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Summary

Acceleration of ions by intense relativistic
electron beams in a vacuum has been investigated using
the injector of the Maryland ERA project. Proton
energies above 16 MeV and proton beam currents above
10 kA have been obtained. Carbon ions have been
accelerated to energies above 20 MeV using the same
facility. The propagation of the beam in the acceler-
ating region has been investigated, and the effects of
different conducting boundaries studied. A helical
slow wave structure to control the propagation of the
collective acceleration field is proposed, and prelim-
inary experimental considerations are presented.

I. Introduction

In recent years, much interest has developed
around the possibility of using the collective fields
of dense electron clusters to accelerate ions to high
energies. The use of rotating electron rings for this
purpose is currently being investigated at Maryland,
Dubna, Garching, and Japan, but to date the highest
accelerated ion currents and energies have been
obtained in linear beam (non-rotating) systems. Linear
beam acceleration of ions by the interaction of an
intense electron beam with a neutral gas background
was first reported by Graybill et al.1 Experimental
and theoretical work in this area has continued at
several laboratories. The acceleration of ions in
vacuum, where the positive ions are provided by an
insulating anode material, was first reported by
Luce.2 In this work, protons and heavier ions have
been accelerated to energies in excess of 20 times the
electron beam energy, with peak proton energies
reported up to 45 MeV. Investigations of this accel-
eration process are currently underway at Cornell,3
Kirtland Air Force Base,4 and Maryland.5

Although the experimental results achieved using
the Luce-type diodes for linear beam acceleration of
ions in vacuum have been very encouraging, the actual
acceleration process seems to be more complicated than
in the gas-filled drift chamber. The limiting current
phenomena and the formation of a virtual cathode
behind the anode may be the same as in the case of
acceleration in a gas-filled chamber, but in a Luce-
type diode, the charge neutralization of the electron
beam is obtained only by diffusion of positive ions
from the diode plasma. The diode plasma conditions
are, in turn, dictated by the diode geometry and other
factors, such as preionization in the diode region
produced by the injector prepulse. In this paper,
experiments which have been performed to investigate
this acceleration process are reported in section II.
Also presented in section II are results of prelimin-
ary heavy ion experiments in which carbon ions have
been accelerated to energies in excess of 20 MeV. In
section III, a proposal to control the propagation of
the accelerating collective field using a helical slow
wave structure is discussed. Conclusions are drawn in
section IV.

II. Studies of the Acceleration Process

The general experimental configuration is shown
in Fig. 1. The electron beam injector used for these
experiments is the facility used for the Maryland ERA
experiments described in another paper at this

conference. An intense relativistic electron beam
(1-2 MeV, 20-40 kA) is emitted from a needle cathode
located 6-7 mm in front of the anode plane. The pulse
duration of the beam on the diode side is about 30 ns
(FWHM), and the voltage and current risetimes may be
controlled by adjusting a prepulse switch gap in series
with the injector output. The insulating anode, con-
taining the material to be accelerated, has an 11 mm
hole bored through it on axis to allow most of the
electron beam to pass through the anode plane into the
acceleration region. Outer conducting boundaries of
different diameters may be inserted in the region down-
stream of the diode, and beam propagation character-
istics in the various configurations have been inves-
tigated using a series of integrated B loops located
at various axial positions in each drift tube, as
shown in Fig. 1. A system of floating electrodes,
discussed previously,5 may also be inserted in the
post-diode region. A Faraday cup measures the total
current reaching the end of the drift tube. Acceler-
ated ions are detected by foil activation techniques,
and stacked copper or aluminum foils are used to
determine the ion energy spectra. Neutron producing
reactions are detected by two Geiger-Mueller tubes
located at 00 and 900 from the system axis. An axial
magnetic field of up to three kilogauss may be applied
using the external field coils used for the ERA exper-
iments.

A. Proton Acceleration Studies

In these experiments, the insulating insert was
made of high density polyethylene, and accelerated
protons were detected using copper foil activation
(Cu63(p,n)Zn63, Cu65(p,n)Zn65). Previous experiments
performed under similar conditions5 have resulted in
maximum proton energies of about 16 MeV and maximum
proton beam currents of 12 kA. The pulse width of the
proton beam was about 5 ns. An applied magnetic field
of 1.8 kilogauss was used and the diameter of the
proton beam was determined to be less than 1 cm. The
maximum neutron yield from the copper foil was 6 x 109,
which corresponds to a total of 1 x 1013 protons accel-
erated to an energy in excess of 2.16 MeV. In the
current experiments, reproducible proton acceleration
with peak energies of about 11 MeV has been obtained
using four different conducting tube diameters (3.2 cm,
6.4 cm, 10.2 cm, and 25 cm) and an applied axial
magnetic field of two kilogauss. The maximum total
power delivered to the diode was about two kilojoules.
By varying the injector charging voltage and carefully
monitoring the diode current and voltage, a measure-
ment of the neutron flux measured by the Geiger-
Mueller tubes as a function of the total electron beam
power at the diode has been obtained. Results are
plotted in Fig. 2 and show clearly the strong depend-
ence of the neutron flux (and thus the proton current
and energy) on the total electron beam power.

While no clear scaling of the peak proton energy
with conducting tube diameter was observed, the propa-
gation of the electron beam was dependent on the tube
diameter. Fast integrated B probes were located at
various axial positions near the inside wall of each
tube, as shown in Fig. 1, and were carefully timed to
provide an indication of the time of flight of the
electron beam between the probes. Results of these
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studied are shown in Fig. 3, and it is evident that
the mean electron beam front propagation velocity is
faster for the larger diameter conducting tubes. This
result may be related to the mean proton velocity
necessary to neutralize the electron space charge. It
is possible that this mean proton velocity may be
higher with a larger diameter drift tube because of a
change in the position of the virtual cathode formed
behind the anode. It is interesting to note that this
result is also in agreement with predictions for the
beam front velocity in a neutral gas given by Olson.6

To date, the highest proton energies in these
experiments have been observed when the two floating
electrodes were used in the post-diode region, as
discussed in a previous paper.5 Reproducibility of
these results is much poorer than for the results
obtained with no floating electrodes, and the acceler-
ation process is critically dependent on the setting
of the prepulse switch gap, an indication that some
preionization in the diode region may be essential in
achieving high proton energies under these conditions.
Typical proton energy spectra are shown in Fig. 4 for
both the case where two floating electrodes are used
and for the case where a simple conducting boundary
is present.

B. Heavy Ion Acceleration

The same facility may be used to accelerate heavy
ions by simply changing the anode insert material. The
initial heavy ion experiments reported here involved
the identical geometry described previously, and used
the 6.4 cm diameter conducting drift tube downstream
of the diode. No attempt was made to use the floating
electrodes to maximize ion current and energy. Accel-
eration of carbon ions has been detected using alum-
inum target foils. Significant neutron fluxes have
been observed from these targets and are possibly
attributable to the reaction A127(C12,C12n)A126, which
has a threshold of about 19 MeV. In addition, the
reaction A127(C12,Cll)Al28 has been detected from both
the gamma ray energies and the product halflives. From
considerations of both the Coulomb barrier and the
cross section for this reaction, the probable carbon
ion energy is estimated to be at least 20 MeV.

III. Control of Collective Field Propagation

The possibility of controlling the collective
field propagation has been briefly discussed in a

previous paper. The acceleration of ions by intense
electron beams is usually explained in terms of the
formation of a virtual cathode behind the anode plane
and the trapping of positive ions in the potential
well of this virtual cathode. If one could control
the velocity of the collective field propagation in
synchronization with the positive ion velocity, the
large collective fields of such a system (about
1 MV/cm, typically) would make possible the construc-

tion of an economically competitive ion accelerator.
For this reason, we are investigating the possible use

of a helical slow wave structure to control the
collective field propagation velocity.

The limiting current in a grounded cylinder of
radius a is given by
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Here rb is the radius of the electron beam, v0 is the
diode voltage, and f is the ratio of the ion density

to the electron density. In a gas-filled chamber, the
limiting current may be changed by changing the frac-
tional neutralization f, as in the proposed ionization
front accelerator.7 In collective ion acceleration in
vacuum, one can control the limiting current by chang-
ing the electron kinetic energy. If a cylinder is
biased with a nonzero voltage p(z,t), yo in equation
(1) must be replaced by

= - ep(z,t)
Y0o 2
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If we now consider a given cylindrical tube and ground
the upstream end of the tube while applying a high
negative voltage to the downstream end, a given elec-
tron beam might propagate easily in the grounded
portion of the tube where I< Ig and fail to propagate
in the biased portion of the tube where I> Ik. Thus,
a virtual cathode would form at the entrance of the
biased part of the cylinder. The propagation of the
virtual cathode can be controlled by dictating the
bias voltage propagation in the cylinder with a slow
wave structure. A proposed conceptual scheme is shown
in Fig. 5. In this scheme, the electron beam would
charge up the helical slow wave structure during the
early part of the pulse. During this period, initial
collective ion acceleration would occur in the diode
region, and when the initial positive ions reach the
entrance of the helical slow wave structure, the up-
stream end of the helix would be grounded using a
spark gap switch. If the phase velocity of the helix
at the entrance point is matched to the ion velocity,
controlled collective ion acceleration may be achieved
by varying the pitch of the helix to achieve the
desired collective field propagation velocity.

In order to minimize dispersion of the voltage
wave, it is desirable to have an outer conducting
cylinder close to the helix. The phase velocity of
waves propagating in such a system at high frequencies
is given by

vph = c sin (ka >> 1)
where I is the pitch angle of the helix. At low
frequencies, the phase velocity is given by

sin i
vph / 2 2
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In order to achieve controlled acceleration by
this method, the electron beam and the downstream
structure must be carefully matched by tailoring the
electron beam energy and current to the desired values.
Initial experiments were performed using 3.2 cm dia-
meter helical slow wave structure inside a 6.4 cm

diameter conducting drift tube, and the pitch of the
helix was varied along its length in such a way that
the predicted phase velocity at the input of the helix
corresponded to a proton energy of about 5 MeV and at

the output corresponded to an energy of about 20 MeV.
No spark gap switch was employed, although the input
end of the helix was floated with respect to the
potential of the outer conducting tube in such a way
that electrical breakdown between the helix and the
tube was possible. An axial magnetic field of
3 kilogauss was applied. Preliminary experiments have
not produced substantially higher ion energies using
the slow wave structure system. This result is attri-
buted to our inability to tailor the electron beam
such that the beam current is below the limiting
current given by the helix radius. Attempts to lower
the beam current and increase the electron energy by
increasing the anode-cathode gap have resulted in the

destruction of the anode insert due to a spreading of
the electron beam cross section in the AK gap.

Future plans include the construction of a pulsed
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magnetic field system capable of applying 10 kilogauss
in the diode-acceleration region. This system should
provide sufficient confinement of the beam electrons
to protect the anode insert. A diode parameter search
will then be conducted to find operating conditions
suitable to the slow wave structure experiments.
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IV. Conclusions

The acceleration of protons and heavier ions in
vacuum using linear electron beams has been studied
under a variety of experimental conditions. The
neutron flux produced by accelerated protons striking
copper targets has been found to be a strong function
of total electron beam power delivered to the diode,
and the propagation velocity of the electron beam
front has been observed to increase as the conducting
drift tube diameter is increased. In these experi-
ments, protons have been accelerated to energies in
excess of 16 MeV, and carbon ions to energies in
excess of 20 MeV. The possible control of the collec-
tive field propagation using a helical slow wave
structure is currently being investigated.

100

- CU63Ip,nIZn63
.- Cu65(p,n)Zn65 0

01-
o-~~~~~~~~~~~~~~

2 3 4 5 6 7 8
NORMALIZED PEAK DIODE POWER

Acknowledgments

We are grateful to M. P. Reiser, M. J. Rhee,
D. W. Hudgings, and G. T. Zorn for helpful discussions
and experimental assistance.

References

1. S.E. Graybill and J.R. Uglum, J. Appl. Phys. 41,
236 (1970).

2. J.S. Luce, Annals of N.Y. Acad. of Science 25,
2171 (1975).

3. R. Williams et al., Bull. APS II, 21 (Oct. 1976).
4. R.B. Miller and R.J. Faehl, Proc. of 1977 Part.

Accel. Conf., Chicago, Ill.

5. C.N. Boyer, H. Kim, and G.T. Zorn, Proc. Int. Topi-
cal Conf. on Electron Beam Res. & Tech. Vol. II,
347 (Albuquerque, N.M., 1975).

6.

7.

C.L. Olson, Phys. Fluids 18, 585 (1975).
C.L. Olson, Proc. Int. Conf. on Electron Beam Res.
& Tech. Vol. II, 312 (Albuquerque, N.M., 1975).

*Research supported by NSF Grant No. PHY7611178.

Conducting Guide Tube

Cethode Shank

Forodoy Cup

i-_
~.

Fig. 1. General experimental configuration.
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Fig. 5. Slow wave helix experiment.

Fig. 2. Neutron flux vs. peak delivered power
to the diode.
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Fig. 3. Beam time of flight vs. B loop position.
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Fig. 4. Proton energy spectra with and without
floating electrodes.
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