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ABSTRACT

MgO-3.0Al2O3 single crystals and sintered AIN polycrystals were irradiated with
fast neutrons in various conditions and the hardness of the irradiated and unirradiated
samples was measured with a Vickers hardness tester. The hardness of as-irradiated
MgO3.0Al2O3 and AIN samples increased by 23 and 51 %, respectively. Aiter
isochronal annealing, the hardness gradually decreased and mostly recovered to that of
the unirradiated one up to 1400 °C. Volume of the sample also increased after the
irradiation and changed in the same way as the hardness by annealing. A relationship
between the hardness and the density of point defects is proposed and the experimental
results agree with the relationship. It implies that the point defects pin down dislocations
generated by the indentation and increase the hardness of neutron irradiated
MgO3.0Al203 samples.

I. Introduction
Most of ceramic materials are known to be stable under neutron irradiation. Among

the ceramics, MgOrcAl203 spinel shows unique characters under neutron irradiation. The
volume change after the irradiation was much smaller than most of oxides '. In the
irradiated MgO-«Al2O3 samples, it is believed that knock-on atoms fill open spaces in the
crystal structure rather than become interstitial atoms causing volume change.
Furthermore, the fracture toughness of MgO-nAl2O3 spinel samples increases after
neutron irradiation^^. However, the mechanism to the increase is not certain. The change
in other mechanical properties of MgO-nAl2O3 samples due to the irradiation was also
paid attentions, however, few works have been reported.

We have reported that hardness of neutron irradiated MgO-3Al2O3 single crystals
and AIN polycrystals increased by 23 and 51 %, respectively3"6). At the same time, the
hardness change of the samples was similar to the volume change, which is related to the
density of the point defects. It was likely that the hardness change in the neutron irradiated
samples was related with the change in the point defects. However, detailed mechanism of
the hardness increase was not certain. In the present work, MgO-3.0Al2O3 single crystals
and sintered AIN polycrystals were irradiated by neutrons in a various conditions.
Hardness of the irradiated crystals was measured with a Vickers hardness tester. A
relationship between hardness and the density of point defects is proposed and the
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mechanism of the hardness increase in neutron irradiated MgO3.0Al2O3 single crystals
and A1N polycrystals is discussed.

II. Experimental
Pressureless sintered A1N polycrystals and MgO3.0Al2C>3 single crystals were cut

into rectangular parallelepiped samples with a size of 2 x 4 x 25 mm^. All of the surfaces
of the single crystals were designed to be parallel to {100}. The surfaces for both samples
were polished with a diamond paste. Neutron irradiation of the samples was carried out in
the Japan Material Testing Reactor at temperatures between 100 and 785 °C up to
fluences between 8.3 x 10^2 and 5.2 x 1024 n/cm^ (E > lMeV). After the irradiation,
hardness of the samples were measured at room temperature with a Vickers hardness
tester. The indentation load (P) was 0.3 kg for MgO3.0Al2O3 and 5 kg for A1N and the
indenter was loaded for 15 seconds on the surface of a sample. Hardness of the sample
(H) was calculated from the diagonal of the indentation(2 a (mm)) with the following
standard equation:

H= 1.854 Pl(2af. (1)

Macroscopic length of the sample was measured at room temperature with a
point-type micrometer, which was firmly attached with a sample holder. The holder
allowed reproducible alignment of the sample and the reading error of th e length was
within 1 urn. Assuming isotropic volume change by the introduction of defects, the
volume change was calculated to be three times of the length change. Then, the samples
were annealed in a vacuum of 1 Pa at temperatures between 100 and 1000 °C for 1 hour
and in a vacuum of 10"4 Pa at temperatures between 1100 to 1400 °C for 1 hour. After
annealing at a certain temperature, hardness and macroscopic length was measured again
at room temperature. The samples were annealed at a higher temperature. This
annealing-measurement cycle was conducted repeatedly.

III. Results and Discussion
Hardness of irradiated and unirradiated MgO-3.0Al2O3 sample is shown in Fig. 1.

After the neutron irradiation, the hardness of a sample irradiated at 100 °C up to 8.3 x
10^2 n/m^ is increased by 237c, while the hardness of a sample irradiated at 470 °C up to
2.4 x 10-̂ 4 n/m^ is comparable to that of the unirradiated one. After annealing up to 1000
°C, the hardness of the unirradiated sample stays almost constant. Hardness of the sample
irradiated at 470 °C up to 2.4 x 10^4 n/m^ is also unchanged. On the other hand, the
hardness of the sample irradiated at 100 °C up to 8.3 x 10^2 gradually decreases. After
the sample annealing above 600 °C, the hardness of the sample is mostly recovered to that
of the unirradiated one.

Macroscopic volume change due to the sample annealing is shown in Fig. 2. For the
sample irradiated at 470 °C up to 2.4 x 10^4 n/m^, the volume change is comparable to
that of the unirradiated one and unchanged due to sample annealing up to 1000 °C. On the
other hand, the volume of the sample irradiated at 100 °C up to 8.3 x 1022 n/m^ is 0.17 %
larger than that before the irradiation. After annealing between 100 and 600 °C, the
volume of the sample gradually decreases. The volume change of the sample is almost
0.03 % at 600 °C and less than 0.02 %, which is close to the detection limit of the present
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apparatus, above 900 °C. For these irradiated samples, the hardness and volume change as
function of annealing temperature are quite similar.

Hardness and macroscopic volume change for neutron irradiated A1N were also
shown in Figs. 3 and 4, respectively. For an A1N irradiated at 470 °C up to 2.4 x 10^4
n/m^, hardness change is 51 % which is the highest value among the samples. Similar to
the curves for MgO-3.0Al2O3 samples (Figs. 1 and 2), hardness and macroscopic volume
was almost constant after annealing below the irradiation temperatures. After annealings
above the irradiation temperatures, the hardness and the macroscopic volume change
values gradually decrease in a similar manner. The similarity of the hardness and
macroscopic volume changes due to annealing is also observed for the other two neutron
irradiated A1N samples

During the irradiation, a number of de fects should be introduced. In MgO -3.0A12O3
and A1N, dislocation loops were observed by transmission electron microscopy and point
defects and their small clusters which are responsible for the macroscopic volume change
must be present '"X Since the hardness and volume change exhibit similar manner, it is
natural to think that point defects should affect the hardness increase.

Assuming that strain field around point defects pin down dislocations which are
moved by the stress applied by the indentation and this cause hardening in irradiated
spinel samples. In metals, solution hardening from asymmetric point defects had been
known and the yield stress change is described by the following empirical equation:

^ (2)

where Th is the yield stress of the hardened material, TQ is the yield stress of the control
sample, n the shear modulus, As transverse strain of the tetragonal distortion and c\ the
concentration of solute atoms. Following Eq. (2), we have proposed that the hardness
increase after neutron irradiation should be given by:

/ / ;=Z/0 + AcJ (3)

where H- and Hn are Vickers hardness values after and before the neutron irradiation, CJ
the concentration of point defects and A a constant7). Since the volume change of the
irradiated sample may be proportional to c^, Eq. (3) can be derived as follows:

(4)

where B is a constant, AV/Vlhe volume change. From the results in Figs. 1 and 2, values
of H- - HQ for irradiated MgO'3.0Al2O3 samples are plotted against the volume change in
Fig. 5. The slope of the straight line, which is a least square fit of the plots, is 0.57, i.e.
almost equal to 1/2. Values of H- - HQ for irradiated A1N samples are also plotted against
the volume change in Fig. 6. Similar to the plots for the MgO '3.OAUO3 samples, the slope
of the line was .0.53, which is also close to 1/2. Moreover, plots from the differ ent samples
fall on a single line. These results indicates that irradiation hardening can be explained by
dislocation pinning at point defects and their small clusters, which is described in Eq. (3).
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IV. Conclusions
Hardening of neutron irradiated MgO-3.0Al2O3 single crystals and A1N

polycrystals were observed. A relationship between the concentration of point defects and
the hardness change was proposed and the experimental results agree well with the
relationship. This indicates that the hardness change in neutron irradiated MgO-3.0Al2O3
single crystals and A1N polycrystals can be explained as the dislocation pinning by the
irradiation-induced point defects.
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ABSTRACT

Automodulation of an intense relativistic electron beam was reexamined experimen-

tally to obtain trains of subnanosecond electron bunches. An electron beam with energy

of 550 keV, current of 3.5 kA and duration of 10 ns was utilized. The rise time of the

beam current was about 2 ns. One cavity was used to investigate the relation between

the level of current fluctuations and the cavity length. The length of a coaxial cavity was

changed from 75 mm to 300 mm. The higher-level current fluctuations were observed

when the longer cavity was utilized, as expected by the transmission line theory. Poor

current fluctuations were obtained by a 75 mm cavity which was expected to generate

subnanosecond bunches. These results indicated that the rise time of the beam current

should be improved to obtain trains of subnanosecond electron bunches. A series of cavi-

ties with decreasing length was employed. The first cavity was adjusted to 300 mm which

caused the IREB high-level current fluctuations. High-level current fluctuations with fre-

quency of 1 GHz was obtained when the cavity lengths were adjusted to 300,150,75 and

75 mm.

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.

Autoacceleration[l] and automodulation[2] of IREB's are remarkable phenomena in which

the self- and induced field are effectively harnessed. The energy of an IREB increases

twice in the expense of its duration using only a coaxial passive cavity[3] in the one-stage

autoacceleration. In the automodulation, a series of coaxial passive cavities modulates
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an IREB with power of more than 1010 W and no external oscillator is needed. The

modulation frequency depends on the round trip time for light of the cavity. Moreover,

we reported that an IREB with duration of less than 1 ns was attainable with multi-stage

autoacceleration using decreasing length cavities[4],[5]. An IREB with energy of 1.1 MeV,

current of 1 kA and duration of 0.8 ns was obtained by 4-stage autoacceleration from that

with energy of 500 keV, current of 5 kA and duration of 12 ns. It is technically difficult

for conventional pulse-forming-line systems to generate an IREB with duration of less

than 1 ns and current of more than order of 1 kA. While the multi-stage autoacceleration

was useful to generate one pulse of subnanosecond IREB, automodulation is a potential

approach to generate trains of subnanosecond electron bunches. An IREB with sub-

nanosecond 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. Friedman, et al.[7]. They reported

that electron beams with voltage varying from 0.25 MeV to 1 MeV, current from 1 to

8 kA, and pulse duration from 20 to 300 ns were modulated to a depth of nearly 100

%. According to their reports, we started an automodulation experiment to obtain trains

of electron bunches with duration of 1 ns for superradiation. However, only a poorly

modulated electron beam was observed. We considered that our IREB with current rise

time longer than the round trip time for light in the 1 GHz cavity resulted in the poor

modulation. We report here the experimental results of the 1 GHz automodulation using

decreasing length cavities.

2 Experimental Setup

A Pulserad 105A produced by Physics International, which utilized a conventional

Blumlein line, was used as a beam source. A 650 kV, 16 kA, 10 ns pulse is available to a

matched load.

Two types of experiments were carried out. One cavity whose length was changeable

was utilized to examine that the cavity length affected the quality of modulation of an

IREB. The cavity length was changed from 75 mm to 300 mm. The experimental setup of

this experiment is shown in Fig. 1. Another experiment employed a series of decreasing

length cavities, as shown in Fig. 2. Two serieses of cavities with lengths of 300-75-75 mm

and 300-150-75-75 mm were utilized.

In both experiments, foilless diode consisted of a carbon cathode with hollow knife-
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Faraday cup (Z = 50 cm)
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Figure 1: Schematic of one cavity experiment.
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Figure 2: Experimental arrangement for decreasing length cavities.
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edge of 20 mm diameter and a carbon anode with 29 mm diameter aperture. The anode-

cathode spacing in the diode was 7 mm. An annular electron beam with diameter of 22

mm and thickness of 1 mm was injected from the diode into a conducting drift tube with

length of 2.0 m and inner diameter of 31 mm. Typical waveforms of the diode voltage

and the current are shown in Fig. 3(a) and (b), respectively. As shown in Fig. 3(b), the

FWHM of the pulse duration of the measured beam current was 12 ns, and the rise time

was 2 ns. An axial magnetic field of 1 T was applied by two solenoid coils with total

length of 1.6 m. Each coil had compensating magnetic field coils at the both ends to hold

the magnetic field strength constant at the joint of coils. 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 2.5 cm and the impedance of cavities was typically 76 f2. The

base pressure in the system was maintained below 1 x 10~5 Torr.
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Figure 3: Typical waveforms of (a) diode voltage and (b) beam current.

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. The Faraday

cup consisted of a carbon disk collector, a 0.042 ohm shunt resistor composed of chip

resistors and a 51 ohm chip resistor for matching. Aluminum foils of various thickness

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 [7], the kinetic energy of beam electrons was

estimated. A magnetic analyzer located at the end of the drift tube was used to check the
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electron kinetic energy obtained by the range-energy relations. And the measured energy

was in good agreement with the estimated one.

Magnetic probes shown in Fig. 1 and 2 were used to measure the beam current at

each gap 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).

3 Experimental Results and Discussion

3.1 One cavity experiment

One cavity whose length was changeable was utilized. The cavity length was ad-

justed to 75, 150, 300 mm. The Faraday cup waveforms detected at z=50 cm for each

cavity length are shown in Fig. 4. No fluctuations in beam current was observed for

IREB propagation through a smooth drift tube [Fig. 4 left(a)] When one cavity whose

length adjusted to 75 mm was inserted in the drift tube, low-level current fluctuations

were observed [Fig. 4 left (b)]. High-level current fluctuations were observed when the

cavity lengths were adjusted to 150 and 300 mm [Fig. 4 left (c),(d)]. The Fast Fourier

transform of the Faraday cup waveforms showed that the fundamental frequencies of fluc-

tuations were 0.5 and 0.25 GHz for 150 and 300 mm cavities, respectively, as shown in

Fig. 4 [right]. These frequencies corresponded to the round trip time for light in each

cavity. However, the expected frequency of 1 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 1 GHz by the magnetic probe in the 75 mm cavity, though high-level

fluctuations were detected in the 150 and 300 mm cavities.

It was reported in ref [8] that the fluctuations of beam current in one cavity experi-

ments were strongly dumped when Ldl/dt < V; where L was the cavity inductance, V

was the diode voltage and / was the beam current. In our case, Ldl/dtfs were caliculated

to be 50, 120 and 250 kV for 75, 150 and 300 mm cavities, respectively, while the V

was 500 kV. Strong dumping was observed only when the cavity length was 75 mm. Our

experimental results indicated that the the strong dumping occurred when Ldl/dt « V.

However, as a trains of subnanosecond electron bunches was expected in our experiments,

high-level current fluctuations with less than 75 mm cavity was necessary. In this context,
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as the inductance of the cavity was difficult to increase, dl/dt must be increased to obtain

high-level current fluctuations with a short cavity.

It was also reported in ref [8] that the presence of two or more cavities caused the

appearance of high-level fluctuations in the beam current. A series of cavities with lengths

of 75 mm were utilized. Though the number of cavities was changed from two to four,

levels of fluctuations in the beam current were a little increased as shown in Fig. 5. The

reason why the high-level of fluctuations did not appear was not clear. It was considered

that the beam current was not enough to obtain high-level current fluctuations with a

series of cavities.

Return to one cavity experiments, we calculated Ldl/dfs from the inductance of the

75 mm cavity and the currents fluctuated by 150 and 300 mm cavities. Ldl/dfs were

increased tolOO and 120 kV for fluctuated currents ofl50 and 300 mm cavities, respecrively.

The rise time of the beam current was improved by one cavity modulation. Therefore,

we tried to utilize the 150 and/or 300 mm cavities in front of 75 mm cavity to increase

dl/dt.

3.2 Decresing length cavities experiment

Two serieses of cavities with lengths of 300-75-75 mm and 300-150-75-75 mm were

utilized to obtain high-level current fluctuations with frequency of 1 GHz. The Faraday

cup waveforms as shown in Fig. 6 indicated that the levels of current fluctuations were

increased. The level of current fluctuations of the 300-150-75-75 mm cavities were higher

than those of the 300-75-75 mm cavities. The fundamental frequencies of the current

fluctuations were about 1 GHz for both cases.

In order to obtain the kinetic energy of the accelerated electrons by the range-energy

relation method, aluminum foils were attached in front of the Faraday cup. As the current

fluctuations were still observed in the current waveforms passing through aluminum foils

as shown in Fig. 7, parts of beam electrons were accelerated and the rest of electrons were

decelerated. The increases of the energy of the accelerated parts were 150keV and 250

keV for the 300-75-75 mm and the 300-150-75-75 mm cavities, respectively. These results

indicated that the length of the (n + 1) th cavity should be adjusted to half of the (n) th

cavity length for high-level current fluctuations. The appropriate numbers and lengths of

the cavities at each stage for high-level current fluctuations must be exmined. The use of

decreasing length cavities should make high-frequency and high-level current fluctuations

possible for the IREB with low current and low dl/dt.
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4 Conclusion

A series of cavities with decreasing length was found to be effective to obtain trains

of subnnanosecond electron bunches by the automodulation scheme. 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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Abstract

Interactions between an unmagnetized plasma and an injected intense relativistic

electron beam are simulated by 2.5-dimensional particle-in-cell code KARAT. The

ratio of the beam electron density («&) to the plasma electron density (zip) is taken as a

parameter. The ratio, njnp, is found to affect the beam propagation window and the

two-stream instability. When the two-stream modes are excited strongly (njnp =

0.01 ~ 0.1), the beam electrons diverge radially and the beam propagation is

disturbed. When the two-stream modes are excited weakly (/ib/«p = ~ 1), the beam

electrons are focused and the beam propagates through the plasma.

I. Introduction

When an intense relativistic electron beam (IREB) is injected into an unmagnetized plasma,

the plasma develops into a strong Langmuir turbulence state originated from the two-stream

instability between beam and plasma electrons.1"3) In this state, density depressions in which

the high frequency electric field is trapped (caviton) are created,4* and the background

Langmuir wave also exists.4* It is found experimentally that the nt,/np affects the microwave

radiation and the beam propagation. It was observed that a suitable plasma density exists for

the IREB propagation6*. The radius of the IREB is observed by a phospher plate . The beam

radius when the njnp is between 0.005 and 0.1 is larger than that observed when nb/np is

0.1 and 1.6) This result shows the effective electron beam propagation is achieved when the

flb/flp is 0.1 and 1. Microwave spectrum is measured experimentally with spectrometers

covering 18-140 GHz.5) When the njn9 is between 0.005 and 0.1, the strong broadband

microwave radiation from the plasma is observed.6* When the njnp is between about 0.1 and

1, no radiation is observed.6* The mechanism of the high-power microwave radiation is

considered to be originated from the interaction of the modulated IREB with the electric field

of the cavitons. The IREB modulation is considered to occur by the interaction of the IREB

with the background Langmuir wave. Therefore, the high-power microwave radiation is

suspected to relate with the strong Langmuir turbulence plasma. The Langmuir wave is

originated from the two-stream instability.
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When an intense relativistic electron beam (IREB) is injected into an unmagnetized plasma,

it is expected that the two-stream instability occur. Analysis of the two-stream instability was

studied extensively7"11). The question of interest was the ratio of the maximum electric field

energy density at saturation to the initial beam energy W. The parameter

S • PoYo\nb/2np)
/3 was defined by Thode and Sudan7'8), where fi0 is the normalized

initial beam velocity by the speed of light, y0 is the initial relativistic mass factor of the

beam. Based upon a single wave approximation, a semiquantitative analytic solution for the

fraction of beam energy converted into electric filed energy was predicted to be8)

WseE /4nby0mc2 = 0.55(1 + S j / 2 ,

where e is the permittivity of free space, m is the electron mass. When the W is large, the

strong two-stream instability occurs. When the beam energy is fixed, the W is a function of

the «b/«P- And W is maximized by an appropriate nt,/np.

It is not clear whether the one-dimensional result is applicable to explain our experimental

results or not. Then we have carried out 2.5-dimensional simulations of the beam propagation

in an unmagnetized plasma to study the beam propagation in an unmagnetized plasma and the

two-stream instability. There are little theoretical reports for the interaction between an IREB

and an unmagnetized plasma in 2.5-dimension. In 2.5-dimensional simulations, radial electric

field is observed, which is not considered in 1-d case. The result of 2.5-dimensional

simulation is reported here.

Il.Simulation

We have carried out computer simulations using 2.5-D code KARAT12). KARAT is a fully

electromagnetic code based on the particle-in-cell (PIC) method. It is aimed primarily at the

solution of non-stationary electrodynamic problem having complicated geometry and

involving dynamic of relativistic electrons and non-relativistic ions. In particular, KARAT is

well suited to the simulation of high-current electron devices such as vircators, free-electron

lasers, gyrotrons, etc. It is also appropriate for modeling of physical phenomena in labolatory

and space plasmas.

In our simulations for changing the density ratio njn& the beam electron density is varied for a

fixed plasma density. The drift tube is a cylinder and both ends of that has thin foils. The cylindrical

wall and the foil are perfectly conducting. The radius, rd, is 1.9 cm and the length,Ld, is 40 cm.

When the particles enter into the cylindrical wall and both ends of the drift tube during the

calculation, they escape form the simulation region. A cold unmagnetized neutral argon plasma with

radius, rp, of 1.7 cm and length, Lp, of 40 cm is initially loaded along the axis. The plasma density is
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fixed at np = 2xlO n cm" initially. To avoid non-physical instability, the plasma electrons and

ions are introduced some initial temperature. A cold electron beam with radius, ft,, of 1.5 cm is

injected into the plasma from the left side boundary. Both the rise time and the fall time of the beam

current are Ins and the duration of the beam is 25 ns. The initial beam energy is 1.0 MeV. The

density ratio of the beam electrons to the plasma electrons j%/«p is changed from Q.QQ1 to 0.5. When

the «bMp is 0.5, the beam current has the maximum value of 3.2 kA.

III. Simulation results

1. The high density ratio case

When the beam density is high, i.e. the initial density ratio njn^ = 0.5, the simulation results

are as follows. The positions of the beam and plasma electrons at t = 8.0 ns is shown in Fig. 1

(a) and (b), respectively. As the volume element varies like r2, the beam electron density near

the axis is more than inferred from the Fig. 1 (a). Figure l(a) shows that the electron beam has

radial oscillation and the beam density is high near the drift tube axis. Figure l(b) shows the

plasma electrons are forced out from the axis because of the repulsion for the injected beam

electrons and an ion channel is created.

i 9—10 cmj

20.0
z[cm]

20.0

z[cm]

Figure 1: Electron positions at t = 4 ns («b/«P = 0.5). (a) Beam electrons, (b) Plasma electrons.

Figure 2 shows the Fourier transform of the

longitudinal electric field excited in the plasma

at z - 35 cm and r = 0.2 cm. The time interval of

the Fourier transform is between t = 0 ns and t =

4 ns. The plasma frequency of 4 GHz

corresponding to the initial plasma density is not

observed. The observed oscillation wavelength

along the axis in the beam envelope is 9 ~ 10 cm

as shown in Fig. 1 (a). This is half of the

betatron wavelength. The effective beam

Frequency [GHz]

Figure 2: The Fourier transform of the

longitudinal field {njn^ - 0.5).
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transport in the ion-focused regime is reported.13) The betatron wavelength is derived for the

case of the beam propagation in the ion focused regime (nb/np ^1). Therefore, in the high

density ratio case, the beam propagation is explained by the theory of the ion-focused regime.

And the two-stream instability is suppressed by the escape of the plasma electrons. The radial

oscillation is produced by imbalances in the beam's transverse pressure and the radial force of

the ion channel.13) When the «b/«p is high, the effective beam propagation continues in the

simulation time.

2. The Intermediate density ratio range

The simulation results of the case of njiip = 0.1 initially are as follows. The positions of the

beam and plasma electrons at t = 4.0 ns is shown in Fig. 3 (a) and (b), respectively. Figure 3

(a) shows that the injected electron beam is focused in radial direction at z - 10 cm then the

beam electrons begin to oscillate radially. Some beam electrons have large amplitude of

transverse oscillation and escape from the cylindrical wall. Figure 3 (b) shows that some

plasma electrons near the drift tube axis are also forced out between z = 20 cm and 40 cm as

seen in Fig 3 (b).

(a) o. 2o.o
z [cm]

20.0 7 cm
z[cm]

Figure 3: Electron positions at? = 4 ns (nb/nv = 0.1). (a) Beam electrons, (b) Plasma electrons.

(a)

h
10 0

Frequency [GHz]
(b) Frequency [GHz]

Figure 4: The Fourier transform of the electric field (n\Jnp = 0.1).

(a) The longitudinal field, (b) The radial electric field.
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In Figure 3 (b) plasma electrons still remains compared with Fig. 1 (b) of the high density

ratio case. The radial electric filed is observed in our 2.5-dimensional simulations, which is

not included in 1-dimensilnal simulations. Figure 4 (a) and (b) shows the Fourier transform of

the longitudinal and radial electric field excited in the plasma at z = 35 cm and r = 0.2 cm.

The time interval of the Fourier transform is between

t = 0 ns and t = 4 ns. The plasma frequency of 4

GHz corresponding to the initial plasma density

and frequencies corresponding to higher

harmonics are observed. From the >̂

one-dimensional linear theory, the most

unstable wave excited by the two-stream

instability has a wave number k&w JVb0,

13i.ani L

20.0

z[cm]
to. o

where co is the plasma frequency and V̂ o is Figure 5: The distributions of the beam

electrons and the plasma electrons in the

phase space at t - 10 ns («b/«p = 0.1).
the beam velocity. In this case the wave number

is about 90 m"1, that is, the wavelength is 7 cm.

This wavelength agrees with the wavelength

observed in Fig. 3(b). The distributions of the beam electrons and plasma electrons in the

phase space at t = 4 ns are shown in Fig. 5. The beam electrons are trapped and rotate in the

phase space. Therefore, the two-stream instability is found to be observed in the simulation.

The ratio of the maximum electric field energy density at saturation to the initial beam energy

W is calculated to be 0.06. To evaluate W, we use the value of the electric field strength

observed at z = 30 cm and r = 0.2 cm. And we assume that the electric field has the Bessel

functional radial dependence and the longitudinal dependence of the fields is ignored (i.e. the

wave strength value z = 30 cm and r = 0.2 cm is uniform in z direction.).

When t = 2 ns ~ 10 ns, the most unstable wave of 4 GHz excited by the two-stream

instability is dominate. After t«10 ns, the results of the simulation are changed. The

positions of the beam and the plasma electrons at t = 12.0 ns are shown in Fig. 6 (a) and (b),

respectively.

20.0

z[cm]

Figure 6: Electron positions at t - 12 ns (nb/np = 0.1). (a) Beam electrons, (b) Plasma electrons.



In Figure 6 (a) the electron beam has radial oscillation. But little beam electrons reach at the

cylindrical wall in contrast with Fig. 3 (b). The maximum amplitude of the oscillating beam

radius decreases slightly (slightly focused in the radial direction). In Fig. 6 (b) the plasma

electrons have no bunch like Fig. 3 (b). Figure 7 (a) and (b) show the wave spectrum of the

longitudinal and radial electric field at z = 35 cm and r = 0.2 cm. The time interval of the

Fourier transform is between t = 8 ns and t=12 ns.

(a) Frequency [GHz]
_ 10.0

Frequency [GHz]

Figure 7: The Fourier transform of the electric field (nb/nv = 0.1).

(a) The longitudinal field, (b) The radial electric field.

In this time interval, the averaged plasma electron

density decreases from np «5xl010cm"3 to np

»4X1010COT~3 because of the escape of the

electrons from the cylindrical wall (rd =1.9cm).

Plasma frequencies 2.0 GHz and 1.8 GHz

corresponding to these densities are not observed.

The distributions of the beam and the plasma

electrons in the phase space at t = 10 ns are shown

in Fig.8. Little beam electrons are trapped.

In the intermediate density ratio, the most

unstable wave excited by the two-stream

instability of wave number k s a / Vb0

dominates at 0 < t < 10 ns. And the wave becomes

weak at t > 10 ns.

Beam electrons

Plasma electrons

20.0 40.0

j[cm]

Figure 8: The distributions of the beam

electrons and the plasma electrons in the

phase space at t = 10 ns (ti\Jnv = 0.1).

3. The lower density ratio case

The simulation results of the case of ruJrip = 0.001 initially are as follows. The positions of

the beam and the plasma electrons at t = 8.0 ns is shown in Fig. 9 (a) and (b), respectively. In

• 5 7 -



Fig. 9 (a) the electron beam keeps its radius with 1.5 cm. Figure 9 (b) shows the plasma

electrons are not disturbed. Figure 10 (a) and (b) shows the Fourier transform of the

longitudinal and radial electric field excited in the plasma at z = 35 cm and r = 0.2 cm. The

time interval of the Fourier transform is between t = 4 ns and t = 8 ns. The plasma frequency

of 4 GHz corresponding to the initial plasma density is observed. And radial oscillation of the

electron beam is observed as shown in Fig. 10 (b).

-

d .

—Y
i

( a )

S o

( b ) o . 20.0
z[cm]

Figure 9: Electron positions at ^ = 8 ns (nb/«p = 0.001). (a) Beam electrons, (b) Plasma electrons.

Frequency [GHz] Frequency [GHz]

Figure 10: The Fourier transform of the electric field («b/«p = 0.001).

(a) The longitudinal field, (b) The radial electric field.

The two-stream instability may be excited

weakly. In the low density ratio simulation, the

most unstable wave of 4 GHz excited by the

two-stream instability continues during the

beam pulse length. The distributions of the

beam electrons and the plasma electrons in the

phase space at t = 8 ns is shown in Figure 11.

No beam electrons are trapped. The strength of

the wave is too weak to trap the beam electrons

though the injected electron beam current is

o

0. 20.0

z [cm'

^Beani electrons

\
Plasma electrons

40.

Figure 11: The distributions of the beam

electrons and the plasma electrons in the

phase space at t - 8 ns (n^rip ~ 0.1).
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enough to excite the two-stream instability. The ratio of the maximum electric field energy

density at saturation to the initial beam energy, W, is calculated about 0.01. This value is

smaller than that observed in the intermediate density ratio cases. When the W is small, the

two-stream instability is excited weakly. The dependence of the two-stream instability on the

density ratio qualitatively agrees with Thode and Sudan's study.

VI. Discussion and concluding remarks

We have carried out the beam-plasma interaction by the PIC 2.5-dimensional simulations

with non-periodic boundary conditions and with no external magnetic field. The simulation

results show the two-stream instability between the beam electrons and the plasma electrons

has the dependence on the density ratio «b/«P- And the beam propagation window has also the

dependence on the density ratio. When the density ratio nb/flp is ~ 0.5, the two-stream

instability is suppressed because of escape of the plasma electrons. The beam propagation is

explained by the theory of the ion-focused regime. When the density ratio njnp is 0.01 ~ 0.1,

the two-stream instability is strongly excited. The radial electric field is observed in the 2.5

dimensional simulations. The longitudinal electric field traps the beam electrons. And the

radial electric filed disturbs the beam propagation. When the density ratio njrip is small (~

0.001), the two-stream instability is excited weakly. However, the strength of the excited

waves is too small to trap beam electrons.

0.11 -!

5.

to

0.10-

0.09 -

0.08 -

0.07 -

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -

0.01 -

0.00 -

O z = 30cm
z = 35cm

IE-3 0.01 0.1

Figure 12: The calculated W as a function of njnv.

Figure. 12 shows the calculated maximum energy transfer efficiency from the beam to the

excited wave. We have calculated the W with assumptions as mentioned above. The
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calculated W have maximum values when the /ib/np is 0.01-0.04, respectively. The

dependence of the two-stream instability on the njn^ seen in Fig. 12 is qualitatively agree

with the prediction in 1-dimensional theory, in which the W has also the maximum value for

the appropriate value of rtb/np. When the W is large, the two-stream instability is excited

strongly. When the W is small, the two-stream instability is excited weakly. In our

experiments, when the n\,/np is between 0.005 and 0.1, the radiation occurs and the beam

propagation is disturbed. When the nt,/«p is between 0.1 and 1, no radiation occurs and the

effective beam propagation is achieved. The observed relation between the beam propagation

and the two-stream instability in our simulations is qualitatively consistent with these

experimental results. And the simulation results show the possibility of the beam modulation

by the two-stream instability. The relation between the strong Langmuir turbulence plasma

and the beam propagation will be studied.
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