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INTRODUCTION 

High-intensity proton linacs are being proposed for new projects around 
the world, especially for tritium production, and for pulsed spallation. 
neutron sources. Typical requirements for these linacs include peak beam 
currents of about 100 mA, and final energies of 1 GeV and higher. APT, a 
tritium production linac, requires cw operation to obtain sufficient average 
beam power, and H+ ion sources appear capable of providing the required 
current and emittances. The pulsed spallation neutron source requires a 
linac as an injector to one or more accumulator rings, and favors the use of 
an H- beam to allow charge-exchange-injection into the rings. For both 
applications high availability is demanded; the fraction of scheduled beam 
time for actual production must be 75% or more. Such a high availability 
requires low beam-loss to avoid radioactivation of the accelerator, and to 
allow hands-on maintenance that will keep the mean repair and 
maintenance times short. To keep the accelerator activation sufficiently 
low, the beam loss should not exceed about 0.1 to 1.0 nA/m, except 
perhaps for a few localized places, where special design adaptations could 
be made. The requirement of such small beam losses at such a high 
intensity presents a new beam-physics challenge. This challenge will 
require greater understanding of the beam distribution, including the Iow- 
density beam halo, which is believed to be responsible for most of the 
beam losses. Furthermore, it will be necessary to choose the apertures so 
the beam losses will be acceptably low, and because large aperture size is 
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generally accompanied by an economic penalty resulting from reduced 
power efficiency, an optimized choice of the aperture will be desirable. 

LAMPF STUDIES’ 

The problem of understanding the beam distribution and predicting the 
beam losses is not easily addressed by analytic theory, because of the 

on the computer can in principle provide a solution, if 1) the input beam 
conditions are known, 2) the space-charge calculation is accurate enough. 
and 3) the focusing fields are known to sufficient accuracy. To assess the 
present state of the capability of the numerical simulation codes, we have 
carried out beam-dynamics simulations of the LAMPF proton linac, and 
compared the predictions with measurements.2 Comparison of LAMPF and 
APT parameters shows that although the average beam currents differ by 
a factor of 100, the protons per bunch differ only by about a factor of 3, 
and the space-charge tune depression ratios are Comparable. The average 
beam-loss rate for the LAMPF side-coupled linac is about 0.1 nA/my which 
corresponds to a loss rate of about lO-7/m above 100 MeV. 

complexities of the nonlinear space-charge forces. Numerical simulations . .  

Several difficulties were encountered in making the comparisons. First 
there are no measurements at LAMPF of the longitudinal parameters of 
the injected beam into the drift-tube linac at 750 keV. To deduce the .input 
longitudinal parameters by modeling the bunching process in the low- 
energy beam transport line is difficult, because of the unknown time- 
dependent charge neutralization of the beam during the bunching process. 
Finally, no direct measurements are made of the beam halo along the linac. 
Nevertheless, reasonable assumptions and approximations can be made, 
and beam-dynamics simulations for both the H+ and H- beams have been 
compared with actual measurements from LAMPF. It was found that rms 
emittances are predicted to an accuracy of about k30%. The locations with 
the largest beam losses are correctly predicted, but the magnitudes of the 
losses are overestimated, indicating that either the assumptions are wrong, 
or that the simulation codes are not accurate enough for reliable 
predictions. It is believed for the operating experience at LAMPF that the 
simultaneous acceleration of H+ and H- beams results in compromised 
settings for beam steering of both beams, which results in enhanced losses. 
This would not be a problem for acceleration of a single species. Also, 

1 The 800 MeV proton linac at Los Alamos was renamed in 1995 LANSCE for Los Alamos 
Neutron Science Center. 

Accel. Conf. and lnt. Conf. in High-Energy Accel, Dallas, TX, May 1-5, 1995. 
R. W. Garnett, E. R. Gray, L. J. Rybarcyk, and T. P. Wangler, Proc. of the 1995 Part. 
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evidence that about 20 to 40% of the total loss OCC.::~ during the first 50 ps 
of the beam pulse, suggests rf control problems that are believed to be 
correctable by improvements in the rf control system. This effect would 
not be a major concern foi a cw linac like APT. 

The simulation studies provide important semiquantitative results that 
suggest additional causes for beam loss at LAMPF. The simulations show 
that a tail is present in longitudinal phase-space at both 5 MeV, after the 
first drift-tube linac tank, and at 100 MeV,. before injection into the 
coupled-cavity linac. The majority of the losses at 100 MeV are from 
particles in the tail. Additional computer simulations show that this tail can 
be reduced by about two orders of magnitude by replacing the bunching 
system and the first drift-tube linac tank by an RFQ.3 The simulations 
show that although this tail is the largest contributor to the beam losses, 
additional halo is produced from longitudinal mismatch at IO0 MeV and 
transverse mismatch at 750 keV. 

. 

RMS MISMATCH AND HALO 

I t  is clear from numerical; simulation studies that rms emittance growth 
and halo formation are two aspects of the same phenomenon. The classic 
description4 of rms-emittance growth is presented in terms of a 
filamentation pattern, which produces a growth of effective emittance that 
can be quantitatively measured by a growth of the rms emittance. In a 4-D 
or 6-D phase space problem, the filamentation structure may not be 
evident in the usual 2-D phase-space projections, and may appear there as 
an extended diffuse halo rather than as spiral filaments. Clues to which 
mechanisms are most responsible for halo formation can be obtained by 
referring to the known mechanisms for rms emittance growth. Emittance 
growth of rms matched beams has been studied experimentally in long 
periodic quadrupole transport lines,S and an empirical stability chart has 
been obtained. I t  appears from this work that rms matched beams can be 
transported with relatively little emittance growth and halo formation. The 
envelope instability in a quadrupole-focusing channel can produce a large 
emittance growth if 00, the zero current phase advance per focusing period, 

R. W. Garnett, et. ai., presented at the 8th ICFA Advanced Beam Dynamics Workshop 
on Space-Charge Dominated Beams and Applications of High Brightness Beams, 
Bloomington, Indiana, Oct. 11-13, 1995. 

J. D. Lawson, The Physics of Charged Particle Beams, Clarendon Press, Oxford, 
Second Edition( 1988). 
j M. G. Tiefenback and D. Keefe, IEEE Trans. Nucl. Sci., NS-32, No. j(1985) 2483. 
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exceeds 90 degrees.6 No such resonance effects have ever been reported 
when 0 0  is kept below 90 degrees. Emittance growth is produced in some 
cases, where asymmetries are present, from a process in which energy is 
exchanged between degrees of freedom.8.9 It is known ,hat emittance 
growth results, but we know of no report of large halos from this process; 
however more systematic studies of these effects are needed. 

Rms mismatch as a cause of emittance and extended halo growth has been 
established from numerical studies. *071 1 The particle-core mode11’*1j-13 has‘ 
been the most successful approach for understanding the underlying cause 
of halo formation from mismatched beams. In the model the space-charge 
field of the core of a continuous beam propagating in a uniform linear 
focusing channel, is represented by a hard-edged, spatially uniform 
density distribution, oscillating radially in a breathing mode. The 
amplitude of the breathing mode is directly related to the initial nns 
mismatch of the beam. The dynamics of the outer halo particles are 
affected by both the constant external focusing forces, and the repulsive 
space-charge forces from the oscillating core. In the model these outer 
particles are represented by particles that interact only with the core, and 
oscillate through it. Their phase-space motion is complicated, because of 
the time-dependent space-charge force, which is nonlinear when the 
particles are outside the core. Because of the time dependence of the fields, 
the particles can either gain or loose energy, depending-on the phase of the 
particle motion relative to the phase of the core oscillation. Each time a 
particle moves through a complete half cycle, an energy impulse is 
imparted to it. The particles slowly gain or loose energy as a result of a 
series of such kicks, each time the particle transits the core. It has been 
found that a parametric resonance exists,l4 such that the largest energy 
transfer occurs when the particle frequency is about one half the core 
frequency. The particle frequencies depend on the amplitude, because of 

I. Hofmann, L. J. Laslett, L. Smith, and I. Haber, Part. Accel. 13(1983) 145. 
7. J. Struckmeier and M. Reiser, Part. Accel. 14 (1984) 227. 

Laboratory, LA-9234-C (1982) 116. 

9234-C (1982) 125. 
l o  A. Cucchetti, M. Reiser, and T. P. Wangler, Proc. 1991 Part. Accel. Conf., IEEE Cat. No. 

l 1  M. Reiser, Proc. 1991 Part. Accel. Conf., IEEE Cat. No. 9lCH3038-7 (1991) 2497. 
l 2  J. S .  O‘Connell, T. P. Wangler, R. S. Mills, and K. R. Crandall, Proc. 1993 Part. Accel. 
Conf.:Washington, DC( 1993) 3657. 
l 3  J. M. Lagniel, Nucl. Inst. Meth. A345(1994) 46; A345(1994) 405. 
l 4  R. L. Gluckstern, Phys. Rev. Lett. 73(1994) 1247. 

I Hofmann and 1. Bozsik, Proc. 1981 Linear Accel. Conf., Los Alamos National 

R. A. Jameson, Proc. 1981 Linear Accel. Conf., Los Alamos National Laboratory, LA- 

91CH3038-7 (1991) 251. 
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the nonlinear space-charge - force. and not all particles can he locked intn 

resonance. The motion is most easily described by showing a stroboscopic 
or Poincare map, shown in Fig-l., in which x-x’ phase space is plotted for an 
initial array of test particles, once per core oscillation. cycle. An initial 
distribution of halo particles is distributed along the x and x’ axes, and the 
strobe time is most usefully taken at the time when the core radius is 
minim urn. 

FOCUSING DOMINATED 

Fig. 1. 
charge tune-depression ratio of 0.5, and a mismatch corresponding to the 
initial beam size a factor of 1.5 larger than the matched value. 

The stroboscopic plot from the particle-core model for a space- 

Three distinct regions are observed in Fig. 1, defined by a separatrices 
with interconnected paths. First, there is the inner region, which may be 
called a core-dominated region. These particles spend most of their time 
inside the core, and the frequencies of their motion are too small for a 
strong resonant energy transfer with the core. There is an outer region, 
which may be called the focusing-dominated region, in which the particles 
spend most of their time outside the core. These particles are mostly 
affected by the external focusing force, and have an oscillation frequency 
too high to have resonant energy transfer with the core. Finally, there are 
two islands, surrounding two fixed points on the x axis, one on each side of 
the origin. In these regions the particle oscillation frequencies are 

5 



. .  

approximately one half the core frequency, and I;. . ametric resonance 
produces large energy transfers. The amplitude gr. 1-th for the resonant 
particles is self limiting, because of the nonlinearity. A maximum particle 
amplitude exists, which depends on the amplitude of the core breathing 
mode; the breathing-mode amplitude is related to the initial rms mismatch 
of the beam. The general features of the particle dynamics appear to be 
insensitive to the details of the assumed core distribution. For example, a 
similar stroboscopic plot is obtained, if the distribution of the core is 
assumed to be Gaussian instead of uniform..15 Chaos is observed at Low 
values of the space-charge tune depression ratio, below about 0.4. 
A reasonable hypothesis, based of the results of the model, is that if we 
consider a beam that is rms mismatched, and a realistic particle 
distribution with a high central density that falls off gradually at the 
edges, those outer particles that fall under the influence of the parametric 
resonance, will be driven to large amplitudes, and the halo will grow. Low 
tune depressions and accompanying chaos may be serious, because then 
the separatrix that defines the resonance region lies closer to the core and 
more particles can be influenced by the resonance. 

Perhaps the most important model prediction from the point of view of the 
accelerator designer is that, for a given rms mismatch, there is a maximum 
amplitude for the resonant particle oscillations. This means that if the 
injected beam can be sufficiently well defined, so that no particles lie i n  
the focusing-dominated region, there is a maximum value for the 
boundary of the 
outer separatrix, 
formula for the 

halo, which is equal to the maximum amplitude, i.e., the 
in the resonance dominated region. An approximate 

maximum amplitude is empirically found to be 

where Xmax is the maximum resonant particle amplitude, Xrms is the 
matched rms beam size, which is identified in the model with the rms size 
of the core, xi is the initial r m s  beam size, and A and B are constants given 
approximately by A r 3 . 7 ,  and B s l . 3 .  An rms-matched beam corresponds to 
Xi/Xrms = 1. Eq.(l) is not a good approximation for very small mismatches, 
when xi /xms 11.1, where the ratio Xmas/Xrms rapidly approaches 2 as 
Xi/Xrms approaches 1.  The matched rms beam size can be approximated as 

l 5  T. P .  Wangler, Los Alamos Report LA-UR-94-1135: March 29, 1994. 
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u < 0.75 

where E is the unnormalized emittance, ko is the zero-current phase 
advance per unit length, and the dimensionless parameter u is 

K 
8~ko 

u=-. (3)  

The quantity K is known as the generalized perveance, which is related to 
the beam charge q, mass m, velocity p, relativistic mass factor y, and beam 
current I, by 

Eqs.(l) and (2) imply that to keep the maximum halo amplitude small, one 
needs to match the beam as well as possible, and keep the r m s  beam size 
small by keeping E small, and ko large. For example, if Xi/Xr,, = 1.5, we 
find xmax/xms = 5.6, which determines a minimum radius for the aperture, 
to avoid loss of particles driven into the halo by the resonance. Allowing 
room for the flutter associated with the quadrupole focusing system, and 
allowing additional room for misalignments could easily' lead to an 
aperture to rms beam size requirement near 10, 

We have conducted an initial test of the prediction of a maximum 
amplitude associated with an rms mismatched beam in a realistic linac, by 
canying out a numerical simulation of an initially mismatched beam into a 
7- to 20-MeV section of a linac. Two- different .initial distributions were 
injected, the uniform 3-D, and the waterbag, which is a uniformly filled 6- 
D ellipsoid. The question is whether the mismatch creates a sharply 
defined halo with maximum amplitude, or a Gaussian-like tail that may 
extend indefinitely. We assumed that if the halo is a Gaussian-like tail, the 
apparent maximum amplitude would increase with the number of particles 
used in the simulation. Instead, if a maximum amplitude exists, the 
apparent maximum amplitude should be independent of the number of 
particles used, except for statistical effects that can produce a small 
apparent increase in maximum amplitude with the number of particles 
used. Our preliminary conclusion is that the results are consistent with the 
hypothesis of a maximum amplitude. 
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CONCLUSION 

The need for high availability for the new generation of high-power proton 
linacs, produces a challenging requirement for control of beam losses. 
Work during the past several years has led to a new understanding for the 
causes and characteristics of beam halo. These studies can help the 
accelerator designer to make an optimal choice for the aperture radius to 
achieve low beam loss and low activation, while maintaining high structure 
efficiency.. 
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