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Abstract 

A novel plasma klystron amplifier is presented in 
which current modulation of a relativistic electron beam is 
achieved by the unstable two-stream interaction between the 
electron beam and a plasma column. A model to describe 
current modulation is developed. Due to a relatively large 
growth rate of the instability, required interaction length of the 
beam and plasma column is short for most applications. A 
full current modulation can be achieved in the plasma klystron 
amplifiers. 

I. INTRODUCTION 

The generation of intense coherent radiation from the 
relativistic klystron amplifiers’-’ (RKA) is one of the renewed 
interests in the microwave community, because of high-power 
capability and high efficiency of RKA. High-power 
relativistic klystron amplifiers have various applications, 
including the high-gradient RF accelerators and high-power 
radar. One of the main issues in RKA is enhancement of 
power and frequency simultaneously. Cavity size and opening 
should be reduced to increase the excitation frequency. 
Therefore, a high-power high-frequency klystron amplifier has 
inherent problems due to reduced size of cavities, including 
electron emission at the gap opening and shorting, etc. In 
addition, high-power RF signal is needed in the input cavity 
for high-power klystrons. In order to eliminate some of these 
intrinsic problems in the high-power RKA, I present a novel 
plasma klystron amplifier in which current modulation of the 
electron beam is accomplished by the two-stream interaction 
between the beam and plasma column. Because of a large 
growth rate of the two-stream instability, interaction length of 
the plasma klystron is short. 

As illustrated in Fig. 1, a relativistic annular electron 
beam with radius of Rb enters the drift tube with radius of R,. 
In the plasma klystron, there are no intermediate passive 
cavities, which often present problems associated with self- 
oscillation and RF breakdown. The electron beam is pre- 
modulated at the first cavity before it enters a space between 
the drift tube wall and a plasma column with radius of RI,. 
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An axial electric field accompanied by the modulated electron 
beam excites space charge waves in the plasma column, which 
acts like a inductive medium amplifying the electrostatic 
waves. The physical mechanism of self-amplification of the 
electrostatic waves is the longitudinal two-stream instability of 
the beam-plasma system. 
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Fig. 1. A Schematic presentation of plasma klystron amplifier. 

II. STABILITY ANALYSIS 

Analysis of the two-stream instability of the beam- 
plasma system is carried out within the framework of the 
linearized hybrid-Maxwell equations, where beam electrons 
are described by the Vlasov equation and plasma electrons are 
described by a cold-fluid model. In the stability analysis, we 
adopt a normal mode approach in which all perturbations are 
assumed to vary according to aO(x,t) = @(r)exp[i(kz - ot)], 
where o is the eigenfrquency and k is the axial wavenumber. 
The eigenfunction of the longitudinal two-stream instability is 
the axial electric field E,(r). 

To solve the eigenvalue equation, we assume that the 
plasma density is uniform inside and drops abruptly at r = 
RI,. For the present purpose, the stability analysis is restricted 
to the long-wavelength low-frequency perturbations. Under 
these conditions, the eigenvalue equation is obtained6t7 and 
solved, and the dispersion relation of the two-stream 
instability is expressed as 
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where the parameters at, and eI, are the beam and plasma 
dielectric effects, and the geometrical factor g is defined by g 
= ln(Rb/R#hi(R,/R$. Equation (I) can be used to 
investigate properties of the longitudinal two-stream instability 
in an annular electron beam propagating through a plasma 
COlUlIlIl. 

Stability analysis of the dispersion relation in Eq. (1) 
is carried out in a special case when the beam contacts the 
plasma, i.e., g = 0. Then, the last term in Eq. (5) is 
neglected and the dispersion relation is significantly 
simplified. Defining the phase velocity of the unstable wave 
by o/k = Q, the instability condition is given by8 

(,‘,R + e;y ’ Y’,P”,. (2) 

where yp 2 = (l-pp2)-‘. The electron beam velocity in the 
plasma klystron amplifier is close to the speed of light (ph - 
1) for high power. Instability occurs only when the parameter 
e is in the order of unity or larger, as we have seen in Eq. 
(f). In this context, we conclude that the plasma klystron 
amplifier requires an opaque plasma. The parameter eb is 
much less than unity for most applications, satisfying el, < < 

7’ 
In this case, the phase velocity of the unstable wave is 

c ose to the beam velocity and the dispersion relation in Eq. 
(1) is further simplified.* Defining Doppler-shifted frequency 
x = (w-kPbC)lkC, it is shown that the maximum growth rate 
occurs at the phase velocity satis ing 
(E.p/eb)1’3/[l +(ep/eb)l’3] and is given by T 

fi,/pb = 

(3) 

For the present purpose, we consider an example 
where an annular electron beam with radius of Rb = 2 cm 
and energy of yh = 1.67 enters a drift tube with a radius of 
R, = 2.5 cm. The drift tube contains a plasma column whose 
radius is 

RY 
= 2 cm and density is nl, = 6.5 x lOI1 cmb3. 

For these p asma conditions, e is calculated to be e = 0.7. 
The electron beam current is issumed to be 5.5 kA), which 
corresponds to eb = 0,037 for the beam parameters 
mentioned above. The normalized electron beam velocity is 
pb = 0.8. Note that these beam and plasma parameters 
satisfy the instability criterion in Eq. (2). Therefore, the 
normalized growth rate Xi is estimated to be Xi = 0.17 
obtained from Eq. (3). The plasma column needed for the 

plasma klystron amplifiers can be produced by thermionic arc 
discharges9”‘. These discharge devices are frequently 
operated at the room-temperature vapor pressure of mercury, 
which provides plasma densities in the range from 

2 
= 109 

cms3 to nI, = lOI cm3 for IO-to-30 cm long ischarge 
tUbW. 

III. NONLINEAR MODE EVOLUTION 

We now describe the current modulation of an 
electron beam propagating through the space between the 
plasma column and drift tube wall. An axial electric field 
accompanied by the pre-modulated electron beam enters this 
region and initiates excitation of the space charge waves. 
Strength of this axial electric field is determined in terms of 
the system parameters prior to this region.5 The plasma 
column responds to the initial perturbations of the axial 
electric field and amplifies the field strength by acting as an 
inductive medium. The physical mechanism of the field 
amplification is the two-stream instability mentioned above. 
We assume the initial condition that a beam segment labeled 
by to enters the region at time t = to. Then, the axial electric 
field Ez(z,t(-,) acting on the beam segment to is expressed as 

E,KB) - - E,exp(x,(/p&sin8, (4) 

where Eo is the initial axial electric field, { = oz/Phc is the 
normalized propagation distance, 0 = @to is the normalized 
time and Xi is the normalized growth rate of the instability 
obtained in Eq. (3). 

Energy modulation of the beam segment labeled by 
0 is obtained from dyldz = -eE,/mc2. Without loss of 
generality, we assume that the axial coordinate z equals zero 
at the beginning of the plasma column. Integrating along the 
propagation distance and neglecting the initial modulation, we 
obtain the relativistic mass ratio 

%e) = yb + ~exp(xi~/&,bineB (5) 

of the segment 0 at the propagation distance C. In Eq. (5), 

eo = Pb2eEo/lllCCdX; < < 1. The instantaneous velocity 
p(C,O)c of the beam segment e is expressed as 

Pb , + yb-y -- 

P Y&Y: - l)' 
(6) 

where phc is the beam velocity at the injection point. Making 
use of the velocity definition dz/dt = l.3~ and the definition cp 
= ot, we obtain 

cp - 6 - c - e*xp(~()sin8, Q 
b 
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where use has been made of the fact that the parameters e = 
~sPtJ’YbtYb2-1)xi < < l* Equation (7) relates the present 
time t to the initial time to. Differentiating cp in Eq. (7) with 
respect to 0 gives 

(8) 

The beam current at the injection point is a constant 
value of Ih. The beam segment tt, passes the injection point 
at time t = to. When this segment arrives at z in time t, it is 
stretched by a factor of dtldt,. Thus, the beam current of the 
segment b at z is proportional to dt3ldq. In this regard, the 
normalized current ratio F(C,t3) is expressed as 

wm - 

where the normalization constant N(C) is defined by 

2x -w 
1 2x l&/dlp I&l. 

W) O 

(9) 

(10) 

The normalization constant N(C) ensures the charge 
conservation. 

Substituting Eq. (8) into Eqs. (9) and (10) gives the 
current modulation 

0 F(c,e) - 
t 
R/(1 -mw c < c,, 
NcMl -mW c > I,, 

where the exponential function f(C) is defined by 

the normalization constant N(C) is calculated from Eq. (10) 
and the propagation distance Cm for maximum current 
modulation is obtained from f(&,) = 1. It is obvious from 
Eq. (11) that the modulated beam current has one peak per 
period until the beam segment 8 reaches C = cm. If the 
beam propagates further from C = Cm, it starts to bunch two 
peaks per period, thereby providing a possibility of high 
harmonic modulation. 

The propagation distance zrr, of the maximum current 
modulation is expressed as 

%I 
pbc - ---cm (13) 
0 oxi e 

which has a significant meaning because it determines the 
length of the klystron amplifier. Remember that the 
parameter l/a in Eq. (13) is much larger than unity in 
general. Several points are noteworthy from Eq. (13). First, 
the microwave tube length (zm) is inversely proportional to 
the normalized growth rate (xi) of the two-stream instability. 
We have observed in the stability analysis that the growth rate 
xi is a slowly changing function of the plasma density, but it 
is sensitive to the beam current. The growth rate can be 
significantly increased and the tube length can be considerably 
shortened, by increasing the beam current I, or the ratio of 
RcIRb. Second, the tube length is proportional to ln(l/e), 
indicating that it is a weakly dependent function of the initial 
energy modulation at the first cavity. In this regard, a 
relatively low-power microwave input in the first cavity may 
well excite the two-stream instability in the beam-plasma 
region and may deliver a highly modulated electron beam to 
the extraction cavity. Third, the length of the microwave tube 
is inversely proportional to the frequency. The higher the 
frequency, the shorter the tube length. Equation (13) also 
indicates that the tube length can be drastically reduced by 
decreasing the beam energy. As an example, we consider a 
system where e = 0.01, Xi = 0.13, pb = 0.8, and the 
microwave frequency is 3.5 GHz. Substituting these 
parameters into Eq. (13), we find the tube length zm = 30 
cm. These parameters are easily attainable in the present 
experimental conditions. There is a broad range of system 
parameters, which the present technology allows. Obviously, 
the plasma klystron amplifier has a great potential for high- 
power high-frequency microwave device. There will be many 
different plasma configurations, which may be more 
advantageous for the plasma klystron amplifiers. For 
example, an electron beam can propagate through a plasma 
cylinder, providing a large plasma volume. 
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