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FOREWORD

Stability properties of a charged beam propagation through a relativistic
hollow electron beam are investigated, in connection with present experimental
applications in the collective particle accelerator. The stability analysis is
carried out for long axial wavelength and low-frequency perturbations. A closed
algebraic dispersion relation for coupled transverse oscillations is obtained for
the solid and hollow beams with sharp-boundary density profiles. One of the most
important features in the analysis is that the typical growth rate of the
transverse oscillation is order of the hollow beam diocotron frequency wD
thereby severely limiting the solid beam propagation through a relativistic
hollow electron beam. However, for a solid beam with a small radius, the
fundamental mode perturbation (i.e., the dipole oscillation) is the most
unstable mode.
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INTRODUCTION

In recent years,there have been numerous theoretical investigations

of the equilibrium and stability properties 12in intense relativistic

hollow electron beams, motivated by a variety of applications,

3,4
including microwave generation and amplification, and collective

effect accelerations5- by relativistic hollow electron beams. Moreover,

recent renewed interest in the equilibrium and stability properties 
8'9

of charged particle beams propagating through a relativistic electron

beam originates from several diverse research areas, including

10 , 11confinement and transport of a nonneutral electron beam, the

collective ion acceleration 1 2-1 4 and electron beam propagation 
15'16

through a background plasma. In particular, the collective pa~.cicle

accelerator 5'6 is the acceleration of a charged particle beam propagating

in a spatially modulated magnetic field. In this regard, this paper

examines the equilibrium and stability properties of a solid charged

beam propagating through an intense relativistic hollow electron

beam, in connection with present experimental applications in the collec-

tive particle accelerator.

Investigation of the coupled transverse oscillation is carried

out for an intense charged particle beam that is infinite in axial

extent and propagates through a relativistic hollow electron beam.

The stability analysis is calculated within the framework of a hybrid

(Vlasov-fluid) model in which the hollow beam electrons are described as

a macroscopic, cold fluid immersed in an axial magnetic field B(Z

and the solid beam particles are described by the Vlasov equation.

We assume that the radius of the Solid beam Rs is less than the

7
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inner radius R1of the hollow beam and that the hollow electron

beam is tenuous. Moreover, it is further assumed that v /Y << J,
sS

where the subscript denotes solid beam particles, v5 is Budker's parameter,

2.
and y sm Sc is the characteristic particle energy for the solid beam.

Equilibrium properties and the basic assumptions are presented in Sec. II.

Stability analysis of coupled transverse oscillations is carried out

in Sec. III for long axial wavelength and low-frequency perturbations.

A closed algebraic dispersion relation [Eq. (28)] of the coupled

transverse oscillation is obtained for the solid beam described by

Eq. (6) and the hollow beam with density profile in Eq. (9). Equation

(28) is one of the main results of this paper, and can be used to

investigate stability properties for a broad range of system parameters

of experimental interest. One o f the most important features in this

analysis is that the coupling between the hollow and solid beam modes is

minimum whenever both beams have a same axial velocity. As a

particular example, in the absence of either the solid beam or the

hollow beam, we recover the previous results 1,7from the dispersion

relation in Eq. (28). -

Making use of the dispersion relation in Eq. (28), stability

properties for coupled transverse oscillations between the solid

electron beam and the hollow electron beam is investigated in Sec. ]fV.

Several points are noteworthy in the analysis in Sec. IV. First, for

a solid beam satisfying Rs << R1, the fundamental mode perturbation

is the most unstable mode. Second, the typical growth rate of the

transverse oscillation is a subscantial fraction of the hollow beam

diocotron frequency wD thereby severely limiting the solid beam

propagation through the hollow electron beam. The growth rate of the

8
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conventional diocotron instability is much less than that of the coupled

transverse oscillation for counter-streaming beams. However, the

growth rate of instability reduces drastically with decreasing value

of the density ratio ;s /n h of the solid beam to hollow beam. In this

regard, a solid beam with a substantially reduced density can propagate

through a counter-streaming hollow beam without a severe growth of

unstable oscillations.

The ion resonance stability properties of a solid ion beam

propagating through a hollow electron beam is investigated in Sec. V

for a low density case. For a case of high density ion beam, we urge the

reader to review the previous studies.8'9 It is found from the

analysis in Sec. V that the maximum growth rate of ion resonance

instability is many times of the diocotron frequency. Moreover, the

instability growth rate increases significantly as the solid beam

radius R. is increased.

9/10
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THEORETICAL MODEL

The equilibrium configuration consists of an intense charged

particle beam that is infinite in axial extent and propagates through a

relativistic hollow electron beam with axial velocity 
8h c ez The

axial velocity and radius of the solid beam are denoted by $ ce and Rs,

respectively. The inner and outer radii of the hollow beam is represented

by R1 and R2, and this hollow beam is located inside a cylindrical

conducting wall with radius R . For simplicity, we assume that thec

radius of the solid beam is less than the inner radius of the hollow

beam, i.e., Rs < R . The applied axial magnetic field B z provides

confinement of the equilibrium configuration in the radial direction.

In the theoretical analysis, we introduce a cylindrical polar coordinate

system (r,e,z).

In order to make the analysis tractable, the following simplifying

assumptions are made;

(a) The motion of the beam particles is predominantly in the axial

direction, and that the transverse momentum is small in comparison with

the characteristic axial momentum, i.e.,

2 2 2
Pr + Pe << P 

(

where ( -Pr, Pe' Pz) is the particle momentum in laboratory frame.

(b) The theoretical analysis is carried out for a tenuous

hollow electron beam satisfying

2 2 (2)"ph ch

where 2 4t e is the plasma frequency-squared of hollow beam
wr ph nh/Yhm i

11
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electron, wch - eB0 /Yhmc is the hollow beam electron cyclotron frequency,

2,-1/2
and Yh " (1 - Bh ) .

(c) It is further assumed that
~2e2

V Z e2_& 5. N _;S _ << 1 ,(3)
Y s s m S 2 ys

where s denotes solid beam

particles, v_ is Budker's parameter, N - 27 dr r n (r) is the
0o s

number of particles per unit axial length, n.(r) is the equilibrium
S

particle density, -e is the electron charge, Z is the charge state
S2.

of the solid beam particles, ysms c is the characteristic particle

energy for solid beam and c is the speed of light in vacua.

The analysis is carried out within the framework of a hybrid

(Vlasov-fluid) model in which the hollow beam electrons are described

as macroscopic, cold fluid immersed in an axial magnetic field B z

and the solid beam particles are described by the Vlasov equation.

In this context, the equation of motion and the continuity

equation for the hollow electron fluid can be expressed as

C-+ V. VVYV - (4)9 ~ m t 4\T + c

n h + V , nY (5)

where E and B are the eleatric and magnetic fields, respectively,-

nh and V are the density and mean velocity, respectively, of the hollow

electron fluid element, m is the rest mass of electrons, and y(,t) =

(1 - 1 / /c2) . For present purposes, we assume that the equilibrium

distribution function for the solid beam particle is of the form

12
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f0 (x'R)=(ns/2rysms)6(H - wsPe - m c2

(6)

X 6(Pz - Ys mss c)

where ft is the particle density at r = 0, H =(m2c2 + c 22)1
/2 +

e s 0 (r) is the total energy, Pe M r[p 8 + (es/c)(rB0 /2)] is the canonical

angular momentum, Pz p z + (e /c)A0 (r) is the axial canonical

momentum, es is the charge of the solid beam particles, 00 (r) is the

electrostatic potential for the equilibrium self-electric field,

A 0(r) is the axial component of vector potential for the azimuthal

self-magnetic field, and ws, 8s, and ?s are constants.

The density profile of the solid beam described by Eq. (6)

is given by
9

nts 0 0< r< R ,
n C 5(7)

, otherwise

where the radius of the solid beam is determined from R=
5

2s + -s )(u s - ), the effective thermal velocity s is defined

by 1,2 . 2c2( Q - y

C 212 1/2

ms = CS - 2 2
Ys cs

are the laminar rotational frequencies in the fast (+) and slow (-)

2-1/2
rotational equilibria, Es sgn(eS), Ys C -( S) , and wcs

s (4ss 21 m 1/2
eZsB0/ysmc and( = C4rfi e Y m ) 1 are the cyclotron and plasma

frequencies, respectively, of the solid beam particles. Obviously,

the equilibrium solution of the solid beam exist only for the rotational

- +
frequency w s satisfying us < w<

13
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For present purposes, we also specialize to the sharp-boundary

density profile of the hollow electron beom given by

0 (r f const., R1  < r < R2  ,nh(r) " 1(9)

h 0 , otherwise

Since the mean velocity of an electron fluid element in the hollow

electron beam is specified by V (r) - V+ the steady-

state equation of motion in the azimuthal direction can be

expressed as

h0Vh(r)/r - e[E (r)- BhBO(r) + Vh0 (r)B0 /c , (10)

from Eq. (4). In Eq. (10), E 0(r) and B (r) are the equilibrium radialr e

electric and azimuthal magnetic fields, and 6 and 6 are unit vectors

in the radial and azimuthal directions. Making use of the density

profiles in Eqs. (7) and (9), it can be found that the field combination

E0(r) - 8 hB0(r) in Eq. (10) is expressed as

0 0 a0
E r(r) -ShB0(r) "- - [ 0

( r) - 8hAZ(r) ]

R2  
(11)ft

2eSf U 8 2 e _<l r - R2/r)S -88h) r 21Yh

for R, r < R. Substituting Eq. (11) into Eq. (10), and making use

of Eqs. (2) and (3), we obtain the rotational frequency wh(r) of the

hollow beam

22

,B(r) - D BsBh) s), (12)

where the diococron frequency WD is defined by

D" '2 2(13)

D ph 2 ~h ch

14
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STABILITY ANALYSIS FOR COUPLED TRANSVERSE PERTURBATION

In this section, we make use of the linearized Vlasov-fluid and

Maxwell equations to obtain the dispersion relation for coupled

transverse oscillation of an intense charge beam propagating through a

relativistic hollow electron beam. We adopt a normal-mode approach

in which all perturbations are assumed to vary with time and space

according to

60(;,t) - 0(r)exp{i(te+kz-wt)}

where w is the complex eigenfrequency with Imw > 0, . is the azimuthal

harmonic number, and k is the axial wavenumber. The present

stability analysis is carried out for long axial wavelength

perturbations satisfying

k2R2 << ( 2 + 1), (14)
c

where R is the radius of the conducting wall. Moreover, the

stability properties are investigated for low-frequency perturbation

satisfying

IwRc 12c 2 <c (92 + 1) (15)

Within the context of Eqs. (14) and (15), it is straightforward

to show that the Maxwell equations for perturbed fields can be

approximated by
9

r - 4 ) r) - (r) (16)

r

and

15

' Z I ,9 I
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( rL ! (r =--J(r) , (17)
a r

where ;(r) and a(r) are the perturbed electric potential and charge

density, respectively, and A(r) and J(r) are the axial components of

the perturbed vector potential and current density, respectively.

Components of the perturbed fields can be expressed in terms of

;(r) and A(r) as

rCr) - C/r);(r) , (r) - - (i9/r);(r)

B (r) - - (a/Dr)A(r) , B r(r) - (it/r)A(r) , (18)

E (r) - -i[k$(r) - (w/c)!(r)]
z

The perturbed charge Ph(r) and current Jh(r) densities contributed

by the hollow electron beam can be calculated by linearizing the

macroscopic fluid descriptions in Eqs. (4) and (5). Defining

the effective perturbed hollow potential

*h(r) - j(r) - BhA(r) , (19)

and carrying out a straightforward algebraic manipulation, we obtain

the hollow beam portion of the perturbed charge density
1

Ph(r) J h(rl/BhC

(20)

"h(r) 12 (r)]
4ITrr Wh w - ke c - Zw r Phch u  khC - ,(r) ]  r[)~ )

220
where w h(r) - 4we nh(r)/yhm is the plasma frequency-squared of the

hollow beam, and its derivative (3/9r) 2h(r) can be expressed as

16
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r h(r) = [6(r - RI ) - 6(r - R2 )]

from Eq. (9). On the other hand, making use of the linearized Vlasov

equation, the perturbed charge density P (r) contributed by the solid

beam is given by
9

a (r) = Js(r)/s c

(21)
is (r)

" -4- S6(r - R )

where

;s(r) ;(r) - aSA(r) , (22)

is the effective perturbed solid potential, and

S 2 2 n

, 2 W + n~ n ! -)

5 -s (23)

- s  k$c W ;

w - k8 c - -w n(W - W- s W

is the effective susceptibility of the solid beam.

Substituting Eqs. (20) and (21) into Eqs. (16) and (17), and

making use of the definitions of the effective potentials

Sh(r) and ips(r) give the coupled eigenvalue equations

- 2) igh(r)

- - 2 H(r) (Cr - R1 ) - 6(r - R)Jr r r r 2 h ( )2 r.r yhr (4
Yh (24)

s (r) - asBh)S6(r - Rs)

and

-~r 2 s L) (r) =- 2 S6(r -R 5r r)

17
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h~
r (1 - BsSh)H(r)[6(r - R1 ) - 6(r - R2)] , (25)

where the effective susceptibility of the hollow beam is defined by

H(r) - ph/Wch w - kShC - 9 Wh(r)] (26)

It is evident that the right-hand sides of Eqs. (24) and (25)

are equal to zero except at the surface of the beam boundaries

(r - R., r - R1, and r - R2 ). Therefore, the eigenvalue equations

(24) and (25) can be reduced to r-l( ar)(ra% /3r) - (1 2 /r 2 ) - 0,

except at r - Rs, r - RI, and r - R . The eigenfunction satisfying

Eqs. (24) and (25) are expressed as

rA r£ Z , 0 < r < Rs,

.(r) B r + Cr , R < r < R1  (27)
i s

Djr + E.r , R < r < R2

F (rI - R2r_1 9 < r < RC

where the subscript j = h and s denote the hollow and solid potentials,

and the constants Aj - F. can be related by integrating Eq. (27)

across the discontinuities at r = Rs , R1 , and R2. After carrying out a

straightforward algebraic manipulation, we obtain the dispersion

relation for coupled transverse oscillation

rh(w,k) rs (w,k)

2 2 2 (Rs _ 1 1

22.s 2 2z 2 z

11(R 2) R21 R2  112) 2
~ R 2  29.(28)

2 7h 2 h R2  c

where the dielectric functions of the hollow and solid beams, rh(w,k) and

rs (w,k), are defined by

18
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rh( Jk) R 2 2 21

2R2 z 2)
h 2 ~ R 2y2R2h

c 2h (29)
11(R) R2Z

h 1 -1

and

r (w,k) - 2 s (30)

Equation (28) is the dispersion relation used in the remainder of

this paper, and can be used to investigate stability properties for a

broad range of system parameters of experimental interest.

In the limit of S -* 0, we recover the dispersion relation of the

diocotron instability

rh(w,k) - 0 , (31)

for a relativistic hollow beat. from Eq. (28). On the other hand,

in the absence of hollow beam (i.e., H -* 0), Eq. (28) reduces to

rs(wk) - 0 , (32)

which is identical to the result obtained by Uhm and Davidson17 for

a relativistic nonneutral electron beam. A careful examination

of the right-hand side of Eq. (28) shows that the coupling between

the hollow and solid beam modes is minimum whenever S. = 8h. Moreover,

for a solid beam with its radius Rs satisfying R << R1 , the fundamental

mode (2 - 1) perturbation is the most unstable mode in the coupled

transverse oscillations.

An important parameter that characterizes the importance of kinetic

effects for solid beam is the ratio of the characteristic thermal

Larmor radius (rLs - V/ cs ) to the beam radius R s . Making use of the

19
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beam radius definition in Eq. (7), it is straightforward to show that

2 2 + )(W -
) /W 2

Ls s S s s cs

where w is defined in Eq. (8), Evidently, the cold-fluid limit,

sLwhere the beam motion is approximately laminar with Ls << Rs
+

corresponds to rotation velocities that satisfy ws  w-. A careful exam-

ination of the expression for S shows that
18

+ ^2W
lira+ S(,k) = + +
W -4, (w - kS c - Ls)(w - kBsc - Qcs ) + E W + 2w-]5S c 5S

(33)

Although the finite Larmor radius effects of the solid beam particles

18
are important on the stability properties, the numerical analysis of

the dispersion relation in Eq. (28) is restricted to the cold particles

characterized by kLs/Rs -* 0. Moreover, in the remainder of this paper,

we assume that the solid beam particles are in a slow rotational

equilibrium, i.e., w =Ws.

20
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STABILITY PROPERTIES OF A SOLID ELECTRON BEAM

In this section, we investigate the stability properties for

coupled transverse oscillations between the solid electron beam and

the hollow electron beam. Since the cyclotron frequency of the solid

beam electrons is much higher than its rotation frequency

W - Ws = (2 /2y 2 (34)
PS S CS

or the eigenfrequency (i.e., w >> - or w >> w), the effective

susceptibility S(w,k) of the solid beam in Eq. (33) can be approximated by

.2

S(w,k) - ps(35)
(C - kBsc - w )Wcs

Defining the normalized Doppler-shifted eigenfrequency 12 by

= (u - ksc)/ D , (36)

and substituting Eq. (35) into Eq. (28), we calculate the normalized

growth rate Q, . lm2 and Doppler-shifted real oscillation frequency

Q - Rea numerically from Eq. (28) for a broad range of systemr

parameters, Z, 8ht 0s ns/nh' Rs /Rc , RI/R , and R2/Rc . However, we

emphasize that the normalized growth rate Qi calculated in this section

is independent of the parameter (h1 Wch"

Shown in Fig. 1 is plots of the normalized growth rate ni = lmo

versus kc/w for RI/R c = 0.857, R2/R c = 0.939, Rs /Rc = 0.2, Bh = 0.968 (Yh-4 ),

I= 1, fa /i = 0.1, and several values of Bs . For a small radius solid
19

beam (R /Rc  0.2 << 1) consistent with the present experiment,

the Z - 1 perturbation is the most unstable mode. In these physical

parameters, the growth rate of instability for a coupled transverse

oscillation is a substantial fraction of the diocotron freouency w

thereby severely limiting the solid beam propagation. The axial wavenumber

21
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and the real oscillation frequency corresponding to the maximum growth

rate of instability satisfy kc/wDI 1 and 0.1, respectively.

However, we also note from Fig. 1 that small growth rate in range 0.5 <

kc/ D < 2 is a residual influence of the familiar diocotron instability.D

Therefore, we conclude that the growth rate of the diocotron

instability is much less than that of the coupled transverse oscillation

for counter-streaming beams.

The dependence of stability properties on axial velocity of the

solid beam is illustrated in Fig. 2, where the normalized maximum

growth rate m is plotted versus B for the parameters identical to
i s

Fig. 1. The maximum growth rate of instability almost linearly reduces

to zero as the value Bs increases from Ss - to Bs a Bh - 0.968 .

In this regard, it is evident that the Z = 1 mode perturbation is

stable when the solid and hollow beams have a same axial velocity.
2

This is consistent with the previous study. Of considerable interest

for experimental application is the stability behavior for specified

values of 8h and 8s. Typical result is shown in Fig. 3 where the maximum

growth rate ai is plotted versus fs/ h for Bs - -0.943 (Ys a 3) and

parameters otherwise identical to Fig. I.- Obviously from Fig. 3, the

maximum growth rate of instability reduces drastically with decreasing

value of the density ratio i /hi We therefore conclude that a

solid beam with a substantial density reduction can propagate through a

counter-streaming hollow beam, without a severe growth of unstable

transverse oscillations.

22



NSWC TR 8 1-391

ION RESONANCE INSTABILITY IN A HOLLOW ELECTRON BEAM

The ion resonance instability18 is one of the fundamental

instabilities that characterize a relativistic nonneutral plasma

system with both ion and electron components. In this section, we

investigate ion resonance stability properties of a solid ion beam

propagating through a hollow relativistic electron beam. The stability

analysis in this section is restricted to R < R which requires a low

density ion beam satisfying

21 2 < Y2 W2 (72i Cyscs . (37)
ps s cs

For the ion resonance instability in a high density ion beam with

N)2s s ,2 we urge the reader to review the previous study.
9

ps s cs'

Defining the normalized Doppler-shifted eigenfrequency Q by Q - (w - kB c)/N
s D

in Eq. (36), we have obtained the growth rate and real oscillation

frequency numerically from Eq. (28) for a broad range of system

2 2
parameters /W R s/Rc, B and i s/fih. In this section,paaeesph ch' sc

we summarize the essential features of the stability studies. The

numerical analysis is restricted to the choice of parameters

B2 /W 2 0.1, RI/R c  0.857, R2/Rc W 09.39 andSh  - 0 995 (Yh - 10) ' aph ch 2

ms/m = 1836 (proton beam).

The dependence of stability properties on axial wavenumber k is

illustrated'in Fig. 4, where (a) the normalized growth rate and (b)

Doppler-shifted real oscillation frequency are plotted versus kc/uD

for Rs/Rc 0.8, s = 0.1, hs/nh = 0.01, and the azimuthal harmonic5I
number 1 - and 2. In Fig. 4(b), the real oscillation frequency is

plotted only for the ranges of kc/wD corresponding to instability (im > 0).

Several features are noteworthy in Fig. 4. First, the maximum growth

rate of instability is many times of the diocotron frequency, thereby

23
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severely limiting the ion beam propagation through a relativistic hollow

electron beam. Second, as shown in Fig. 4(a), where R s/R1  1,

perturbations with azimuthal harmonic number L > 2 are the most unstable

mode. Finally, we note from Fig. 4(a) that the growth rate of the

diocotron instability in the range kc/wD 10 is much less than that

of the ion resonance instability. Shown in Fig. 5 are plots of the

normalized growth rate versus kc/w D for I - 1, several values of

Os and parameters otherwise identical to Fig. 4. As expected, the

growth rate of instability is a decreasing function of the parameter B .
s

In order to illustrate the dependence of stability propertils on

the solid beam radius, we present the normalized growth rate versus

fts /f in Fig. 6 for several values of ., and (a) Rs/Rc - 0.8

and (b) R s/R€ a 0.4. It is evident from Fig. 6 that the instability

growth rate increases significantly as the solid beam radius R is

increased. Moreover, it is also noted from Fig. 6(b) that for small

beam radius, the Z = 1 mode is the most unstable mode. For example,

the growth rate of the Z - 4 perturbation in Fig. 6(b) is that of theI

typical diocotron instability. After a careful examination of Figs.

6(a) and (b), we finally note that for a specified value of (fis/fih)(Rs/RC)2

corresponding to the total ion current, the growth rate of the coupled

transverse oscillation reduces considerably as the ion beam radius is

decreased.
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CONCLUSIONS

In this paper, we have investigated the stability properties of

coupled transverse oscillations of a solid particle beam propagating

through a relativistic hollow electron beam. The analysis was carried

out within the framework of a hybrid (Vlasov-fluid) model in which the

hollow beam electrons are described as a macroscopic cold fluid and the

solid beam particles are described by Vlasov equation. Equilibrium

properties and the basic assumptions were presented in Sec. II.

Stability analysis of coupled transverse oscillations was

carried out in Sec. III for long axial wavelength and low-frequency

perturbations. A closed algebraic dispersion relation in Eq. (28)

was obtained from the solid and hollow beams with sharp-boundary

density profiles in Eqs. (7) and (9). One of the most important

features in the analysis is that the coupling between the hollow and

solid beam modes is minimum whenever both beams have a same axial velocity.

Stability properties for coupled transverse oscillations between

the solid electron beam and the hollow electron beam was investigated

in Sec. IV. We found that the typical growth rate of the transverse

oscillation is a substantial fraction of the diocotron frequency un

thereby severely limiting the solid beam propagation through the hollow

electron beam. The growth rate of the conventional diocotron instability

is much less than that of the coupled transverse oscillations for counter-

streaming beams. Finally, the ion resonance stability properties of a

solid ion beam was investigated in Sec. V for a low density case. It

was found that the maximum growth rate of the ion resonance

instability is many times of the diocotron frequency. Moreover, the

instability growth rate increases significantly as the solid beam radius

R.is increased.
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0.6
-i= 1, -h = 0.968, ns/ h = 0.1, Rs/Rc= 0.2
RVRc = 0.857, R2/Rc = 0.939

0.4 -

0.2 AS=0.5 /8s=-0.5

-1 0 1 2
kc/D o

Fig. 1 Plot of normalized growth rate n i versus kc/w for electron-

electron interaction, RI/R c - 0.857, R2/Rc  0.939, R s/R - 0.2,

Sh -0.968, 1 -1, fs/fih - 0.1, and several values of Bs
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0.6 1, '3h 0.68 H*~e's1 h =0.1, RS/RC= 0.2,

RVRC= 0.857, R2/Rc = 0.939

0.4-

0.2-

01
-1 -0.5 0 0.5

13s 0.968

Fig. 2 Plot of normalized maximum growth rate Ql versus Bfor parametersis

identical. to Fig. 1
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= 1, Bs= =-0.943o Ph= 0.968
1.5 Rs/Rc - 0.2. Ri/Rc 0.857, R2/Rc = 0.939

0.5-

0.01 0.11

Fig. 3 Plot of normalized maximum growth rate Qm versus fi /ft for Ss U-0.943

(ys 3) and parameters otherwise identical to Fig I
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2 2
3 =%2 (a)' )ph/tch=0.1 n,/-h= 0 01'

-h=O995, 0s=Ol.

S1 Rs/Rc= 0.8, R1/Rc  0.857,

2 =R2/Rc 0.939

i

ie2

0
20 -10 0 10 20

kc/W o
(a)

20

10
-10 0 10 20

-20 (b)

Fig. 4 Plot of (a) normalized growth rate ni and (b) Doppler-shifted

real oscillation frequency a r versus kc/wD for proton-electron

interaction, 2h /Wh 0.1, R1 /Rc - 0.857, R2 /Rc - 0.939,

h - 0.995 (Yh - 10), Rs/R c - 0.8, Bs - 0.1, fis/h - 0.01, and

t 1 and 2
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,,2 2
2- WPh/W Ch 0.1, lo

n/h= 0.01, pq C

QRs/RC = 0.8, V -

18~h = 0.995, V

0 -5-1
kcAa 0

Fig. 5 Plot of normalized growth rate Q versus kc/w D for 9.1 1,

several values of B and parameters otherwise identical to

Fig. 4.
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6(a) RS/RC= 0.8, Rs= 0.1, RGh = 0.995,

~ ph/Och =0.1P= P 3 P 2

3-

0 0.005 0.01

(b) RS/RC = 0.4, 83 0. 1,~ -8 0.995,

1 j2 2
Qph/Wch=0. 1 .

0.5

0 0.005 0.01

Fig. 6 Plot of normalized growth rate n versus f f h for (a) RshRc - 0.8,

(b) Rs/Rc - 0.4, several values of Z, and parameters otherwise

identical to Fig. 4
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