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ABSTRACT

Automodulation of an intense relativistic electron beam was reexamined experimen-
tally to obtain trains of subnanosec6nd electron bunches. Sufficient beam modulation
with frequency larger than GHz was expected for the trains of subnanosecond bunches.
It was obtained when a short pulse electron beam with energy of 550 keV, current of 4
kA, pulse duration of 12 ns and current rise time of 2ns was injected to a series of four
coaxial cavities with the length of 75 mm. However, only a poor modulation was observed
when a long pulse electron beam of 700 keV 4 kA, 175 ns with current rise time of 20 ns
was injected to the same cavities. Transmission line theory as well PIC code simulation
suggested that the round trip time for the electromagnetic wave in the cavity must be
longer than the rise time of the beam current to obtain the high level current modulation.
Therefore, we studied experimentally how the ratio between the beam current rise time
and the length of the cavity affects on the level of current modulation. Single cavity ex-
periments were carried out with the short pulse beam. Single cavity with te length of 75,
150 or 300 mm was utilized. The round trip times for 75 and 150 mm cavities ae shorter
than the current rise time of 2 ns. The experiments with a 75 or 150 mm cavity resulted
in suppression of the modulation amplitude. In the case of a 300mm cavity, the high
level modulation was obtained. The simulation results showed good agreements with the
experimental results. We employed a series of cavities with decreasing lengths to improve
the current rise time. For the short pulse beam, the high level current GHz modulation
was obtained when two 75 mm cavities were set at the downstream side of cavities with
lengths of 300 mm and 150mm.

1 Introduction

The physics of propagation of an intense relativistic electron beam (IREB) with strong
self- and induced field was not only interesting but also important for many applications.
Typical IREB machine consists of a Marx generator and a pulse forming line that applies
a high voltage pulse to a diode. A typical diode consists of a cold, field emission cathode
and a thin foil or an aperture anode. The typical IREB parameters are electron energy of
0.5-10 MeV, electron current of kA-1 MA, pulse dration of 10-100 ns and beam radius
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of 1-10 cm. These parameters yield electron densities in the range of 'I _ 1013 CM-3.

However, it is technically difficult for the above systems to generate an IREB not only
with electron energy larger than 10 MeV but also with pulse duration of less than 10 ns.
Autoacceleration and automodulation processes were demonstrated [1] 2 as a poten-
tially simple and inexpensiveapproach to obtain high energy and/or ultrashort electron
beams. The energy of an IREB increases twice in the expense of its duration to the half
using only a coaxial passive cavity 3 in the single-stage autoacceleration. The autoac-
celeration process compresses the IREB pulse. The pulse length of the autoaccelerated
IREB depends on the cavity length. We reported that an IREB with duration of less
than ns, was attainable from 10 ns IREB with multi-stage autoacceleration using de-
creasing length cavities 41 [5]. The autoacceleration process can be applied repeatedly
on the long pulse IREB. While the multi-stage autoacceleration was useful to generate a
single subnanosecond electron bunch using a short pulse IREB, automodulation is a po-
tential approach to generate trains of subnanosecond electron bunches using a long pulse
IREB. An IREB with subnanosecond duration is an interesting subject of study for an
application to high power, short pulse millimeter wave generation called superradiance
[6]. Trains of subnanosecond IREB should expand the abilities of IREB's.

Automodulation was intensively studied by M. riedman, et al. 7 They reported
that electron beams with voltage varying from 025 to MeV, current from to kA,
and pulse duration from 20 to 300 ns were modulated to a depth of nearly 100 % In
our experiment, the final goal is to obtain high level GHz modulation with a long
pulse IREB with 175 ns duration. However, only a poorly modulated electron beam was
observed with the long pulse IREB when four cavities with length of 75 mm were utilized
in accordance with the results reported in 7 In this case, the current rise time of 20 s
was much longer than the round trip time for electromagnetic wave in the avity. When
we used a short pulse IREB of 12 ns duration with 2 ns current rise time, high level
current fluctuations with GHz; frequency were observed with the same four cavities [8].
Therefore, we report here how the ratio between the beam current rise time and the round
trip time of the cavity for electromagnetic wave affects on the level of crrent modulation.
And a potential approach for the long pulse IREB automodulation is proposed.

2 Experimental Setup

Two IREB sources were utilized to generate a short and a long IREB's. Pulserad
105A was utilized to generate a short pulse IREB of 550 keV, 4kA,12 s with rise time
2 ns. Pulserad 22OG was utilized to generate a long IREB of 700 keV, 4kA, 175 ns with
rise time 20 ns. Both IREB sources are produced by Physics International.

Typical waveforms of the diode voltage and the beam current for the short and long
IREB's are shown in Fig. 1(a) and (b), respectively. For both IREB's, foilless diode
consisted of carbon cathode with hollow knife edge of 20 mm diameter and a carbon
anode with 29 mm diameter aperture. The anode-cathode spacing in the diode was 15
mm. An annular electron beam with diameter of 20 mm and thickness of mm was
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injected from the diode into a conducting drift tube with inner diameter of 31 mm and a
series of coaxial cavities. The system was immersed in axial magnetic field of T applied
by solenoid coils.
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(a) (b)

Figure 1: Typical waveforms of the diode voltage and the beam current. (a) The short
pulse IREB. (b) The long pulse IREB.

Three type arrangements of coaxial cavities were utilized in the experiments. At first,
a series of four cavities with length of 75 mm was utilized to obtain GHz automodulation
with both the short and the long IREB's. At the second, a single cavity was utilized to
examine how the relation between rise time of beam current and cavity length affected
the modulation level. And the third, a series of cavities with decreasing length adjusted
300-150-75-75 mm was utilized. The second and the third experiments were carried out
for only the short pulse IREB.

In any experiments, the first cavity was connected to the drift tube via gap at z = 16
cm, where z is the distance from the anode. The gap spacing in any cavity was 25 cm and
the impedance of any cavity was 76 U. The base pressure in the system was maintained
below 1 x 10-' Torr.

A Faraday cup was used to measure the beam current at various locations along the
axis in the drift tube and to estimate the kinetic energy of beam electrons. Aluminum
foils of various thicknesses were placed in front of the Faraday cup and a transmitted
current through aluminum foils was measured. Using the ratio of the transmitted current
to the current detected without foil and the range-energy relations 9 the kinetic energy
of beam electrons was estimated. A magnetic analyzer located at the end of the drift tube
was used to check the electron kinetic energy obtained by the range-energy relations. And
the measured energy was in good agreement with the estimated one.

Magnetic probes were also used to measure the beam current and the current at the
end of cavity. The differentiated currents detected by magnetic probes were integrated
numerically.

The signals were monitored by Tektronix TDS 684A digitizing oscilloscope (1 GHz, 5
GS/S).
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3 Experimental Results and Discussion

3.1 Four cavities experiment

Following.the experimental results of M. Friedman 7 we employed a series of four
cavities with the same lengths to obtain highly modulated IREB's. A schematic diagram
of the four cavities experiment is shown in Fig. 2 The length of each cavity is 75 mm.

Solenoid coils 0 cm x 2)

P PM F-
Folliess diode 0 I ugnetic, probes

Fl

-H.V U Faraday cup

4
Coaxial cavities (Rc = 60.5 mm. Rd = 5.5 MM)

Figure 2 A schematic of the four cavities experiment.

The round trip time of electromagnetic wave for the cavity is 0.5 s. The beam
decelerated and accelerated with 0.5 ns intervals at the gaps was expected to result in the
trains of 0.5 ns electron bunches, i.e. GHz modulation. The experimental results are
shown in Fig. 3 for the short and the long pulse IREB's. High level current modulations
with GHz frequency were observed by the short pulse IREB. The electron energy of
the accelerated part increased to 900 keV was observed with less than ns duration as
shown in Fig. 4 However, only a weakly modulated electron beam was observed with
the same four cavities for the long pulse IREB. We noticed the difference of the current
rise time between the short and the long pulse IREB. The current rise time of 20 ns for
the long pulse IREB was considered to be too long for the high level autornodulation in
comparison with the round trip time of the cavity of 0.5 ns. So that we investigated how
the ratio between the beam current rise time and the round trip time of the cavity for
electromagnetic wave affected on the level of current modulation.

3.2 Single cavity experiment

A single cavity whose length was changeable was utilized for the short pulse IREB.
The cavity length was adjusted to 75, 150, 300 mm. The Faraday cup waveforms detected
at z = 50 cm for each cavity length are shown in Fig. 5. No fluctuation in beam current
was observed for IREB propagation through a smooth drift tube [Fig.5 (a)]. The round
trip times for 75 and 150 mm cavities axe shorter than the current rise time of 2 us. The
experiments with a 75 mm cavity resulted in suppression of the modulation amplitude.
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Figure 3 Waveforms of the beam current after four cavities. (a) The short pulse IREB.
(b) The long pulse IREB.
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Figure 4 The estimation of the electron energy. (left) The current after aluminum foil.
(right) The ratio of the transmitted urrent to the current without foil.
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With a 50 mm cavity, we observed current modulation. In the case of a 300 mm cavity,
the highest level of modulation was obtained. The Fast Fourier transform of the Faraday
cup waveforms showed that the fundamental frequencies of fluctuations were 0.5 and
0.25 GHz for 150 and 300 mm cavities, respectively. These frequencies corresponded to
the round trip times for electromagnetic wave in each cavity. However, the expected
frequency of GHz for the 75 mm cavity was not observed clearly because of its low level
fluctuations. The waveforms of the magnetic probes in the cavity corresponded to those
of the Faraday cup. Poor fluctuations were also observed with frequency of GHz by
the magnetic probe in the 75 mm cavity, though high level fluctuations were detected in
the150 and 300 m cavities.

Electron energies after the single cavity were measured by the Faraday cup with
aluminum foils. Though the electron energy with the 75 mm cavity was observed to be
650 keV, i.e. no energy increase, electron energies increased to 700 keV and 800 keV for
150 mm and 300 mm cavities, respectively.

(b) 75 mm

(c) 1 0 mm (0.5 GHz)

rrwn

(d) 300 mm 0.25 GHz)

Time [5 nWiv] Fmquency [0.5 GHzM1vJ

Figure 5: Waveforms of the faraday cup. (left) The beam current after single cavity.
(right) The Fourier transforms of the beam current.

The energy increase should be related to the induced voltage across the gap. The gap
voltage, Vg(t) was expressed as the equation below by transmission line theory.

Vg(t) = Z x (1(t - 2I(t - T) + . . . I (1)

where Z is the impedance of the cavity, I is the beam current and T is the round trip time
for electromagnetic wave in the cavity. In Fig. 6 the energy increases were estimated
by the calculated gap voltage and the experimental results are plotted. They agreed
qualitatively. The presence of the beam was not included in the transmission line theory.
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So that we employed a simulation code KARAT [101 based on the particle-in-cell method
[1 1]. The results of the simulation showed good agreement with experiments as shown in
Fig. 6.
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Figure 6 The gap voltage or the increase of the energy.(a) Transmission line theory. (b)
Simulation. (c) Experiment.

The current waveforms passing through the gap obtained by the simulation are com-
parable to those detected by the Faraday cup as shown in Fig. 7 KARAT was also
able to simulate the four cavities experiments with a short and a long pulse IREB We
concluded that KARAT was useful to simulate or experiments.
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Figure 7 Waveforms of the beam current after 300 mm cavity. (a) Experiment. (b)
Simulation.

Now, it becomes clear that the rise time of the current should be shorter than the
round trip time of the cavity to obtain high level current modulation. However, it is
impossible to modify the machine to decrease the rise time of the long pulse IREB.
We noticed that the rise time of the beam current was improved by cavity modulation.
Therefore, we tried to utilize the 150 and/or 300 mm cavities in front of 75 mm cavity to
decrease the rise time.
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3.3 Decreasing length cavities experiment

A series of cavities with lengths of 300-150-75-75 mm was utilized to obtain high
level current fluctuations with frequency of GHz for the short pulse IREB. The Faraday
cup waveforms as shown in Fig-8 indicated that the levels of current fluctuations were
increased. The level of current fluctuations of the 300-150-75-75 mm cavities was higher
than those of the 75-75 mm cavities. The fundamental frequencies of the current fluc-
tuations were about GHz. The energy increase of the acelerated part was 250 keV.
The appropriate numbers and lengths of the cavities at each stage for high level current
fluctuations must be examined. The use of decreasing length cavities should make high
frequency and high level current fluctuations possible for the IREB with slow rise time.
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Figure 8: Waveforms of the beam current after the decreasing length cavities for the short
pulse IREB. (a) Experiment. (b) Simulation.

The results of the simulation showed good agreement with the experimental results
as shown in Fig. 8. And the simulation suggested that the level of modulation should
increase as shown in Fig. 9 when the decreasing length cavities were applied to the long
pulse IREB. The experiments should be continued to obtain subnanosecond train of
electron bunches from the long pulse IREB with decreasing length cavities.

4 Conclusion

In the experiments and the simulations in this paper, it becomes clear that the current
rise time of IREB's should be shorter than the round trip time for electromagnetic wave
in the cavity for high level automodulation. A series of cavities with decreasing length
was found to be effective to obtain trains of subnanosecond electron bunches by the au-
tomodulation. scheme using IREB's with slow rise time. Developments of cavity structure
and arrangements of the cavities had just started experimentally to obtain higher level
current fluctuations and shorter bunch duration.
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Figure 9 Waveforms of the beam current in simulation for the long pulse. (a) 75-75 mm.
(b) 300-150-75-75 mm.
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