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Simon S. Yu 
Lawrence Llvermore National Laboratory, University of California 
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Introduction 

This paper 1s concerned with Intense electron beams, typically 
of the order of a few kA In current and up to tens of MeV In beam 
energy. A beam of this kind can be produced from Induction machines, 
examples of which are the ERA (4 MeV, 1 kA) at Lawrence Berkeley 
Laboratory and the ASTRON <5 MeV, 500A), 2 ETA (5 MeV, 10 kA), 3 

4 and ATA (50 MeV, 10 kA) at Lawrence Llvermore National Laboratory 
(LLNL). 

The emphasis of the present paper 1s not on the characteristics 
of Induction machines, nor on the production of these Intense 
electron beams. However, It Is Important to keep In mind that 
Induction machines are a rather mature technology, that the powers 
associated with these beams are 1n the level of multlglgawatts, that 
the "wall plug" efficiencies for their production approach 60% or 
greater, and that the recent advances In magnetic switching 
technology make repetition rates of up to 1 kHz possible on a 
continuous-wave basis. These beams, therefore, constitute a source 
of Intense power that 1s readily attainable with good efficiency. 
For some applications (e.g., Brlggs's collective accelerator, which 
we describe in the next section), It 1s useful to view such a beam 
as a power source that moves at the speed of light. 

Applications 
It Is not surprising that such an Intense power source can be 

used 1n many applications: 1n areas of TeV colliders, 1n fusion 
applications, and In defense. The primary technical challenges 
consist of transforming the power available In the kinetic energy of 
relatlvlstlc particles Into appropriate forms for different 
applications. We will give examples of how this transformation 
takes place. 

•Performed jointly under the auspices of the U.S. DOE by LLNL under 
W-7405-ENG-48 and for the D0D under DARPA, ARPA Order No. 4395, 
monitored by NSWC. 



The free-electron laser (FED Is perhaps one of the best 
examples of transforming particle kinetic energy Into electro
magnetic energy. The intense electron beam Is made to pass through 
a series of wlgglers, which Induces a transverse wiggling motion to 
the beam. By appropriately matching the wiggler field configuration 
to the beam energy, It is possible to induce coherent generation of 
light. The conversion efficiency has been demonstrated experimentally 
to be as high as 40%, leading to rf powers at the GW level. The 
wavelength of the emitted light can be controlled with beam energy 
and/or wiggler field strength. 

Another application that has been pursued vigorously In the 
past year is the relativistlc klystron concept. The particle 
beam energy 1s again transformed into rf power with greater than 50% 
efficiency. The mechanism for power conversion Is to bunch the 
Intense beam longitudinally. The bunched beam is then made to 
traverse resonant cavities where power extraction similar to 
conventional klystron outputs occur. A preliminary experiment on 
relativistlc klystrons at the Accelerator Research Facility (ARC) at 
LLNL (a joint project with Stanford Linear Accelerator Center ) has 
already yielded 75 MW of rf power at 8.5 GHZ. The prospects for 
making GW-level power sources at 10 to 20 GHZ for TeV colliders out 
of induction-linac-drlven relatlvlstic klystrons seem quite 
promising. 

Another novel approach to high-gradient electron acceleration 
was proposed by R. J. Briggs. The scheme consists of transforming 
the large amount of energy available in a high-current beam into a 
small number of particles, and accelerating the latter to very high 
energies with high-gradient. This Is achieved by propagating the 
high-current electron beam In a low-pressure gas. The electron beam 
Ionizes the gas to form an Intense ion column. The very large 
electrostatic energy stored In the tight Ion column Is transformed 
into a high-accelerating field by means of a picosecond laser that 
trails the high-current beam. A small electron bunch placed close 
behind the picosecond laser is then accelerated to high energies. 
The whole process of transformation of Intense electron beam energy 
to electrostatic Ion-energy to accelerating potential has an 
exceedingly large transformer ratio, and calculations indicate that 
the entire process can have efficiencies in the tens of percents. 
If ft works, this concept is probably the simplest and cheapest 



accelerator since it requires neither a focusing magnet (the ions 
provide good focusing) nor an externally produced rf power source. 
The whole system 1s one smooth pipe filled with a little gas, an 
intense electron beam with characteristics of an ATA beam, and a 
picosecond laser. 

Intense beams have also been considered for fusion applications 
in a variety of ways. The induction-linac-drlven FEL is being 
considered as a primary candidate for plasma heating in magnetic 
confinement fusion. Intense beams propagating in pinched modes have 
also been considered for pellet Initiation in Inertial confinement 
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fusion schemes. Although in the latter case ion beams seem to 
have an edge over electron beams as a pellet driver, a great deal of 
the transport physics of ion beams are quite similar to electron 
beams. 

Intense electron beams constitute a power source with a great 
deal of potential. Certainly, many more applications could be 
explored. 
Beam Transport 

Intense electron beams can be transported, focused and steered 
with magnetic elements in much the same way as other charged-
particle beams. However, because of the generally higher current 
and lower energies, space-charge effects tend to be more important, 
and a great deal of attention has to be paid to minimize their 
deleterious effects, particularly at the low-energy end. This Is 
true especially In applications where the beam brightness plays a 
crucial role, as In FELs for example. 

There is a class of transport modes that are characteristically 
suited to Intense beams, namely, self-pinched modes in a gaseous 

a medium. This concept Is based on the fact that Intense beams 
have very large self-fields. The large electrostatic and magnetic 
self-fields nearly cancel In a vacuum, but do not generally cancel 
In a gaseous medium. The large fields are exploited to focus the 
beam, and beams can be, and Indeed have been, shown to propagate 
long distances without the aid of external focusing magnets. 

An electron beam traversing a gaseous medium will Ionize the 
gas by direct impact Ionization. The rate for generation of 
electron-ion pairs Is proportional to gas density. The subsequent 
channel dynamics are also strongly dependent on gas density. 



The channel dynamics are relatively simple when the gas density 
is low. As the secondary electrons are produced, they are quickly 
expelled by the negative charge of the beam electrons, leaving 
behind the ions. The ions in turn focus the Intense electron beam. 
This is known as the ion-focused regime. The focusing force is 
primarily electrostatic, and beams propagate stably for long 
distances in this regime. 

The process of electron-pair production can be aided by a 
preceding laser pulse. The laser creates a channel with secondary 
electrons and ions, and the former are instantaneously expelled when 
the relatlvlstlc electron beam arrives. Ion focusing, therefore, 
becomes much more effective. In addition, the laser-Induced channel 
prescribes a path that guides the relativistlc electron beam. The 
ion channel also has the desirable property of damping transverse 
Instabilities, as we shall see later. This ion-guided mode of beam 
transport has been exploited very successfully 1n the ATA, and 
Is presently the standard mode of day-to-day operation. The" whole 
ATA accelerator Is filled with ~ 0.1 y of benzene, which is 
ionized by a KrF laser. There is no magnetic focusing except near 
the injector. 

The physics of self-pinch becomes much more involved as the gas 
density is increased. When the number of Ions becomes commensurate 
with or exceeds the number of beam electrons, the repulsive field is 
neutralized and the secondary electrons can no longer be expelled. 
They stay around to form a plasma channel around the beam. The high 
density leads to ample collisions of secondary electrons, and the 
plasma becomes resistive. The plasma tends to form localized charge 
and current clusters around the beam to provide charge and current 
neutralization. The pinch forces in this regime rely on decay of 
plasma current and resultant incomplete current neutralization. The 
pinch force Is primarily magnetic in nature. Experimental 
confirmation of self-pinch in the high-gas densities was realized 

g 
well over ten years ago, although such beams tend to be much less 
stable than those propagating in the low-pressure ion-focused 
regimes. 

Beam Stability 
A high-current beam Is a source of intense energy. Not 

surprisingly, this energy source Is available for a multitude of 



instabilities. These instabilities generally intensify with 
increasing current. No discussion of intense beams could be 
complete without some consideration of these instabilities. We will 
restrict ourselves In the following discussion to a single class of 
instabilities: those which disrupt the beam by large-amplitude 
sideways displacement of the beam. These transverse instabilities 
are often the most virulent. We consider three examples: the 
resistive wall instability in an FEL or a relativistic klystron, the 
resistive hose instability in a high-density gas, and the beam 
breakup (BBU) Instability in the accelerator. We also discuss one 
Important mechanism for controlling the transverse instabilities: 
phase-mix damping, and how It manifests in each case. 

12 
The resistive wall instability arises from the interaction 

of an intense electron beam with a smooth pipe of finite 
conductivity. The mechanism is as follows: a displaced beam induces 
a dlpole image charge and an Image current on the pipe wall. 
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Initially, the Image current cancels the image charge to y , 
where y Is the beam energy in units of mc . The image current 
decays with time as the magnetic field diffuses through the wall. 
The image charge, on the other hand, remains unchanged. This net 
transverse force in the beam body leads to Increased displacement, 
and the instability continues to grow with distance of propagation 
as well as distance from the beam head (see Fig. 1). This problem 
is particularly serious In cases involving long propagation 
distances and/or narrow beam pipes, such as the two-beam accelerator 
(TBA), in the FEL version as well as in the relativistic klystron 
version. 

Fortunately, there is a built-in beam characteristic for 
Instability control. One observes that in an FEL, or relatlvlstic 
klystron, there Is an intrinsic energy spread in the driving beam 
associated with buckets of trapped particles in phase space. This 
energy spread causes particles to have different betatron 
wavelengths. The displacement is, therefore, "washed out" as the 
beam propagates. The instability becomes convective rather than 
absolute, and the growth rate is greatly reduced. An example is 
shown In Fig. 2. This mechanism Is essential for making transverse 
displacements manageable in both versions of the TBA. 



The resistive hose instability in a gaseous medium has 
mechanisms for destabilization similar to those of the resistive 
wall instability. Here, Instead of Interacting with a resistive 
wall, the beam Interacts with a resistive plasma channel created by 
the beam while it traverses the gas. The instability is much more 
virulent, and the physics is somewhat more complicated. The 
conductivity is generated by the beam and is, therefore, time-
varying, unlike the conductivity in a pipe wall. The values of beam-
generated conductivity in a gaseous medium are much lower than those 
in a pipe, leading to much faster decay of plasma currents. 
Furthermore, the channel wiggles with the beam, rather than being 
stationary, as is the case in a pipe wall. Finally, In contrast to 
the resistive wall instability where the conductor lies outside of 
the beam, the channel coincides with the beam. The latter case can 
be shown to be intrinsically far more unstable. 

Phase-mix damping again comes In to detune the instability in 
an important way. Again, there is a spread in betatron wavelengths 
for different particles. However, unlike the FEL case where the 
betatron wavelength spread comes from a spread in beam energy, the 
mechanism in the resistive-hose case comes from a radially 
anharmonic potential. Particles with varying positions from the 
beam axis see a different pinch force, leading effectively to 
different betatron oscillations. This mechanism is crucial for 
making the resistive hose Instability convectlve. 

Finally, we consider the BBU Instability, which Imposes severe 
constraints on design of Induction accelerators. The instability 
arises from the Interaction of an offset beam with a series of 
cavities. Transverse modes excited In these cavities continue to 
give sideways "kicks" to the beam until the transverse oscillations 
are large enough to hit the wall. When the ATA was first 
constructed, this instability led to major disruptions of the 
high-current beam until laser-guiding was invented. Ion channels 
created by lasers In a low-pressure gas are anharmonic, and 
phase-mixing due to nonlinear potentials damps the Instabilities. 
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Figure Captions 

Fig. 1. The resistive hose instability causes a continuous increase 
of centroid displacement with distance of propagation and 
also with distance from beam front. 

Fig. 2. Phase-mix damping changes the nature of the instability 
from absolute to convective. The amplitude of displacement 
saturates and decays with distance of propagation. 
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