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Abstract 

For a high intensity bunched beam the longitudinal 
acceptance usually is smaller than the beam emittance 
at injection energy. This causes longitudinal particle 
loss and emittance increase. A model is presented 
which explains the dynamics of the trapping procedure 
and the related particle loss for a high current 
bunched beam. The model is in qualitative agreement 
with numerical results obtained from multiparticle 
calculations. By varying the injection energy and the 
phase of the bunch center and the matching parameters 
of the beam the trapping effiency can be improved. 

Introduction 

Beam losses can lead to severe problems in proton 
linear accelerators with a high current and a high 
duty cycle. It is therefore necessary to do calcu­
lations of beam dynamics in order to determine the 
beam parameters that will minimize these losses. 
Having no theory for calculating and predicting par­
ticle losses extensive multiparticle calculations 
have been carried through to get some information on 
losses from a statistical point of view I. 

By considering the particle loss problem some question 
arise. 

- In which part of the phase space at injection are 
those particles which get lost later on? 

- Is there any correlation between the longitudinal 
and transverse motion of a lost particle? 

- What is the energy of the lost particle? 

- What can one do to reduce the losses? 

This list of questions is not complete but in this 
paper it is tried to answer these questions. The ans­
wers result from multiparticle calculations done for 
a 200 MHz drift-tube linac 3. The injection energy 
is 2 MeV and the output energy 100 MeV. The current 
was varied up to 400 mAo The beam parameters have been 
choosen in such a way that the transverse emittance 
growth is less than 10 i.. The longitudinal emittance 
growth goes up to 2.5 for a current of 400 mAo The 
emittance growth is a result of a too small longitu­
dinal acceptance at injection. In connection to the 
emittance growth particles are lost longitudinally. 
In a previous paper4 emittance growth of high current 
linacs was analyzed in detail. This paper deals only 
with the particles lost longitudinally. The next chap­
ter describes a simple analytical model of the longi­
tudinal phase space including space charge. In the 
chapter afterwards a discussion of numerical results 
from multiparticle calculations with special emphasis 
to lost particles is given. 

Simple model of longitudinal motion 
including space charge 

It is common to describe the longitudinal motion of 
particles with small transverse components by a sum 
of the nonlinear rf-potential and a quadratic space 
charge term. For the calculation of the space charge 
factor ~l the bunch is presented by an ellipsoid uni-

formly filled with charge corresponding to linear space 
charge forces 2 

A simple model has been developed which allows that 
a few number of particles can leave the bunch. It has 
been assumed that outside the bunch the single particle 
motion will follow from a Coulomb-potential of a sphere. 
With this model the evolution of the longitudinal phase 
space distribution could be explained 4. 

The assumption of calculating the Coulomb potential 
outside the bunch by a sphere and inside by an 
ellipsoid is inconsistent and gives wrong results for 
large space charge factors, e.g. ~ > 0.9. To be con­
sistent the potential outside the ~unch is calculated 
from an ellipsoid of revolution in this paper. The 
formulas will be presented elsewhere 7 . For zero trans­
verse components the longitudinal potential can be 
calculated straightforward outside an ellipsoid filled 
uniformly with charge6 . 

With this model the longitudinal phase space has been 
calculated for a beam current of 400 mAo Fig. la and 
Ib show the longitudinal potential and the phase space 
at 2 MeV respectively. The space parameter ~l is 0.92. 
Emittances and tunes are chosen in such way that in­
spite of the large value of ~l no collective instabi­
lities are present. The input emittance of 1.8"" °MeV 
is much larger than the acceptance; a quite unstable 
situation. Fig. 2a and 2b describe the situation at 
6 MeV corresponding to half a synchroton oscillation. 
Due to the acceleration the acceptance has become 
larger than the emittance; the situation is stable 
now. It is expected that longitudinal losses will 
happen between 2 and 6 MeV. 

Numerical results on longitudinal particle losses 

As an extract of many multiparticle calculations re­
sults are presented for a beam current of 400 mAo 
The simulations were done with 2000 macroparticles. 
The space charge force is included by summing up the 
Coulomb forces between the macroparticles. The initial 
phase space distribution is waterbag like in the 
transverse and a Gaussian distribution in the longi­
tudinal phase space. By choosing a longitudinal water­
bag distribution the results are the same in a quali­
tative sense. The Gaussian distribution has been 
choosen to populate the halo with particles. 

Concerning the first question Fig. 3a shows the di­
stribution in the longitudinal phase space at injection 
of those particles which are lost later on. The number 
of lost particles is 124 which is about 6 i. of the 
total beam current. In comparison Fig. 3b shows the 
longitudinal input distribution of all particles. The 
lost particles are localized quite well. They mainly 
come from the lower halo of the input distribution. 
These particles can pass the phase -2"s and there­
fore get lost. Particles from the upper halo cannot 
reach the phase -2'rs because of phase damping and 
the increase of the energy acceptance during accele­
ration. As a rough rule all those particles are not 
lost which can complete one synchrotron oscillation. 
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The longitudinal rms emittance of the non lost par­
ticles increases up to 2.5 at 100 MeV. This growth 
is still consistent with the empirical evaluated law 4 : 

longitudinal rms emittance growth 
between 2 and 100 MeV 

Here ~ and ~1.0 are the longitudinal tunes with and 
without current. 

In contrast to the longitudinal situation the lost 
particles are distributed randomly in the transverse 
phase space at injection (Fig. 4). No correlation is 
seen between the longitudinal and transverse direction 
of motion of the lost particles. It is therefore con­
cluded that for a particle only the input coordinates 
in the longitudinal phase space are responsible for 
getting lost longitudinally or not. 

In Fig. 5 the spectrum of the energy of the lost par­
ticles is plotted. 121 particles are lost between 2 
and 6 MeV. Only three particles have an energy between 
6 and 10 MeV. This result agrees with the simple model 
explained above. The three particles with an energy 
above 6 MeV become close to the unstable fix point. 
Particles close to the unstable fix point are moving 
slowly in the phase space and therefore they can be 
accelerated to higher energies before they are lost. 

The energy spectrum looks similar to the one shown in 
Ref. 5. There the longitudinal input distribution was 
equal to the output distribution of a bunching system. 
In the bunching system tails have evolved in the longi­
tudinal phase space, which are lost in the following 
Alvarez linac. The maximum energy of a lost particles 
was 13 MeV. 

All calculations where done without any consideration 
of tolerances or misalignments. It turned out that 
e.g. phase errors can influence the loss of particles 
strongly. Simulations have been carried through with 
phase errors from tank to tank < 3° for a beam current 
of 200 mAo Losses have been observed with a particle 
energy up to 25 MeV inspite to a no loss situation 
for a linac without any error. 

The main conclusion is now: for any error free high 
current linac longitudinal losses will happen mainly 
during the first synchrotron oscillation which corres­
ponds to an energy in the order of 10 MeV. Afterwards 
no losses are expected. The situation is different 
in case of field and phase errors. Then particles are 
lost at higher energies. It is therefore concluded 
that in existing linacs the losses above 10 MeV are 
strongly influenced by tolerances in the rf system. 

What can one do now to reduce particles losses? It 
turned out that the number of particles lost can 
be reduced by injecting the beam with somewhat dif­
ferent parameters (energy, phase, matching-parameters) 
than the design parameters and by reducing the errors. 
E.g. if the beam bunch center is injected with an 
energy of 2.008 MeV compared to 2.000 MeV design input 
energy the number of lost particles could be reduced 
to 97 which is about 20 7. of the losses. 

All numerical results mentioned so far give a more 
qualitative understanding of longitudinal losses. 
It is not possible to give analytical formulas for 
m~n~m~z~ng the losses. Multiparticle calculations so 
far give a rough estimation of beam loss in the range 
of 10 7.. 

Conclusion 

Longitudinal beam loss has been studied with multi­
particle calculations. Due to the nonlinear longitu­
dinal potential the lost particles can be localized 
quite well in the phase space at injection (see Fig. 3) 
There is no correlation between the longitudinal and 
the transverse motion. It turned out that longitudinal 
loss can happen within the first synchrotron oscilla­
tion only. Without tolerances no loss is expected 
afterwards. This means the bulk of longitudinal beam 
loss takes place below 10 MeV. In addition field and 
phase errors can produce particle losses even at higher 
energies. By varying the input energy, the input phase 
and the matching parameters some influence on the 
amount of losses is possible. 
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fig. la: Longitudinal potential with (2) and 
without C I) space charge at 2 MeV 
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Fig. Ib: EmittanceCshaded area)and acceptance with (2) 
and without C I) space charge at 2 MeV 
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Fig. 3a: The initial distribution of lost particles 
in the longitudinal phase space 
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Fig. 4: The initial distribution of lost particles in 
the transverse phase space and the boundary 
of the total distribution 
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Fig. 2a: Longitudinal potential with (2) and 
without C I) space charge at 6 MeV 
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Fig. 2b: EmittanceCshaded area)and acceptance with (2) 
and without C I) space charge at 6 MeV 
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Fig. 3b: Total initial distribution in the longitu­
dinal phase space 
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ri6' 5: Energy spectrum of lost particles 
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