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ABSTRACT

The acceleration of ions to many times the electron beam

energy when an intense relativistic electron beam is injected

through a localized ion source into an otherwise evacuated drift

tube has been theoretically and experimentally studied. We present

a simple picture of the acceleration process obtained using a

simulation code as well as recent experimental results.

I. INTRODUCTION

Collective ion acceleration using an intense electron beam and a localized

source of ions began with the work of Luce using dielectric anodes.1 At the

University of Maryland we have observed collective ion acceleration with a

localized source of ions produced either by ionization of a puff of neutral gas

which is injected just prior to beam injection or material placed on the anode

surface. A schematic of the system is shown in Figure 1. Nominal parameters

of the vacuum diode are 0.5 MV, 70 kA, and a pulse width of 100 nsec. The gas

puff has a pressure of approximately 100 mTorr and is localized to within 2 era

of the anode plane.

In section II the results of particle simulation of collective ion

acceleration in this system are presented and in section III recent

experimental results are presented.

II. NUMERICAL SIMULATION

A detailed picture of the collective acceleration mechanism obtained using

a ID relativistic electrostatic PIC code will be presented using the results of

a single run. In this run a 500-kV, 20-kA electron beam of radius 0.5 cm is

injected into a 2-cm radius, 20-cm long drift tube. The space-charge limiting

current for the system is approximately 2 kA. The end of the drift tube at

which the beam is injected is filled with a 1-cm long cloud of hydrogen gas at

a uniform pressure of 500 mTorr. The time step is approximately 0.75 psec.

In Figure 2, the potential $ is plotted as a function of distance x from

the anode plane at several tine steps early in the run (corresponding to times

less than 5 nsec after the start of the run). Soon after the start of the run
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(time step 4700), a virtual cathode forms approximately 1 mm fron the anode

plane. Although at this stage, most of the ionization is produced by impact

ionization of the neutral hydrogen gas by beam electrons, ion-neutral

collisions soon become the dominant ionization mechanism and the system enters

the so-called ion-avalanche regime.

As the ion density increases, the following events occur. First, the

potential in the plasma region switches sign from negative to positive.

Second, the virtual cathode moves from its original position near the anode

plane to the end of the plasma region (from x • 1 m to it • 1 cm). By tine

step 5200, for example, the virtual cathode clearly lies downstream of the

boundary of the plasma region at x » 1 cm. Third, after the virtual cathode

has moved to the end of the plasma region, the positive potential peak also

begins to propagate downstream until it reaches the end of the plasma region

(time steps 5000-5400). It is during this last process that plasma ions are

accelerated to energies several times the electron beam energy VQ.

In Figure 3, the phase-space trajectory of a collectively accelerated

plasma ion is shown for the saoe run during the acceleration process. The ion

is created with zero velocity at x - 1.5 m and begins to drift downstream.

When it has drifted about 4.5 on, the positive potential peak begins to

propagate downstream (at around time step 5000). As the peak moves downstream,

the plasma ion is rapidly accelerated to a final energy of about 1.6 MeV. The

boxes plotted along the plasma-ion phase-space trajectory mark points along the

trajectory which are separated by the same time interval (150 psec). Each box

is labeled with the corresponding time step. Below the trajectory, we have

also plotted for the same tiae steps the location of the peak electric field

associated with the potential drop from the positive potential peak to the

virtual cathode. The plot shows that the location of the plasma ion and the

location of the peak electric field coincide almost exactly for time steps

5100-5700. The ion therefore sees a stationary electric field in its rest

frame and is thus accelerated to energies several times the potential drop

associated with the virtual cathode.

H I . EXPERIMENTAL RESULTS

A planar diode system consisting of a 2.54-cm diam. cathode and foil anode

with a 3 to 5 mm A-K gap is employed in this experiment (see Figure 1). A

specially designed foil changer allows the foil to be advanced after each shot

without breaking vacuum, and thus without disturbing the experimental

conditions up to 20 consecutive shots are possible. Typically, a 500-keV,

70-kA, 100-nsec electron beam is injected through a foil anode into a 15-cm



diam. drift tube. Diode current and injected current (net current) are

monitored by Rogowski coils; typical waveforms are shown in Figure 4. The

source of ions is either a localized neutral gas cloud puffed near the anode

foil or the anode foil itself.

The ions accelerated in the axial direction are measured by a compact

Thomson spectrometer system shown in Figure 5. The unique feature of this

system—production of a 1 mm x 1 mm spectrogram on a CR-39 track detector-

permits construction of the energy spectrum by direct counting of the ion

tracks. A typical spectrogram is shown in Figure 6 which is an optical

microscope photograph of the CR-39 detector plate after a single exposure to

the ion beam (with another exposure for reference axis) and etching for 2 hours

in 6.25 N NaOH solution at 70° C.

To construct the time-integrated proton energy spectrum, the energies of

individual protons are found by measuring the deflection coordinates of each

proton track on the CR-39 detector. The entire energy range is divided into

•any small segments. The energy increment dE and mean energy E (in keV) of

each segment are calculated, and the number of tracks dN in each segment is

counted. The resulting energy spectrum dN/dE is then plotted as a function of

energy, as shown in Figure 7. In general, the energy spectra may be

characterized by two groups of accelerated protons, one group below and the

other above the electron beam energy. The highest-energy proton may have

energies on the order of 2 to 3 times the electron beam energy, as shown in

Figure 7.

SUMMARY

Using a particle simulation code, we have identified the mechanism for

collective ion acceleration to energies three times the injected beam energy

for a system with a localized gas cloud. These high-energy ions are produced

by the coherent movement of the strong electric field associated with the

virtual cathode through the gas cloud when ion avalanching becomes the dominant

ionization process. Preliminary experimental results on a new localized ion

source system also show a high energy ion tail corresponding to about three

times the electron energy. This new system should allow us to perform detailed

comparisons between experiment and theory.
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Figure 1. Schematic of localized-ion-source
collective ion acceleration systea.
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Figure 2. Potential distribution at tine steps

4700, 4900, 5000, 5200, 5300, and 5400.
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Figure 3. Phase-space trajectory of collectively
accelerated plasaa ion and locations of

peak, electric field (0-6 nsec).

TOP VIEW

Figure 4. Typical current waveforms.
Top trace: diode current (47 kA/div).
Bottom trace: injected current
(34 kA/div).
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Figure 5. Cross-sectional view of
compact Thomson spectrometer.



Figure 6. Typical Thomson spectrogram.
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Figure 7. Energy spectrum constructed fron
the spectrogram shown in Figure 6.


