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EFFECT OF RESO.NAiVCES ON THE SPACE CHARGE LIMIT 

G. PARZEN 

INTRODUCTION 

One may distinguish between two kinds of space charge limit: 

1) The intrinsic limit, which is the space charge limit in the absence of 
magnetic field errors. This limit is due to the forces generated by the 
beam itself. 

2) The resonance limit, which is the space charge limit due to the pres- 
ence of random field errors, that can generate nearby resonances. 

In the past, the resonance limit has received more attention. The intrinsic limit is 
difficult to compute, and the mechanism involved is difficult to understand. However, 
studies done with the simulation program described below indicate that the experimentally 
observed space charge limit is fairly close to the computed intrinsic limit. Three accelera- 
tors have been studied, the AGS, the PS Booster and the Fermilab Booster. In each case, 
the computed intrinsic limit was found to be about a factor of 2 higher than the beam limit 
achieved in each accelerator. 

In this presentation, the results found when random magnetic errors are present will 
be given. 

The simulation study suggests a different model for the space charge limit, than that 
given by the resonance limit approach. It suggests that the intrinsic limit provides an upper 
bound for the space charge limit which is not far from what is actually achieved by accelera- 
tors. The resonances present, if strong enough, can prevent the accelerator from achieving 
the intrinsic limit. 

CONCLUSIONS FOR THE RESONANCE LIMIT 

The intrinsic space charge limit appears to play a dominant role in determining the 
space charge limit. 

The presence of random field errors which can drive resonances does not produce 
much beam growth when the beam intensity is below the intrinsic space limit by about a 
factor of two. This assumes that the random field errors are of a magnitude that may 
reasonably be expected to exist in an accelerator. 

When the beam intensity gets close to the intrinsic space charge limit, more than 
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about 50% of the intrinsic space charge limit, then the random field errors may produce 
enough growth to lower the space charge limit below the intrinsic limit. 

The space charge limit in the AGS Booster appears to be less sensitive to the pres- 
ence of random field errors than the space charge limit in the AGS. The difference in 
sensitivity is about a factor of three. 

Tolerances have been found on the size of random field errors in order to avoid 
appreciable reduction of the space charge limit below that given by the intrinsic limit. 

For beam intensities well below the intrinsic limit, more than about a factor of 2 
below, the space charge forces were found to have a stabilizing effect and to reduce the 
growth due to resonances. 

REVIEW OF THE SIMULATION PROGRAM AND OF INTRINSIC LIMIT RESULTS 

Space charge effects are an important limitation on the performance of low energy 
accelerators like the AGS Booster. 

Simulation Prosam 

Using a tracking program, space charge forces are entered as a kick at each element of 
the lattice; kick = Ex, Ey and the length of the element. 

To compute the electric field of the beam Ex, Ey, the beam shape in x, y space is 
assumed to be gaussian with the two parameters ux, u y which are different at each element 
in the lattice. 

The parameters ux, u are determined by tracking a sample of about 16 - 24 particles. 
The growth of this sample B etermines the growth in ux, uy 

Particle Sample 

Sample may have 16 particles, 4 groups of 4. Each group of 4 starts at same 6 x, c y 
but different x, x’, y, y ‘. One group of 4 starts at c 
at smaller 6 x, 6 y Groups can have ap/p=W. 

x, c y at edge of beam. Other groups start 

Initial State of the Beam 

The beam is assumed to exist in the accelerator in the shape it would have in the 
absence of space charge forces. This beam shape depends on the injection procedure. The 
space charge forces are then turned on, and the subsequent growth of the beam is studied. 
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HOW STUDIES OF RESONANCE EFFECTS WERE DONE 

In order to drive the resonances, random error field multipoles, ak, bk were intro- 
duced in each magnet in the lattice. The random error field in each magnet due to each 
multipole is given by: 

By = B, bk xk, 

B, = Boakxk 

where B, is the main dipole field. In these studies the ak, bk in each magnet have the same 
rms values, which are different for different k. In each magnet, the ak, bk are different and 
are randomly chosen. 

The beam dimensions are first allowed to grow due to space charge forces in the 
absence of random error field multipoles. When the beam reaches its final dimensions, the 
random ak, bk are then introduced and the particle motion is studied assuming that the 
beam dimensions are fixed. This procedure is good for determining the onset of apprecia- 
ble beam growth due to the random error ak, bk. 

It is possible to let the beam grow due to the effects of the random ak, bk. The 
algorithm that has so far been used to compute the growth in the beam dimensions from the 
growth of the particles in the sample studied could be more in error in this situation. 

It. is also easier to understand and interpret the effects seen when the beam dimen- 
sions are held fixed. 

Two procedures were used to study the effect of the resonances due to the random ak, 

bk. 

1) The Samnle Procedure: In this procedure sample of about 16 particles, 
distributed over the beam, is tracked while in the presence of the reso- 
nances due to the random ak, bk, and in the presence of the space charge 
forces of the beam. The non-linear space charge forces produce a strong 
dence of the particle v value on its betatron oscillation amplitude. The 
beam growth is found from the growth in the sample. 

2) The Test Groun Procedure: In this procedure, a test group of about 4 
particles each having the same starting emittances 6 x = E y is tracked, 
and the particle growth is observed. This is repeated for various values 
of the starting emittance 6 x = E y. 

The second procedure, the test group procedures, allows one to explore the growth of 
particles whose v values are close to resonances. It requires more effort and time than the 
sample procedure. The sample procedure may overlook the growth of some particles which 
may be close to a narrow resonance and which are not part of the sample. 
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The studies done indicate that both procedures usually give similar results. The 
resonance like effects appear to be broad enough not to be entirely missed by the sample 
procedure. 

RESULTS FOR THE AGS 

As a first step in studying the effects of resonances, the v values reached by the 
particles in the beam were computed. The space charge forces shift the v values, and this 
shift depends on the size of the betatron oscillations. 

To compute the v values, the beam dimensions are first allowed to grow due to space 
charge forces in the absence of random error field multipoles. When the beam reaches its 
final dimensions, the beam dimensions are fixed and a single particle is tracked. The 
motion of this single particle is Fourier analyzed to find its v value, and the starting emit- 
tance is varied to find the dependence of the v value on the emittance. 

The next figure shows the tr values reached by one particle when its emittance is 
varied, and N 
Nb = .2 x 10 B 

= .2 x lOI3 protons/bunch. c x = 6 y and x0 = (flxc x)li2, px = 22m. For 
/bunch, the beam dimensions grow to * 29 x 2 26 mm. Particles with c x = 

E 
2 

and a starting x0 2 18 mm may be considered to be outside the beam since a particle with 
o > ‘18 mm will go outside the limits of -e 29 x -c 26 mm. The particles inside the beam 

can reach the second order v = 7.5 resonance lines, and the third order v = 7.66667 and 
u = 7.3333 resonance lines. Av, = 1.28, Avy = 1.43 at c x = 0. 

AGS, BEAM GROWTH DUE TO RANDOM al& (Sample Procedure Comments on 
Fig.4) 

One sees that the effect of the random al, bl depends on how close Nb is to the 
intrinsic limit, Nb = .38 x 1013/bunch. 

AtNb = .2x10 13, which is 54% of the intrinsic limit, one may estimate a tolerance 
on the random al, bl, for ho beam growth, of about al = bl = 5 x 106/cm rms. there is 
little information about the random al, bl present n the AGS. al = bl = 5 x lo6 may not 
be far from the amount actually present in the AGS. 

One might conclude that for the AGS, for Nb above .2 x 1013, or 54% of the intrinsic 
limit, one may have beam growth due to the random al, bl. 
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AGS, BEAM GROWTH DUE TO RANDOM al&l_(Test Group Procedure Comments on 
Fig. 5) 

Using the test group procedure one can explore the effects o the v = 7.5 resonance 
generated by the random errors. The starting emittance 6 x = 6 y = X 

02/& can be varied to 
make the test group pass through the resonance. 

Beam growth is shown as a function of x0 = (flxc x)1/2, for 3 values of the random al, 
bl, al = bl = 0, .7 x 10-5/cm, 2 x 10m5/cm rms. The growth observed is about the same as 
found by the sample procedure for Nb = .2 x 1013/bunch. 

One does see resonance like peaks, but the peaks are fairly broad and only very 
roughly correlated with the location of the resonances. 
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AGS, BEAM GROWTH DUE TO RANDOM a& (Sample procedure Comments on Fig 6) 

One striking result is the large growth seen with Nb = 0, which can be understood by 
noting that the operating t, values are vx = 8.6, v Y = 8.8 which is very close to the third 
order sum resonance 2v, + v Y 

= 26. 

The first effect of adding space charge forces is to reduce the beam growth by intro- 
ducing a strong dependence of the v value on the amplitude of the betatron oscillation. The 
space charge forces only start to produce appreciable beam rowth because of the random 
a2, b2 when Nb get close to the intrinsic limit. Nb = .38 x 10 f!? /bunch. 

AtNb = .2x10 13, 54% of the intrinsic limit, one may rough1 estimate a tolerance on 
the random a2, b2 for no beam growth of about a2 = b2 = 3 x lo- d /cm2 rms. 
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AGS. BEAM GROWTH DUE TO RANDOM adz_(Test Group Procedure Comments on 
Fig. 7) 

Using the test group procedure one can explore the effects the v = 7.33333 and 
v = 7.66667 third order resonances. 

Beam growth is shown as a function of x0 = (Bxc x) 112 for 3 values of the random a2, 

b29 a2 = b2 = 0, .8 x 10W5, 1.5 x 10-5/cm2 rms. 

Resonance like peaks are observed, which are only roughly correlated with the 
location of the resonances. No sign was seen of the v = 7.3333 resonance. The growth 
found agrees fairly well with that found by the sample procedure. 
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RESULTS FOR THE BOOSTER 

The following figures give the results found for the Booster. 

BOOSTER TUNE SPREAD (Comments on Fig. 8) 

cx = ~y,X() = &&l/2, & = 13.8 m. For Nb = 1 x 1013/bunch, the beam dimen- 
sions grow to 2 39 x 27 mm particles with 6 x = c y, A starting x0 2 20 mm may be consid- 
ered to be outside the beam since a particle with x0 = 20 111111,~ x = c y, will go outside the 
limits of + 39 x + 27 mm. For Nb = 1, the particles in side the beam can reach the second 
order resonance v Y = 4 and the third order v = 4.333 resonance lines. 

For Nb = 5 x 1013/bunch, the beam dimensions grow to + 28 x -c 26 mm when no 
random ak, bk are present. Particles with x0 2 18 mm, E x = E can be considered to be 
outside the beam. The resonances that can be reached are thl v = 4.333 and v = 4.5 
resonance lines. 

For Nb = 5 x 1013/bunch, nv = -52, AV = -.58 for E X Y X = 6 Y = 0, x0 = 0 . 
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BOOSTER, BEAM GROWTH DUE TO RANDOM al& (sample procedure) 

The effect of the random al, bl depends on how close Nb is to the intrinsic limit, N 

Nb = 1.5 x 1013/bunch. 

AtNb = 1x10 13, which is 70% of the intrinsic limit, one ma 
the random al, bl for no beam growth of about al = bl = 2 x lo- v 

estimate a tolerance on 
/cm rms. This is about 4 

times larger than the AGS result. 

It seems likely that the Booster may have little problem with the effects of the random 
al, bl. 
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BOOSTER, BEAM GROWTH DUE TO RANDOM al& (Test Group Procedure,Com- 
ments on Fig. 10) 

Beam growth is shown as a function of x0 = (Bxc x)1/2p for 2 values of the random al, 
bl al = bl = 0, and al = bl = 8x 10m5/cm rms. 

There is no sign of the v = 4 resonance. There is some indication of resonance like 
growth near v = 4.5. This growth is seen even when aI = bl = 0. One may note that 
v = 4.5 is a structure resonance for the Booster, as v = 4.5 = 18/6 and the Booster has a 
six fold periodicity. 

With the test group procedure, there is difficulty in deciding whether the particles 
experiencing this growth are inside or outside the beam. The sample procedure indicates 
that these are inside the beam. In any case, they are certainly near the edge of the beam, 
and this may not produce an important loss of beam. 





BOOSTER, BEAM GROWTH DUE TO RANDOM ad2 (sample procedure. Comment 
on Fig. 11) 

At Nb = 1 x 1013/bunch, 70% of the intrinsic limit, one may roughly estimate a 
tolerance on the random a2, b2 for no beam growth of about a2 = b2 = 5 x 10q6/cm2 rms. 
This is about 2 times larger than the AGS result. 
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BOOSTER, BEAM GROWTH DUE TO RANDOM a2,bzI(Test Group Procedure. 
Comments on Fig. 12) 

Beam growth shown as a function of x0 = (B E x)v2, for 2 values of the random a2, b2, 
a2 = b2 = 0,l x lo-5/cm2 rms for m = 1 x 10 1Y /bunch. 

There is some indication of resonance like growth near Y = 4.3333, which is the only 
set of third order resonance lines which are encountered by particles inside the beam. there 

= 1 x 10m5, and considerably more growth for a2 = 2 x 10m5/cm2 rms 
~~~~~~=~lhxf~~~~~unch. 
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