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Summary 
The proton storage rinq is intended to 

transformk the time structure-of the accelera- 
ted beam of the INR meson facility [lj. The 
600 MeV H- beam after the linac will consist 
of the sequence of 1OOrs pulses with 100Hz re- 
petition rate and 50mA peak current. The H-eH+ 
charge-stripping injection will be 
accumulation 

used [gr 
entire linac macropulse (3.10 

particles). 
There are two main modes of the storage 

ring operation. 
1. Slow extraction mode (SEM) : 

tunes 9x=1.85, 3y=1.90 
stored beam emittances &=1.5 R-cmemrad 

&,=6.0 Yr*cm.mrad 
filling time 100 ps 
extraction time -9.9 ms 

2. Fast extraction mode (FEM) : 
tunes 9,=2.4 Jy=2.3 
stored beam emittances &X=3.O X.cm.mrad 

&,,=3.0 A*cm.mrad 
filling time 
extraction time 

100 ps 
N 430 ns 

In both modes the high stored current 
(~11.3A) and low energy (T =1.64) result in a 
strong space charge influence displaied in the 
tune spread, transverse emittance growth, par- 
ticle redistributions in real and phase spaces. 

This paper summarizes the results of in- 
vestigation of these effects for the INR pro- 
ton storage ring 
outer model r2]. 

using the macroparticle com- 

*Szmulation alqorithm 
In the mathematical model we consider on- 

ly transverse beam dynamics because the speci- 
al azimuth filling fl] results in the negli- 
gibly small longitudinal component of the int- 
rinsic field. Therefore the simulation algo- 
rithm consists of the next procedures. 
1. $alculation of the space charge density 

p(r) in the mesh points on the base of the 
known (set or calculated) macroparticle dist- 
ribution function. 
2. Determination of the electric field r(F) 
at the mesh points by solving the grid 

polsso~~~pa~~~,~~~+ 42-a2,ye(dYis (1) 
r 

P(;@l 
0 

with the- following-bo;ndary conditions: 
y(R,B)=O; \s(r,e)= y(r, 0+2fkl), where 1 is 

integer. The effective computation method [3] 
has been used to solve equation (1) on a re- 
gular mesh. The solution is determined on the 
grid (rK,B,,) in the form 

Wrs, &)=“~[Ri ( rh)cos(i*Bh)+Qi (rK)sin(i.&,)l (2) 
wherenR;:rrilQp; 
en= * 

;;;J, c;;ic2snpj;yi;, 

r* = k.Ar ,Nr , Ar = R /Nr ; (3) 

Ne, Nr are integer. 
The computation algorithm for finding 

the potential (2) consists of the fast Fourier 
analysis of the right side of equation (1) 
over the angular variable, the solutions of 
the linear equation sistems for the spline 
coefficients and the fast Fourier synthesis. 
3. Calculation of intrinsic beam magnetic field 
on the grid (3) by particle-grid technique. 
4. Integration of the macroparticle motion 
equations in an external and intrinsic elect- 
romagnetic fields. 

5. Accuracy check. It has been based on the 
energy conservation of the transverse motion 
connected with space charge field. During 
1000 turns(the accumulation is completed after 
227 turns) the energy fluctuation did not ex- 
ceed 2% . 

Betatron tune calculation 
Usually the incoherent tune shift of the 

high intensity beam is calculated using the 
smooth approximation [4].9ut this is only qua- 
litative estimation for location of the working 
point on the betatron tune diagram. More per- 
fect information about the space charge influ- 
ence on the betatron tunes may be obtained by 
calculation of the betatron tune spread. The 
particle image in the (w,v) phase space! where 

;;u;Fd * an;=(;z-“’ ~rt”‘~li~per~e~~r~‘~~e~h~ 

fixed a.?imuth, will lie on the circumference. 
The change in particle location will be 2W3,, 
after one turn. Hence we can define 3,, . Ma- 
king this procedure for all particles we can 
obtain the betatron spectrum on the turn. 

Injection 
The expected emittance of the injected H- 

beam is 0.3 Il.cm.mrad at the 38 level- that is 
essentially less then the emittances of a sto- 
red beam. This enables to use a charge-exchan- 
ge multiturn spiral injection to reduce the 
passes of circulating protons through the strip- 
ping target and to fill both phase planes more 
uniformly 151. We assume that the equilibrium 
orbit of stored beam at the azimuth of the 
stripping foil and vertical coordinate of in- 
jected beam on the stripping foil are moved in 
proportion of the injection time. It was shown 
153 that a number of proton passes through the 

foil is reduced essentially by using spiral in- 
jection. Therefore the foil-s heat load is de- 
creased, its lifetime is increased and the in- 
fluence of the multiple scattering on the sto- 
red beam aualitv is reduced. 

Fast exiraction mode simulation 
The characteristic functions of one half 

ring period are shown in fig.1 for a isochro- 
nous regime. The r.m.s. emittance 6~~s , the 
effective emittance &. (more than 98% of stored 
particles), betatron tunes and average of pas- 
ses of the stripping foil per stored proton 
are presented in Table 1 after the injection 
completion. The results of simulation display: 
a) the distributions in xx' and yy' phase spa- 
ces are almost homogeneous after the injection 
completion r.m.s. emittances are not differed 
essentiall; from effective emittances; 
b) space charge leads to decrease of 6,rms and 
increase of &y rm5 during injection; 
c) space charge causes essential increase of&X 
(~26%) and slight growth of &v (~6%) 

The betatron spectra after injection com- 
pletion are shown in fig.2. Detailed analysis 
shown that only particle injected at the be- 
gining are in the resonance band 4qy~ =9 and 
their perturbed phase trajectories lie inside 
beam phase volume YY- Therefore Coulomb 
force nonlinearity leads to slight growth of&J. 
In the resonance band 3qX =7 after the injec- 
tion completion there are about 14% of stored 
particles lying in the periphery of the beam 
xx- phase space. The increasing of betatron 
oscillation amplitude of these particles leads 
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TABLE 1 
* 

I 
Parameters 

‘+&lms I e.cm.mrad 

& , yr.cm.mrad 

4 
A* (smooth approx.) 
Average passage per 
proton 

Fast extraction mode 

-m 

2.21 2.35 
3.48 3.03 
2.36 2.23 
0.04 0.07 

16.0 lo.8 

to formation of the halo in xx* phase space. 
The halo particles cause significant growth of 
the effective emittance and increase of the 
beam size in x-direction in a real space. This 
effect is clearly seen in fig.3 where the pha- 
se projections without and with space charge 
after the injection completion are shown. 

In a wcrking area there are strong coup- 
ling resonances +,=$I , 23y-9,=2, 2**+24y=9, 
39K+qy=9, 3x+3Yy =9. The coupling is caused by 
means of Coulomb field of the particles occu- 
pying the resonance band. So far as the beam 
space charge acts stronger in y-direction in 
the FEM the horizontal oscillation energy is 
transfered to the vertical motion for the re- 
sonance particles. This decreases the beta- 
tron oscillation amplitude in x-direction, in- 
creases the betatron oscillation amplitude in 
y-direction and therefore causes the reduction 
Of dxrms and growth of &yrms 

The distributions of stored particles 
over phase coordinates are shown in fig.4 af- 
ter the inJection completion at the stripping 
foil azimuth (the case without space charge is 
shaded). 

On the whole, the beam parameters satisfy 
to the FEM of the storage ring operation and 
there are no additional difficalties with spa- 
ce charge in realization of such mode. 

Slow extraction mode simulation 
The characteristic functions of one half 

ring period for this mode are shown in fig.5. 
Beam parameters without and with space charge 
are shown In Table 1 after the injection comp- 
letion and after 1000 turns. We assumed that 
a spiral injection is used only in vertical 
direction. The results display: 
a) the xx '-distribution is essentially nonhomo- 
geneous, there is a great difference between 

&xrms and &x ; 
b) the space charge leads to decrease of &yPms 
(~20%) and increase of &xrms ; 
c) emittance &X grows by 1.5 times to the in- 
jection completion and by 1.9 times after 1000 
turns. 

It is necessary to mention that main chan- 

ges of the beam parameters are finished to 
400th turn. The betatron spectra are shown in 
fig.6 after the injection completion and after 
1000 turns. In the resonance bands 49~ =7 and 
34)x=5 there are 10% of the stored particles, 
moreover the main part of them occupies the pe- 
riphery of the xx' emittance. These particles 
form a halo in the xx' phase space, cause the 
growth of effective emittance and beam size in 
x-direction in the real space. This effect is 
clearly seen in fig.7(a,b), where the xy and 
xx' projections of the beam phase volume are 
shown. The existence of the coupling resonan- 
ces 4w=4y, 2Yy - 9,=2, 24, +2Yy =7, 34, +9, =7 

with essential difference between the enegies 
of x- and y-motions leads to transfer of the 
vertical oscillation energy to the horizontal 
one for particles occupying the resonanse 
bands. It means the betatron oscillation amp- 
litude increases in x-direction and decreases 

y-direction, 
i: rms 

therefore, &x rms grows and 
reduces, also additional halo particles 

are formed in xx--plane. 
Large energy difference of the vertical 

and horizontal motions leads to an intense 
energy transfer in this operation mode of the 
storage ring. The resonance band 299 -9, =2 
coincides well with the pit in +spectrum 
and the peak in 9 x-spectrgm in fig.6 thus con- 
firming the process mentioned above. The beam 
phase space x-y* is shown in fig.7(c) after 
1000 turns without and with space charge where 
the reduction of the vertical oscillation ki- 
netic energy and growth of the horizontal os- 
cillation kinetic energy is obvious. The di- 
stributions of particles over phase coordina- 
tes after the injection completion and after 
1000 turns at the stripping foil azimuth are 
shown in fig.8 (the case with space charge is 
shaded). 

The simulation has revealed the essential 
space charge influence on the stored beam pa- 
rameters, mainly on the horizontal particle 
dynamics in the SEM of the storage ring opera- 
tion. This must be taken into account in fu- 
ture to organize the stored beam extraction. 

Conclusion 
The results of simulation of the injecti- 

on and circulation of high intensity beam in 
the INR proton storage ring have shown essen- 
tial influence of space charge field nonlinea- 
rity on the stored beam parameters. This in- 
fluence reveals itself in betatron spectrum 
formation and complex resonance interactions 
of the stored particles. Also the simulation 
results have shown that the main modes of the 
storage ring can be realized with satisfactory 
parameters of extracted beams. 
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