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Abstract 

Computer simulation of the longitudinal phase spa.ce dyna.rnics showes tha.t the space 

cha.rge induced fields contribute considerable effects to the ca.pture and the distribution 

of the pa,rticles. Statistical analysis is done to ensure that the calculation of the spa.ce 

cha.rge fields is reliable. 

With the 1Oms programming of the R.F. voltage I^; and the synchronous phase q5# , 

94% of the 20 turns of the multi-turn injected Au t33 heavy-ion beam can be captured in 

a. longit.udinal phase spa.ce a.rea. of 0.06 ev - sec/amu. If a similar R.F. programming is 

performed for the proton injection, 96010 of the proton beam can be effectively captured 

in the Booster with a longitudinal phase space area of 1.0 ev . sec. 



I. INTRODUCTION 

During the injection period, the Coulombic space charge field induced by the circulat- 

ing beam contribute considerable effects to the beam ca,pture process on the Booster 2. 

The computer program 3 which was originally developed to simulate the transverse and 

the longitudinal phase space dynamics during the multi-turn injection and the ca,pture is 

thus modified to take into account the longitudinal space charge effect. 

The simulation for the spa.ce charge force is accomplished by dividing the bunch into 

bins of finite length in the longitudinal space. To obtain a reliable space charge force, 

the bin size should not be too large. The number of particles per bin should not be too 

sma.11. Besides the mean field space charge force, the program should be a.ble to study 

the collective phenomena. In order to include the collective instability, the bin length 

used for the calculation of the space charge induced voltage should be compa.ra.ble to the 

collective wave length. With the bin length specified, a certain number of representa.tive 

paxticles is required for the calcuia.tion to reach an accuracy level. The reliability of the 

sirnula,tion result essentially depends on the statistical accura,cy of the calcula.tion of the 

space charge voltage . 

In this paper, we shall report on the study of the multi-turn injection for the AGS- 

booster. The method and the statistical analysis on the calculation of the space charge 

effect is discussed in Section II. The results of the simulation of the multi-turn injection 

and the R.F. capture of the beam of heavy ions and protons are given in Section III. 

Discussions and conclusions are given in Section IV. 
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II. METHOD ON THE SPACE CHARGE CALCULATION 

A. Equations of Motion 

Once the hea.m of the particles is injected into the machine, the motion of ea.& 

individual particle in the longitudinal phase space (4, tf) is described by the difference 

equa.t ions 

f5 = 5, + 
.&-ii, 

n+1 * (sin dh - sin db,,) + A,.,&iJ, + A,@& AJm0c2-rs,n 

where 

y.s = (1 -PI)-- y h : s nc ronous energy of the particle in moc2 units 

5+‘$=p;~, relative deviation of the particle energy 
, 

q5 = deviation of the particle R.F. phase from ~,6~ 

h = R.F. harmonic number 

Z = charge ca.rried by the particle 

,4 = atomic number of the particle 

A = S.C. relative energy gain per turn due to the space charge fields 

A, = relative energy gain per turn due to other kinds of impedance 

n (subscript) = revolution number. 

If the linear density X(4) of the beam changes slowly ‘y4 within distance comparable 

to the diameter of the vacuum chamber 2b ? 

the A,,,,(&) can be represented by the mean field expression 

P> 

(4 
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where 2, = (E~c)- 1 = 377 (ohm), R, is the average radius of curvature. go is the . 

geometric factor, go = 1 + 2 In $ for a cylindrical geometry. 

The AR(&) of th e resistive wall coupling impedance can be similarly represented by 

the mea.n field expression 

where R, is the wall coupling resistance. 

The voltage induced by the space charge VS.,.($) * f 1s ound by evaluating the derivative 

of the density distribution function of the beam in the q5 space 5 

(6) 

where No is the total number of particles per bunch, Nof(qS) is the number of pa,rticles 

per unit $ around q53. Let Nb denote the number of bins of the 27r phase period, 

(‘7) 

where lb is the bin length. To study the effect of microwave instability the bin lengt,h 

should he of the order of the wave length up to the microwave cutoff frequency ‘p7,i.e., 

lb ^- h . 

B. Estimation of the Statistical Deviation 

If N, is the total number of the representative particles used in the simulation, Ad is 

the bin size in (b space, the density function f(d) a.t t,he 1:th bin is 

where gi is the weighting factor, 

1 , c S(4)& = 1 

i=l 
(9) 
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and 

The statistical fluctuation on the number of the representative particles at the ith bin is 

Thus the statistical deviation of 1/‘,.,. becomes 

A( KC.) - Js; . 
J 

N; 
N 

t 
(12) 

The statistica. analysis indicates tha.t the deviation of the space charge voltage is inversely 

proportional to the square root of the product of the total number of the rebresentative 

pa.rticles a.nd the bin length to the cubic power. Therefore, if the bin length is decreased 

to ta.ke into account the effect from the higher frequency, the total number of particles 

11sed in the simultion must be increased to the cubic power of Nb in order to reta.in 1,he 

sa.rnc sta,tistical accuracy. The beha.viour of equation (12) is observed by systema.tica.1l.v 

eva.llla.ting the a,veraged statistical devia.tion as a function of (Nb , N,) , a.s being discussed 

in Appendix I ( Figure 1 -- Figure 5 ). 

If instead of the spa.ce sharge effect, other impedance induced effects are domina.t- 

ing, the sta,tistical beha,viour would be diflerent. The volta.ge induced by resistive wall 

impeda.nce is discussed in Appendix II. In this case we notice tha.t as long as the number 

of the representative particles per bin remains constant, the same statistical accuracy is 

always achieved. 

C. The Computer Program 

The computer program is developed to simulate the multi-turn injection and the 

R.F. ca.pture process. Initially the progra,m randomly generat,es a d.c. beam with the 

specified injection energy and t,he energy spread. Rela t.ive to the injecting beam, the 

R.F. bucket gra.dually moves up due to the acceleration. The movement of the R..!?. 

bucket, the synchrotron oscillation motion and the increasing space charge effect ma.ke 
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the pazticle distribution in the 4 space no longer uniform by the time the multi-turn 

injeclion is completed. The particles are tracked further on a turn-by-turn basis to 

higher energy. The R.F. voltage a.nd the synchronous phase can be progra,mmed during 

the entire process. The number of the particles remaining inside the R.F. bucket is 

calculated any time upon request. The distribution in the longitudinal phase space, the 

projection on the phase and the momentum axis and the voltage distribution of the space 

charge are also printed out. The beam populated phase space area and the statistical 

error of the calculation can thus be found. 

The space charge and the resistive coupling impedance can both be included in the 

simul.a.tion. The treatment of the space charge followes Section 1I.a and 1I.b , except tha,t 

the three-point formula 

fI: = f’(&l +ph) = ; ((P - f,l-1 - 2Pf” + (P + &) + R.; (1.3) 

is used to decide the qua.ntity ab af(rb). calculating a+ . Bf(‘) 13~ using the information in every 

two nea.rby bins, i.e. by the two-point formula, ma.y easily give fluctuation a.nd a.rtificia.1 

wiggling in the pha.se spa.ce diagram. The three-point formula of eq.( 13) grea.tly improves 

the result. 

III. RESULTS OF THE R.F. CAPTURE ON THE BOOSTER 

A. R.F. Capture of the Heavy Ions 

The beam of the heavy ions comes from the Tandem Van De Graaff accelerator with 

kinetic energy spread of lo- 3. Each single pulse of t,he ~O~,JP hea.vy ion 19’ -All+“” is able 

to provide more tha,n 20 turns of “ribbon” beam. For the 1g’iAu+33 bea.m, an intensit,y of 

2.2 9 10” per bunch is requested upon the extraction on the Booster. 

During the injection and the capturing process, the R.F. voltage and the synchronous 

pha.se are adia.batically raised in 10ms from 1.6kV and O.OOlrad. to 17kV and 0.6rad. 

respectively. Assuming h = 3, the evolution in the longitudinal phase space without the 
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space charge is shown in Figure 6. More than 94010 of the Aus33 beam is captured in a 

phase space area of 0.05ev - seclamu. The effects due to the space charge are seen in 

Figure 7. 200 bins, 20000 representative particles are used in the simulation. 93.8% of 

the bea.m is finally captured. The beam populated phase space area is 0.06ev . sec/amu. 

B. R.F. Capture of ttle Proton 

The d.c. proton beam of lOOpa pulse length is assumed being injected into the Booster. 

Harmonic number of h = 3 and intensity of 5 . 101’ per bunch are also assumed. Two 

different R.F. capture scenarios are explored: the constant I!I, and the programmed &. 

When Lj, = 1.5T/ set is assumed during the capturing process, c = 9OkV $d TZ 

0.05, 82% of the proton beam is captured. The beam popula.ted phase spa.ce a.rea. is 

a.pproximately 1.3ev . set (Fig. 9) (Without the space charge, the rate is 86%, Fig. 8). 

With a. consta.nt 1;‘, a, very small value of initia.1 qS_, has to be a,ssumed if a, high surviva.1 

rate is desired. 

II during the process the t and the ds are adiabatically increased, say, from c = lOkT,-, 

& = 0.00 to I:- = 9ow, q& = 0.0 5 in 1 ms (Fig. lla, b), 96% of the proton beam can be 

ca.pture within a much smaller phase space a.rea of 0.9ev . set (Fig. 12,13). The reslllts 

are summa.rized in Table 1. The B0 and the R.F. frequency are shown in Fig. 14~, h. 

IV. DISCUSSIONS 

During the R.F. capture on the Booster the effects given by the space charge are by no 

mea.ns negligible . The de-focusing space cha.rgy force inevit,a.bly ca.uses non-uniformity 

a.nd diffusion in the longitudinal phase spa.cF. HO~T.PT.CY. if the injection pulse is long 

enough, the R.F. bucket will be filled up with the particles, hence the spa.ce cha.rge effects 

will be a.veraged and become weaker. The programming of the R.F. volta.ge and the 

synchronous phase is very helpful in achieving a higher ca,pture ra.te and a smaller hea.m 

popula.ted phase space area. 
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