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Electron Accelerators Driven by Modulated Intense Relativistic Electron Beams
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This paper addresses the development of a new high-voltage-gradient linear accelerator. This ac-
celerator was energized by a modulated intense relativistic electron beam with power in the rnultigig-
awatt range. A 0.2-cm-diam electron beam emerged from the accelerator with a peak current of —200
A and peak kinetic energy ~ 60 MeV. The length of the accelerating structure was 1 m. Simple scal-
ing laws suggest that similar accelerators with much higher average electric fields can be built.

PACS numbers: 41.80.Ee, 29.15.Dt

Mechanisms that can establish high voltage gradients
in accelerating structures have been the subject of many

papers and conferences. ' In one class of acceleration
mechanisms, there are two beams of particles traveling
through a structure. The first beam (labeled beam I)
leaves behind an electromagnetic field. The second beam
(labeled beam 2) is accelerated by this electromagnetic
field. The eA'ect is large only when the second beam is

much weaker and/or shorter in duration than the first.
The two beams are coupled electromagnetically to each
other by a metallic structure which can be viewed as a
transformer. We at NRL pioneered this research in the
1970s in what was called "autoacceleration" of intense
relativistic electron beams. ' In that research, part of
an intense relativistic electron beam (beam 1) induced
an electric field in cavities which were inserted in a drift
tube. The electric field interacted in turn with a subse-
quent portion of the same electron beam (beam 2) caus-
ing acceleration of electrons. Experiments were success-
ful, for example, accelerating a beam of electrons with

current of 70 kA to an energy of 7 MeV. It was found
that autoacceleration mechanisms are not scalable to
higher energy for many reasons, e.g. , the onset of beam
instability that results from the common trajectory
shared by the intense relativistic electron beam and the
accelerated beam.

New ideas for acceleration of electrons or ions by a
driving electron beam with a modulated current profile
were suggested in the last few years. ' Here the driving
electron beam and the accelerated beam can exchange
energy while moving on diferent trajectories. The new

mechanisms are scalable and can lead to generation of
high-energy particle beams. One of these mechanisms is

currently under investigation at NRL. Here, the driv-

ing beam is a modulated intense relativistic electron
beam (MIREB) which transfers energy through an ap-
propriate structure to a secondary electron beam. The
two beams share diA'erent parts of the same structure.

The generation of a MIREB, using an external rf
source, was discussed previously. ' This MIREB con-
sisted of a train of electron bunches which were phase
locked to the external rf source to better than 4 . The

electron bunches were annular in shape with a diameter
of 13.2 cm, thickness of 0.3 cm, and lasted for a period
of —100 nsec. The current profile of the MIREB used
in the experiment was

I = g I„cos(ntot), f=to/2tr=1. 3 GHz,
n=0

where Io=16 kA, I~ =12 kA, and I2, I3, . . . ,I„CI).
The kinetic energy of the electrons was —600 keV.

The experimental setup that was used to investigate
the acceleration mechanism is shown in Fig. 1. It con-
sisted of a high-voltage gap across which the MIREB
propagated. The gap fed a coaxial transmission line that
was connected to an rf structure via coupling loops.

The input impedance of the gap, Z, was controlled by
a plunger in the coaxial line and by the shape and num-
ber of the coupling loops. By a proper choice of these
parameters Z became real (=R) at the frequency of
modulation (f=1.3 GHz) and a voltage V~ =RI~ was
developed across the gap. V~ and I~ were in phase, and
hence energy was drawn from the MIREB and trans-
ferred to the structure. The rf structure consisted of a
cylindrical metallic shell, 22.8 crn in diameter. Arranged
coaxially inside the shell were 54 thin metallic disks,
17.95 cm in diameter. The disks were evenly spaced in

such a way that every six occupied a length equal to
k/2 =f/2c. The 54 disks were supported by longitudinal
and radial thin metallic rods. This structure was
designed using the SUPERFISH computer code. It sup-
ported an axially symmetric accelerating rf wave of fre-
quency f=1.3 GHz with a phase velocity v/=c. The
supporting rods were positioned at the zero-electric-field
points. A metallic pin of radius r~ =1 mm placed at one
end of the rf structure served as a field-emission cathode.
The pin was located on axis at a maximum-electric-field
point and was aligned with a small hole of radius 5 mm
at the center of each disk, allowing complete transmis-
sion of the beam.

The experiment was evacuated to a base pressure of
—10 Torr using an oil diAusion pump. In contrast to
conventional accelerator systems no special care was tak-
en to get a better vacuum and/or a hydrocarbon-free en-
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FIG. l. Accelerating structure with particle energy analyzer.

vironment. A uniform quasi dc axial magnetic field
(Bp=10 kG) was imposed on the structure. The Q of
the rf-structure-coaxial-line combination at f=1.3 GHz
was Q~ 2000.

In the experiment the input impedance of the gap, R,
was adjusted such that rf power of —3 GW was
transferred to the structure. " The peak rf voltage that
appeared on the gap was V~ =2P/I~ —500 kV. The 3-
GW rf power was pumped into the accelerating structure
for a duration of 100 nsec. 30 nsec into the duration of
the pulse the pin cathode started to emit electrons. The
electrons were focused by the dc magnetic field and
propagated through the structure. Figure 2 gives the in-

put MIRE B current and the current from the pin
cathode. The peak current was —200 A. The size of
this beam was determined from the damage it inflicted
on witness plates constructed of Lucite or lead. The wit-
ness plates were located inside or outside the magnetic
field coil (Bp=0.5 kG at the outside position). A 2-
mm-diam "crater" was detected on each of the witness
plates. When a Lucite block was used to terminate the
electron beam, a "linac tree" a few centimeters in length
was established after a few pulses. There was no evi-
dence of electron loss during the acceleration process as
the crater dimensions matched those of the pin cathode.

The kinetic energy of the electrons was measured after
extracting the beam into a magnetic-field-free region.
While doing so, some important results were obtained.

We found that electrons gain perpendicular velocity v

v/c =rb/Ib =0.01 . (3)
Since rp=r=1 mm one gets from Eqs. (2) and (3)

that the minimum energy of the electrons must be ~ 15
MeV. Note that the preceding estimate assumes zero
beam emittance. Inclusion of finite emittance requires a
minimum energy higher than 15 MeV to account for
beam spreading in vacuum.

A diAerent kind of radial expansion of the electron
beam occurred when the magnetic-field-free region was
filled with air at atmospheric pressure. Here, the elec-
tron beam propagated a distance of lb* =0.6 m and ex-
panded radially to rb* =1.5 cm. The square of the angle
of scattering of electrons with an energy T (in MeV)
after propagation over a distance lb in atmospheric air

while propagating into a magnetic-field-free region. This
is an intrinsic velocity that originates from conservation
of canonical angular momentum:

v 1 ego ~o
2

c 2 ymc r

where ro =r~ is the radius of the beam at the pin
cathode, Bo =10 kG, and r is the radius of the beam at a
position at which the axial magnetic field intensity is
((Bp (e.g. , outside the magnetic field coil). Propagating
the beam a distance lb =100 cm in an evacuated drift
tube located in the magnetic-field-free region resulted in

a radial expansion of the beam to a radius rb =1 cm.
Hence
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FIG. 2. Magnetic probe signals for (a) MIREB, (b) ac-
celerated electrons as measured by a 1-6Hz Tektronix R7103
oscilloscope, (c) expanded time window of (b) as measured by
a 6-GHz Tektronix 7250 oscilloscope, and (d) electron current
derived from (c) by numerical integration.

Is 12

'2'
(g2) 21 4

T 300

Since

(g2) 1/2 egI e

one gets T=40 MeV. This is again a lower limit on the
beam energy since we did not include other eAects, such
as the radial velocity of Eq. (2), scattering from the exit
foil, etc.

The kinetic energy of the electrons was determined us-

ing a magnetic "spectrograph. " This measuring device
was placed in the magnetic-field-free region and consist-
ed of an evacuated drift region, part of which was locat-

FIG. 3. Scintillator light intensity as a function of position
and of magnetic field intensity. Arrows (with energy labels)
point to positions where electrons with energies equal to or
greater than the label energies strike the scintillator.

ed between the two poles of an electromagnet. A set of
apertures selected electrons with predetermined initial
parameters. These electrons were deflected by the trans-
verse magnetic field. The angle of deflection was calcu-
lated from the impact point of the electrons on a plastic
scintillator. The light that emerged from the impact
point was detected photographically.

We found that the intrinsic radial velocities of the
electrons [Eq. (3)] smeared the apparent energy distri-
bution of the electrons as obtained by the spectrograph.
Using apertures to eliminate electrons with large radial
velocities failed, since it resulted in an increase in the
background noise of x rays and secondary and scattered
electrons. The spectrograph was useful, however, in that
we were able to obtain a lower limit on the maximum en-

ergy of the electrons.
A thick obstacle was used to eliminate half of the elec-

trons [those moving above (or below) the horizontal
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plane defined by the axis of the rf structure and the
direction of the defiecting magnetic field]. The trans-
verse magnetic field was chosen such that the trajectories
of the electrons entering the spectrograph were directed
away from the (above mentioned) horizontal plane as in

Fig. 1. Under these conditions, a spot of light at a given

point on the scintillator originated from electrons with

wide energy and radial velocity distributions. Electrons
that enter the spectrograph with trajectories along the
axis had zero radial velocity and kinetic energy Ti (see
Fig. 1). This energy is easily calculated from the
geometry and the transverse magnetic field intensity. An
electron that entered with a nonzero radial velocity or
with a trajectory that was not coincident with the axis
had energy T2 & Ti (see Fig. 1). By measuring the posi-
tion of a spot of light on the scintillator, one can calcu-
late the minimum energy of the electrons that terminat-
ed at that spot (=Ti).

Figure 3 shows a densitometer scan of several photo-

graphs of the scintillator taken for various transverse
magnetic field intensities. Using these figures a lo~er
limit of the maximum electron kinetic energy was estab-
lished:

T ~ 60 MeV.

We now speculate on the impact of these results on fu-

ture accelerators. We believe that a similar accelerating
structure with an average electric field of & 200 MV/m
can be built, for the following reasons.

(1) The accelerating structure of the present experi-
ment has an average electric field of the order of 60
MV/m and peak electric field of the order of 120 MV/m.

By rearranging the distances between the disks in the
structure the average electric field can be increased by at
least 50%, to 90 MV/m.

(2) The MIREB power can be increased by a factor of
10 resulting in an increase in the average electric field by
a factor of 3.

(3) Using a MIREB of higher frequency can increase

the electric field intensity (e.g. , a factor of 2 for 5-6Hz
modulation).

Eventually vacuum breakdown will limit the electric
field inside the structure. Reducing the probability of
vacuum breakdown in the present experiment can be
easily achieved by adopting the clean environment asso-
ciated with conventional accelerators. Most of the above
suggestions will be implemented in a future experiment.

In addition, one can look at this device as a single
stage of a inultistage accelerator. The proper phasing of
the driving MIREB's can be accomplished using a mas-
ter rf generator that phase locks each of the MIREB's so
as to achieve optimum acceleration.
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