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Abstract --- 
The transport of high-fntenslty, high-brightness 

beams is reviewed. Recent results of theoretical 
studies and experiments are presented. 
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The main results of both computer simulations as 
as measurements from that period can perhaps best 

summarized by the following empirLca1 relation 
malized output and input emittance for an 

Introduction -- 

The generation, transport, and acceleration of 
high-Lntensity, high-brightness beams is of great 
current interest for heavy ion inertial fusion (HIF), 
spallation neutron sources, injector linacs for future 
high-energy physics machines, free-electron lasers 
(FEL) > and other applications. The behavior of such 
beams is dominated by space charge, rather than 
emittance, i.e. OOCZ operates near the space-charge 
limit where the forces due to the internal fLelds are 
comparable to the external focusing forces. Space- 
c;large effects are most pronounced at low energy, and 
the only machines capable of accelerating low-energy 
beams of high intensity are rf linacs or inductLon 
linacs. 

Beam transport entails the transverse Pd 
lonoitudinal focusing 0 of the particl-s from the source 
through the accelerator to the target. In a typical 
low-energy transport section for an rf llnac, the beam 
has to be pre-accelerated, bunched, focused, and 
matched into the linac. Today, for ion beams, the 
Radio-Frequency-Quadrupole Linac (RFO) with its 
superior performance characteristics is being used for 
this task. 

In the 1 tnac, accelerat Len, transverse, and 
longitudinal focusing actLons occur at periodic time 
intervals. Thus, in the frame moving with the 
particles, the linac is a periodic beam transport 
system. At the high-energy end, the beam has to be 
transported to the target with magnetLc quadrupole 
lenses, since solenoids and electric lenses are not 
effective at high particle velocities. In an HIF 
system, this transport has to be provided over a very 
large distance, and a periodic FODO channel is 
required to accomplish this task. The major 
bottleneck Ln an HIF accelerator.though is at the low- 
energy end. Since the currents produced by ion 
sources are several orders of magnitude below the 
levels required for pellet ignition, various schemes 
of current multiplication have to be employed such as 

longitudinal pulse compression, multiple-beam arrays 
in the inductLon linac, or funneling in the rf llnac 
system for HIF. 

HFstorically, we can distinguish two periods in 
the study of high-brightness beams. The ftrst period 
occurred in the late sixties and early seventies in 
connection wLth the design and operation of the high- 
energy injector linacs at CERN, Brookhaven, and 
Fermilab and the LAMPF accelerator at Los Alamos. 
Part Lcularly noteworthy for this period is the 
development and use of computer simulation codes,’ to 
study the beam transport through an rf linac. In 
addition, considerable progress was made in developing 
analytical methods to describe the effects of space 
charge on the beam dynamics, such as the concept of 
rms emitt nce and equivalent beams by Lapostolle and 
Sacherer. 2’ 

*Work supported by DOE 

between nc 
rf linac: 

Here, I is 
range 0.6 
attributed 
fundamenta 

cN,out = (E 2 
N,in 

+ kI”)L” , (1) 

the current in the bunch, n a number Ln the 
< n < 1.0 and k a constant. This formula, 

to Prom.&,’ implies that there is a 
limit to the emittance and brightness of a 

linac beam which depends on the beam current. As the 
input emittance Ls decreased, the output emittance 
approaches a lower 1LmLt 

P 
hich depends on the current 

and is given by (kI”)l *. This is illustiatoefdL;; 
FLg. 1 which is from a paper by R. Stephens 
Alamos showing theoretLca1 emittance curves according 
to Eq. (1) and measurements at LAMPF for different 
currents In schematic form. 
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FIG. 1. Characterization of rf linac output emittance 
as a function of input emittance for different 
currents. Dashed curves represent relation (l), 
circles indLcated experimental data points (from R. 
Stephens, Ref. 4). 

It should be emphasized that there are to date no 
theoretical models that explain the ltnac beam physics 
responsible for the above relation and that predict 
the exact values for the parameters k and n. 

The proposals by Maschke and Martin to use heavy 
ion accelerators for inertial fusion triggered new 
interest in the transport of intense beams and 
launched the present period of research activity in 
thLs field that began in the late seventies. In the 
meantime, of course, other applications of high- 
brightness beams have broadened the scope of this work 
considerably. A major part of the work so far has 
been devoted to the beam transport in a long periodic 
channel where theoretical studies predicted 
instabilities due to resonant interaction between beam 
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modes and the periodic structure. 

Looking back at the past few years, one can say 
that the concentration on transversg focusing of long 
beams proved to be very fruitful. The absence of 
longitudinal effects led to the successful diagnosis 
of various phenomena that otherwise tend to be 
obscured by the complicated three-dimensional beam 
dynamics in an rf linac. An excellent example is the 
problem of emittance growth in nonuniform beam 
distributions (via conversion of field energy into 
transverse kinetic energy) discussed in the invited 
paper by Wangler.5 The emittance growth formula in 
this case is very similar to Eq. (I), and one can 
expect that this effect plays also an important role 
in bunched beams. 

The following review of beam physics issues and 
ongoing experiments is limited for the most part to 
transverse focusing (transport) of long beams. 
Although the emphasis of recent work has been on 
periodic focusing, we will take a broader view here 
and include other aspects such as the particle source, 
transport through individual lenses, and charge 
neutralization effects. On the other hand, the very 
intense relativistic electron beams and ion beams 
produced in pulsed-power generators will be excluded 
since they form a special class of beams that are 
outside of the scope of this review. 

Beam Physics Issues and Answers 

Brightness Limitations of Charged Particle Sources 

The central issue for the design of a high- 
intensity, high-brightness accelerator Ls that a beam 
with a desired current and emittance be delivered to a 
target without appreciable loss of particles and 
without excessive emittance growth ?urfng the 
transport and acceleration process. This task begins 
with the particle source which will be discussed 
first. 

The typical source of electrons is a thermionic 
cathode while ions are usually extracted from the 
plasma of a gas discharge. When the cathode or the 
plasma are in thermal equilibrium at a temperature T, 
the velocity distribution of particles is 
Maxwellian, i.e. Ih' f(v) = exp(- mv /kT). The source 
temperature represents an intrinsic. lower LLmit for 
the normalized emittance, eN. If r denotes the 
radius of the cathode in an electron "gun or of t e 
emitttng plasma surface of an ion source, and mot 9 

the rest energy of the particles, the intrinsic 
normalized emittance Ls given by the relation6 

EN = BYE = 2 r 
S 

(kT/m c2)1'* 
0 

, (2) 

where 4 = v/c, y = (1 - 82)-l/2. In electron guns, 
kT is typically about 0.1 eV; for plasma ion sources, 
kT may be several times larger than that. 

The current density of the particle beam 
extracted from a source is limited intrinsically by 
the Child-Langmuir Law (in MKS units): 

J = 1.67 x 10s3(q/m c~)~'~V 3'2/d2 . 
0 0 

(3) 

V is the extraction voltage and d the spacing 
bgtween the emitter surface and the extraction 
electrode. This implies a fundamental current limit 
of 

I = 0.52 x 10 -2(q/moc2)1'2(rs/d)2 Vo312 , (4) 

From Eqs. (2) and (4), one obtains an 
the normalized brightness BN = I/eN 

fpper bound, for 
of a charged 

particle beam. 

In practice, one cannot achieve the high currents 
predLcted by the Child-Langmuir law. Current 

densities for cathodes used in electron guns, for 
instance, are limited to about 10 A/cm2. On the other 
hand, electrical breakdown, limits the voltage V 
(in kV) and gap spacing d (in cm) in any source &h 
that v < 100 J;f. to avoid 
nonlinear-i&es, 

Furthermore, 
and hence emlttance deterioration, in 

the ion optics of the source, 7 the aspect ratio 
between the emitter radius and the cathode-anode 
spacing, r /d, must stay within limits which are 
typically be%ween 0.5 and 1.0. 

The above relations define the intrinsic limits 
imposed by the source on the emittance, the current, 
and the brightness of a particle beam. They can serve 
as a benchmark for computer simulations or 
experimental data. 
one finds* that 

In electron linacs, for instance, 
the normalized emittance of the 

accelerated beams may be as much as 30 times larger 
than the intrinsic limit given by Eq. (2). 

Maximum Transportable Current In Various Systems 

Many high-tntensity ion sources are capable of 
producing higher beam currents than can be handled in 
a beam transport system or by the low-energy end of 
the linear accelerator. Thus, it is important to know 
the theoretical current limits of various focusing 
systems such as a short lens followed by a drift tube, 
a long solenoid, a periodic focusing channel, and 
neutralization of the space charge. The current- 
handling capability of each focusing system can best 
be evaluated by using the uniform K-V beam model with 
linear space charge and external forces. The equation 
for the envelope radius R of such a beam has the well- 
known form 

R"+&+i=O, 
R: 

(5) 

where I: denotes the focusing strength, E the 
unnormallzed emittance, and K the generalized 
perveance defined as 

K = (I!~o)(2/83v3) . (6) 

The characteristic current I 1.7 X IO4 
amperes for electrons and 3.1 x 18' i.T*/Z) amperes 
for ions of mass number A and charge Ze. 

In high-brightness beams without charge 
neutralization, the effect of the emtttance on the 
bz$;RfaCdfu;,Ri: negligible, i.e. one can assume that 

The generalized perveance K takes on 
the role of a scaling parameter in this case. Let us 
now consider a transport channel with aperture radius 
a and length S. What is the maximum beam current that 
can be transported through such a channel if all 
forces are linear and if one allows the beam to fill 
the available aperture, (i.e. R = a)? The answer to 
this question for the focusing systems mentioned above 
is given below. 

Single Lens and Drift Tube (radius a, length S): 
If f denotes the focal length of the lens, then the 
maximum 'current is passed through the tube when 
f = s/3.974. The corresponding value of the 
generalized perveance is9 

K 
max = 2.33 (a/S)2 , 

which shows that the maximum transportable 
5 

urrent Ls 
pr pgrtional 

3 
to the geometry factor (a/S) ) and to 

5Y - 

Uniform Focusing Channel (long solenoid): In 
this case one obtains from Eq. (5) with R" = 0 
R = a, and c=O the result 

K = .a2= (qBa/2mocSv)2, (8) 

where B is the solenoidal magnetic field. The theory 



shows that there is an upper limit for K given by 
K = 0.384. 

max 
?eriodic Focusing Channel (lens period S): This 

problem has received cons iderable attention in 
connection with the final transport of the beam in 
heavy ion fusion. From the smooth approximation 
theory10 one obtains the result 

K ,max 
= oou/s = u;(a/s)2C (9) 

where ,oo is the phase advance per lens period of the 
particle oscillation without yace charge, u the 
channel acceptance, G = (Y/a) the ripple factor, 
and a the average beam radius. Recent theoretical 
and experimental studies have shown that oo should 
not he greater than 90”. If one takes this value 

(0 = x/2) and considers a quadrupole FODO channel, 
the: one obtains G = 0.4 and hence 

K 
max 

= 0.987 (a/S)’ . (10) 

Note that the aspect ratio als cannot be made 
arbitrarily large. If one assumes a/S = 0.2 as an 
upper lim.it, one obtains Kmax = 0.294. Thus, by 
comparison with the previous two cases ( the 
transportable current is lowest in the periodic 
channe 1. 

Charge Neutralization: For long beam pulses (say 
T > loo-{S) Propagating in ?oderate vac;1u13. 
(P - 10 Torr), charge neutralization via ionizing 

collisions with the background gas becomes 
important. Such neutralization may he desirable for 
high current transport, hut it may also have 
undesirable effects, e.g. if the degree of 
neutralization f varies within the oulse or If 
emittance growth occurs. To illustrate the 
neutralization effect on beam transport, let us assume 
that the beam is fully neutralized, i.e. f = 1. The 
peneralized Perveance K in Eq. (5) is then zero, and 
the radius of the beam is entirely determFned by the 
emittance. From Eq. (5) one finds with R’ ’ = 0 and 
K = 0, the solution 

R=a ZE (cIJKp* . (11) 0 

This radius can be considerably smaller than for the 
unneutralized beam, i.e. a <<a. Thus, if 1 
denotes the current of the unn%utralized beam that &II 
be transported through a drift tube or focusing 
channel with radius a and In the current of the 
neutralized beam, then 

I* = IU(a/ao)* . (12) 

This assumes of course, that more current is available 
from the source and that the emit tance of the 
neutralized beam remains small enough for the 
particular application. Charge neutralization is a 
rather complex issue which is not fully understood 
yet, and the general attitude has been to avoid it 
when possible. Howeve r , the new interest in high- 
intensity beams may also lead to more research and 
better understanding of this problem. 

Emittance Growth 

The intensity limits of various focusing channels 
discussed in the previous section apply for ideal 
systems, i.e. matched beam, linear forces, and low 
emittance (E << W-K). However, in practice, many 
effects may cause emittance growth and losses. Major 
sources of emittance growth are instabilities in 
periodic focusing channels, nonlinear forces due to 
external fields or the self fields, exchange between 
field energy and transverse kinetic energy in 
nonuniform beams, off-centered beams, lens 
misalignments and effects of image forces, and energy 
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exchange between two directions (equipart loning). We 
will now briefly summarize the major results and the 
present status of studies devoted to these issues. 

The main effort during the past few years has 
been concerned with beam transport in a long periodic 
focusing channel which is of crllcial importance for 
heavy ion fusion. Analytical work and computer 
simulation indicatedll using the ideal K-V distribution had 

that there is a window for safe transport 
defined by o < 60” and u > 24O where ,, and 

u are the ‘Phase advance with a)nd 
chzrge 

without space 

simula;i~~s~ecti”ely~ 
Hare recent work, both computer 

with non-K-V distributions as well as 
experiments, demonstrated that these instabilities do 
not affect laboratory beams as much as had heen 
feared. Only the envelope-type instability poses an 
upper limit for leading to a more relaxed 
condition of o uB < 90 with no lower limit on 0. As 
a result, the ?r,ansportable current can he almost a 
factor two higher than had been assumed at first. 
However, other effects may impose additional 
constraints, as will he discussed below. 

One such effect Ls spherical aberration which in 
axixsymmetric lenses, for instance, adds a cubic term 
to the radial force, i.e. the change of slope of a 
trajectory in the lens is given hy 

3 r I’ = -ar-ar . 
1 3 (13) 

For solenoids, the two coefficients al and a3 are 
positive; both terms are therefore focusing, and she 
ratLo of the two force terms is 
Numerical simul.ation studies forF3LTE ‘a~~3’~~~:,;, 
distributions in a periodic solenoid channel with a 
nonlinear lens force described by Eq. (13) have shown 
the following results:13 at o. = 60°, there is no 
emittance growth; at o. = 9Oa, on the other hand, 
significant emittance growth may occur. This is shown 
~I-I~~~;. zanwheerefou;gufl/Ein is plotted vs. F3/F,. 

n our conference paper on this 
top tc. These nonlinear effects thus may prohibit 
operation *ear u = 900 or reduce the useful aperture 
radius (and hence acceptance) of the periodic 
transport channe 1. We have no experimental 
confirmation yet of these findings. A systematic 
study at the University of Maryland of the nonlinear 
effects Ln a single solenoid lens has been published 
recently.14 It was shown that the beam becomes hollow 
and that a halo forms when the focusing strength is 
Lncreased. 

I 

II h / ES” 

FIG. 2. Emittance growth versus F3’Fl . after 50 
periods, for thermal distribution in periodic solenoid 
channel at o 

0 
= 900, cl = 150, and CJ = 90°, u = 6O. 

Of great importance for high-brightness beams is 
the emittance growth observed when a nonuniform beam 



is transported through a linear focusing system. This 
is the effect discovered in Ref. 12 and revLewed Ln 
the invited paper by T. Wangler.5 The results oE( our 
studies can be summarized as follows: Near the space- 
charge limit (a/u + 0), a matched beam in a linear 
focusing system m-uzt have a uniform density profile. 
If the beam is not uniform, it has an excess amount of 
field energy, AW/w which is 
transverse kinetic engigy and 

converted into 
thus emittance growth. 

The theory yields the formula 

e = 
out (E ;, + kI’)l” , 

where 

k=!%L( 
w K 

---+* . 
0 IO6 Y 

(14) 

(15) 

Note that the effect occurs in a single lens and does 
not require a periodic force. 

Equation (14) is similar to the empirical 
relation of Eq. (1) found for bunched beams In a 
linac, and one expects therefore that the above effect 
may help to explain the emittance growth in linear 
accelerators. 

The problem just described raises a fundamental 
question for the theoretician, namely how to find 
equilibrium distributions in a periodic focusing 
channel. Until recently, the only known distribution 
was that of Kapchinskij-Vladimirskij (K-V beam). 
However, Struckmeier has shown that a generalized 
waterbag distribution also represents a matched beam 
in a periodic channel. I5 The associated density 
profile is nonuniform at large values of 0, but 
becomes uniform as o + 0. 

A well-known source of particle loss encountered 
in experiments is beam off-centering and/or 
mi salignment of lenses. This problem is currently 
being studied both at Berkeley and the University of 
Maryland. An off-centered beam performs coherent 
oscillations with an effective phase advance given by 

2 
u = 

cob (Q 
0 

- uf,) 1’2, (16) 

where center fiqhei;eate to the image force seen at the 
and hence proportional to the beam 

current. In the Electrostatic quadrupole channel at 
Berkeley, the image force due to a displaced beam 
contains a sextupole component 
found In simulation studiesI (tChOaSt3’);his Ttfo~~~ 
interacts resonantly with a sextupole beam mode which 
results in emittance growth. Similarly, a dodecapole 
component (~0~68) in the external focusing force 
(when acting without the image term) was found to 
result in emlttance growth for an off-centered beam. 
Fortunately, due to opposite signs in the two forces, 
one can achieve complete cancellation and suppression 
of emittance growth by proper choice of the quadrupole 
geometry. 

Experiments 

The theoretical predictions of instabilities and 
current limits Ln long periodic focusing channels were 
based on the idealized K-V distribution. Several 
experiments were launched to check the validity of the 
theory. Over the past two years these experiments 
have produced first results, and there are a number of 
papers at this conference which describe the present 
status of these activities. Thus, I will limit myself 
to presenting a few highlights of ongoing experiments 
at the University of Maryland, Berkeley, and GSI. 

At the UniversLty of Maryland17~18 an electron 
beam (5 keV, 50 to 250 mA) is being transported 
through a periodic solenoid channel. The first stage 
of the channel consisted of 2 matching lenses and 12 

periodically spaced lenses. We demonstrated 100% 
transmission of the injected current over a window of 

406 < u < 1100, with a tune 
- 8.1. 

depression of 
u/u The measured beam emittance was only 

abou’? 40X higher than the intrinsic value of 
Eq. (2). Of particular interest has been the effect 
of nonlinear lens forces on the beam envelope. This 
is shown in Fig. 3 for the 0 = 600 case where the 
measured beam radius is approxi”mately 10% smaller than 
the theoretIca result based on linear beam optics 
(top). P. Loschialpo developed a computer program 
that includes nonlinear effects in the external 
focusing forces up to third order as well as the 
nonuniform 
calculationsls’aze C:nar~~ceLlenrheagr w::h tkg 
experLmenta1 data (bottom of Fig. 3). 

02 - 

0 I 

+13.6CiLl -4 

FIG. 3. Effect of nonlinear lens forces (spherical 
aberrations) on the beam envelope in the Maryland 
experiment (from Ref. 19). 

Last year we added a second stage of 24 
additional. lenses to the channel. Transport studies 
with a different electron gun havLng a smaller cathode 
radius (0.5 cm vs. 1.25 cm of our large gun) yielded 
100% beam transmLssion through the full channel for 

400 < u 1000 
this window. 

with rapid beam loss on either side of 
In subsequent studies with our large gun 

we found that the beam was off-centered and we 
obtained 100% transmission only in a narrow range of 

0 values near o = 700. Details of these studies 
arX reported in o$r contrLbuted paper.18 Further 
investigation of the effects of off-centering and 
image forces are planned for the future. 

The beam transport 
consists of a Cs+ 

experiment at Berkeley*G 
source (120-160 keV, 0.7-23 mA), a 

matching section of 5 electrostatic quadrupoles and a 
periodic focusing channe 1 with 82 electrostatic 
quadrupoles (41 periods). Grids are used to cover a 
wide range in o , n parameter space. 
was found to be’stable below o 

Beam transport 
= 900 and down to 

accessible values of o as’ low” as 8O. Unstable 
regimes of beam transport above 0 = 900 were found 
to be in agreement with theorettcal’expectations. 

In recent months the first stage of a multLple- 
beam experiment with 4 C,+ parallel beams, called MBE- 
4, was put into operation. It is designed to 

53 udy 
beam physics issues relevant to heavy ion fusion. 

At the GSI lahoratory, a short periodic channel 
consisting of 12 magnetic quadrupole lenses in a FODO 
configuration (6 periods) is being used to study the 
transport of high-brightness Ar+ beams (190 keV, 
several mA). A major issue at Dannstadt is charge 



neutralization. The ion pulse length is > 1 ms and 
partial neutralization occurs which varies along the 
beam pulsy. Another issue is the fact that the ion 
beam has a nonuniform profile which may lead to the 
rapid emittance growth described above. When the beam 
is partially neutralized, the nonlinear space-charge 
force responsible for the emittance growth is reduced 
by = Eactor 1 - f, where f is the degree of 
neutralization. This is indeed observed in the 
experiments.22 Figure 4 shows the variation of the 
energy of residual-gas ions [which indicates the beam 
potential, V (1 - f), on the axis] and of the 
emittance aloOng the beam pulse at the channel 
entrance. Note that in the early part of the pulse, 
where neutralization is negligible, the emittance is 
almost a factor two larger than in the remainder of 
the pulse. 

2 t 
- 60 
z 
E 
z 40 

TIME (ms)+ I I I I 
0 0.1 0.2 0.3 0.4 05 06 

FIG. 4. Variation of the energy of residual-gas ions 
and of the beam emittance along the beam pulse at the 
channel entrance of the GSI experiment (From Ref. 22). 

FLnally, I want to mention that at the FOM 
Institute in Amsterdam, a MEQALAC system with 4 
parallel He+ beams is being studied. The MEQALAC is 
an rf linac with electrostatic quads focusing the 
beams between the acceleration gaps. The latest 
~~~~:o~~e:~i~tc~~~e~~~c~~~~g reported in a contributed 
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