity and 
relatively low beam ene['gy make this a serious 
concern. Because the TouBchek l ifetime is a st t"ong 
fun ction of the momentum acceptance of the ring, we 
determined with ZAP the momentum acceptance 
necessary to achieve a Touschek life time in excess 
of onp. hour. Fo r a ll the Lattices studied , this 
vaLue t Urns out to be a bout 3~. 

Emittance Growth. There is significant 
emittance growth fo [' the high peak curren t , Low 
energy regime of int.erest for FEL purposes i this 
growt.h is gene raLLy about a factor of two beyond the 
nat.uraL emitt.ance vaLue at 750 HeV . 

optimum Beam Energy, The fina L issue of 
concern is the choice of beam energy. Issues that 
mu s t be considered (simultaneous l y) inc Lude the 
tht'eshold current for bunch l e ngthen ing, emittance 
growth from IBS , and Touschek lifetime. Using ZAP 
t.o so rt out the r a the r complicated interplay among 
t.hese phenomena , we obtain the resu lts shown in 
Fig. 3. In this e xampl e , t.he best energy appears to 
be somewhere between 750 and abou t 1000 HeV , 
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Fit. 3 Ene rgy dependence 
Touschek lifetime 

of the following pat'smeters: 

for 3'7. Rf' bucke t he ight , 

Tr'·; int['obeam scattedng Lifetime 
equiLibrium emittance cx; bunch volume 
dens ity I /y ~CxCy; FEL paramete r p. 

Low Energy Inj ection 

The topic of low enet'gy injection i s an 
important one for e l ect r on s torage ['ings , especia lly 
the so- called "compact" deviccs being des igned i n 



many places Lo serve as photon s our;ces for; x- t"ay 
1 ithogr;ophy 10\1 ' The issue , of cour;se . is not. 
whethe r; a low ene t"l~y injection scheme can wor;k-- it 
can and docs--but to assess t.he consequences of s uch 
a t echnique on the r;equir;ed beam aper;tur;e and beam 
lifetime, 

Ther;c CIUl be substantial gr;owth in the beam 
size at l ow e nerg ies unde r; the influence of 18S, 
whose r;ate depends strong ly on the phase- space 
density of t he e lectr;on bunch , Because of the 
quadr;stic dependence of the beam emitl:ance values 
(horizonta l, vedlcal . and lon~itudinal) on beum 
enerty , the re lative l'ates of IDS at the natu["Bi 
emlttance values for; a dng (i.e . , the emittance 
values obtained so l e lY ft'om the influence of 
s ynchl'otr;on l'odiation emission) sca l e as roughly E- 9 . 
Cl ea t"ly, the coates associated with an Injeclion 
ene l'gy of. say, 1/10 of t.he full enet'gy of a ring 
can be ve l'y large, even if the IUS effec t s at fu 11 
ener;gy ar;e essentially negligible , The mechanism 
that "contr;ols" t he gt"owth t"ate , of cout"so , is 
t"arliotlon damping. The damping rate is also 
st['ongly ene t'gy dependent , inc t"easing 83 EJ. Thus, 
at low energies. wher;e little synch['ot['on radiation 
is emitl:ed . d amping times of seconds - - in contrast t o 
the millisecond damping times typical at fu 11 
ene["gy--at"e the rule . As a resull. the situation 
during l ow ene t"&Y inj ection can be one in which the 
growth rates ot"e lat"l~e and the d ampi ng t"ates small, 
l eading to equillbdum emittance values ft"om IDS 
that 8['e ve l'y much l arger than t he nalu['al values . 
Because ZAP so lves for; the equilibdum emitl:ancA i n 
the pr;esence of both synch['ot['on radiation and 18S, 
it can be u sed to es timate the magnHude of this 
g['owth . As e xamples, we discuss two r;lnt s that 
u li lize low- e nergy inj ection and calcu l ato the 
r esultant effects on beam s i ze Ilud lifetime. 

Aladdin. Aladdin i s Il 1 GoV eieclr;on s t ot'age 
ring operated by the University of Wisconsin . Ita 
inj ection s ys t e m i s a nominally 100 HeV microle'on , 
Because of problems duc-ing the commiss i oning phase 
of t.he machine, a study was car;ried out to 
investiga t e ils behaviot' . 

Al low e ner;gies. the pc-edictcd 110) effects of 
IBS on t he beam emittance. both l ongitud i na l 
(Fig . 4) and t['ansverse . are quite lar;ge. Thus. the 
beam size at inj ection is much larger than that 
given by lhe natun1 emiHance of the sLo['age t"ing . 
This is e v iden t in Fig. 5. which s hows the predicted 
enec-gy depend e nce of lhe effect. It is c l ea r that 
l ow- energy inj ection can l ead t o s ubstantial g['owth , 
whic h must be taken into account in the des ign o f 
t he inj ec lion sys t em. These pt' edictions have been 
vedfied e)(pedmentally 111). with the r;esults shown 
in TobIe 11. The obset' ved emittance is mor;e than a 
factOt' of 100 larger than the natu['ol omittance al 
inj ec tion ene l'g y, and the beam size at injection is 
luge r than t hat at an ope r;ating enot'gy of 800 HeV. 
It i s wo r;th noting, however; , t ha t the Touschck 
lifetime--whic h would otherwise be VCl'y l ow at 
100 HeV-- is cons iderably enhanced by this omitta nce 
blowup because o f the concomitant loweC'ing of the 
bunc h density. 

KAX . Another; syncht'o lt'on t'adiat ion facility 
u t il izing low- ener;gy inj ection i s the 550 HeV MAX 
ring at the Unive['s ity o £ Lund 112 1. Thp. i nj ecllon 
scheme f o [' this f acili ty is simila[' to that at 
Aladdin. P[,edicled emi ttance g r owth (Fig. 6) i s 
s imilar; to that i n Fig. 5, with an emittance blowup 
of a factor of 100 at a beam currenl of 50 rnA , 

The pc-edicted Touschek lifetime. s hown in 
Fig. 7. mi['['o l' s the e ffec t of the emittance blowup. 
that is , t he life times at low ene['gies increase 
substantially from what they would be in the absence 
o£ the IDS g['owth . 
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emittance for; Aladdin , 

.) 
meas, 

'K 

(10-B m-rad) 

?3.1 ± 7.3 
23.7 ± 7.3 
10.6 ± 3.9 

••• ± 2.B 

••• ± 2.5 

••• ! 2.' 
' .3 ± 1.9 

••• ± 1.. 

Table 11 

Emittance Data 

100 He V 

ZAPb ) meas. 
'K "i 

(10-8 m- rad) ( m) 

11 .2 1.0 
12.1 1.0 

• . 9 0 . 84 
'. 5 0 .75 

200 HeV 

2 . 9 1.1 
2.5 1.t 
2 .0 0 . • 
1.B 0.18 

ZApb) ,,~waveb) 
"i 

(m) (m) 

1.5 1.0 
1.. 0 . 8i1 
1.1 0.51 
0.93 0.40 

0 . 96 0 . 79 
0 . 88 0 . 63 
O. BO 0.50 
O. 7J 0.41 

.) Assumed et"rors 9['e: " x,y' 10~: (lx.y' 107.; D. 
lOt.; " t' " 20~. 

p 

b) Uased on • br;oadband impedance of 13 O. 
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Touschek lifetime for MAX ring at a beam 
CUtTent of 50 rnA and 101. emittance coupling. 

Compact Synchrotrons . It is clear f('om the 
above results that the Bl'Owth in beam size at low 
energies is an important issue. For t he design of 
compac t syncheotrons, foctunately , things t end to be 
somewhat improved. The ['eason is that the bending 
radius is much smaller, which-- for a given injection 
enet'gy- - enhances the radiation damping process. 
Allhough t he qualitative features of emittance 
growth at'e similar to those shown in Figs. Sand 6, 
the growth t e nds to be smallel' . In cases examined 
up to now, the emittance at 100 KeV is typically 
comparab l e to that at an opeL'ating e ne rgy of about 
600 HeV. Thus, the beam size at inj ec Hon energy is 
unlikely to greaUy complicate the filling pl·ocess . 
On the other hand, of COU L's e , the smatler beam size 
implies that. the Touschek lifetime may be more of a 
pl·ob l em. 

Summary 

A new accelerator physics code, ZAP , has been 
written at LDL. The code is designed for sys tematic 
studies that can e lucidate t h e often complicated 
trade- offs implicit in val'ious parameter c ho ices. 
The cxamp l es contained here give some indication of 
how the code can be used to good advanlage in the 
design of electron storage rings. In pa['ticular, 
the ability of the code to calculate the equilibcium 
emittance, including the effec!:. of IUS, i s very 
beneficia l in makinr, L' eu listic pe['fot'fTlance 
evaluations. 
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