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Self-excitation of microwave oscillations in plasma-assisted slow-wave oscillators
by an electron beam with a movable focus
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Plasma-assisted slow-wave oscillatgpasotrony operate without external magnetic fields, which makes
these devices quite compact and lightweight. Beam focusing in pasotrons is provided by ions, which appear in
the device due to the impact ionization of a neutral gas by beam electrons. Typically, the ionization time is on
the order of the rise time of the beam current. This means that, during the rise of the current, beam focusing by
ions becomes stronger. Correspondingly, a beam of electrons, which was initially diverging radially due to the
self-electric field, starts to be focused by ions, and this focus moves towards the gun as the ion density
increases. This feature makes the self-excitation of electromagreij@scillations in pasotrons quite differ-
ent from practically all other microwave sources where em oscillations are excited by a stationary electron
beam. The process of self-excitation of em oscillations has been studied both theoretically and experimentally.
It is shown that in pasotrons, during the beam current rise the amount of current entering the interaction space
and the beam coupling to the em field vary. As a result, the self-excitation can proceed faster than in conven-
tional microwave sources with similar operating parameters such as the operating frequency, cavity quality-
factor and the beam current and voltage.
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I. INTRODUCTION dA
o = @Al - 1/2q], ()

For many sources of coherent microwave radiation, the
self-excitation of oscillations and proper start-up scenariosvhereA is the amplitude of the em field)’ is the real part
are very important. Typically, the conditions for self- of the gain function, which will be considered below in the
excitation of oscillations are quite different from the choiceframework of the linear theory, i.e., without accounting for
of parameters, which yield the maximum efficiency, orthe saturation effects. Also in E@2) | is the normalized
power, or gain, or bandwidth of the device. Therefore, tobeam current parameter proportional to the beam current.
match these two stages, viz., self-excitation and optimal optFor our present consideration, its exact definition does not
eration, a proper start-up scenario should be realid@wmb-  matter, but later this parameter will be specified for pa-
lems of start-up scenarios in high-power gyrotrons operatingotrons) As follows from Eq.(2), the starting value of this
in high-order modes were recently discussed in R} parameter is equal to

Self-excitation of oscillations in cavities of various micro- ,
wave sources strongly depends on the relation between the 5= 1/20"Q. 3)
cavity fill/decay time,Q/w, (hereQ is the cavity quality |n the case of the instant turn-on the normalized beam cur-
factor andw is the oscillation frequengyand a typical rise  rent parametefas well as the beam current itseifistantly

time, tje, Of the beam voltage and current in the beginningreaches its nominal valuézI .y, Thus the solution of Eq.
of operation. There are two limiting cases, viz., instant(2) can be written as

turn-on and slow turn-on, which we will discuss below.
(Note that in regard to gyrotrons these cases were discussed At = Acex ot (Inin_ 1) 4

Instant turn-onimplies that the rise time of the electron
beam currentt;se, is much smaller than a typical decay time
of the cavity:

So the growth rate of the em field amplitude in this case
depends on the excess of the nominal current over its thresh-
old value. This is a known case, which is simple but unreal-
istic. Typically, in microwave oscillators the opposite case
tice < Qla. (1) takes place. . o

Slow turn-onis the case when the rise time of the beam
current is much larger than the cavity decay time:

In this case, the _beam curreihf, reaches its nominal value, tiee> Qlo. (5)
Ihnom Practically instantly.

In general, the equation describing the electromagneti€or devices operating at frequencies from 1 GHz to 10 GHz
(em) field excitation in the cavity can be derived from the and employing cavities withQ-factors on the order of
wave equation and written as 10?-10°, the cavity decay time is in a nanosecond scale,
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which is much smaller than typical rise times of the beamtion in the beam focusing not only changes the amount of
current in various pulsed microwave sources including théoeam current entering the interaction regibg,, but also
pasotrons where the current rise time is in the microsecondffects the starting current, which depends on the beam ge-
range. For instance, in pasotrofiee word “pasotron” is an ometry, as will be discussed later.

acronym for plasma-assisted slow-wave oscillpstudied at In principle, the pasotrons are quite unique sources of
Hughes Research Laf8] and later at the University of microwave radiation because the beam focusing and trans-
Maryland[4], the operating frequency is about 1.3 GHz, theport is provided there by ion@n the absence of guiding
Q-factor is about several hundreds and the beam current risexternal magnetic fieldsn the regime known as the Bennett
time is about 10—20 microseconds. So, just the case of thginch[5]. However, some peculiarities of the beam pinching
slow turn-on is the case of the practical interest. In this casan pasotrons, which is a nonstationary process during at least
the normalized beam current parameter in &).should be the initial stage of ionization, can be explaingd7] with the
treated as the function of time. Since the oscillations start taise of the known theory of optics of stationary paraxial elec-
rise at the instant of timedg, when the beam current equals tron beamg8,9]. This theory predicts that an electron beam
to its starting value, we can expand the time dependence afith the negative generalized perveance,

the beam current in the vicinity df; in a Taylor series:

elb 2

(t-ty. (6) K= eyt (11)

St

With this representation, E@2) can be rewritten as
dA o ll di

dl
I(t) = I(tst) + d_t

t
has the focal plane located at the distance

7= 0.8\ |K|/2 (12)

E_Z_QA I dt (t_tSO]- (7)

t
o from the entrance. Here, i{11) B is the initial electron axial

The solution of Eq(7) has the form velocity normalized to the speed of light, is the electron

o 1 dl energy normalized to the rest energy, ahds the charge
A =Agexpy —— —| (t—ty)?, t>tg. (8) neutralization factor, which is the ratio of the ion density to
4Qlg dt] the electron beam density. Also, in Ed.2) a, is the initial

So, the growth rate of em oscillations is determined by theradlus of the beam envelope; HA2) is derived for the case
A . When at the entrance all electrons propagate along the axis of
derivative dI/dt|tst. In most of the microwave sources, the

. the device. As follows from the processes discussed above,
temporal dependence of the beam current during the curreg pasotrons the generalized perveance given by(Ex.is

rise can be approximated by the linear function variable, in contrast to the known stationary theory of beam
t optics[8,9], because in Eq11) not only the beam curremf
Ib(t):rlnom- 9 but also the charge neutralization factor vary during the
rse beam current rise. This means that during this time interval,
Hence, in this case, the derivatide/dt|tstis simplyl o/ tise-  first, the beam will start to be focused when the ion density
Correspondingly, Eq8) can be rewritten as becomes high enougftorresponding condition of beam fo-

) cusing, f>1/42, is known as Budker criteriori10]), and
A(t) = Agex @ lnom(t=1ts)” >t (100  then the focal plane of the beam will move along thaxis
4Q g tise until the beam current and ion density reach their stationary

in pasotrons, owever,  bpicl me of the beam mpact eSS See A1) Cleaty bis moton of e ocus and
ionization, t;,,, is on the order of the beam current rise time, P 9 9 9 P

tion~ e [3]. Therefore the ion focusing of the beam variestant for pasotron self-excitation. This is because the temporal

in time during the current rise. Correspondingly, during thisvﬁ;'at't%nfhg' stro?/vbseag::erar?;?:n%rr?izlifc?r?en%emtk\]sasgar\?vh%%ue-
time interval, the amount of the beam current entering th 9 S P . ’ :

interaction spacdy, i, is smaller than the total beam current phase yelocny Is synchronous with electrans and whose field
extracted from the gun and therefore the temporal depeH§ localized near the slow-wave structure.

dence of this portion of the bearm current can be quie difery, 0 00, 2 (0 MR SR S LR R O e
ent from the linear dependence given by E®). As follows P y P

mentally. Our paper is organized as follows. Section Il con-

from Eq. (8), when tains formulation of the conditions of self-excitation in pa-

sotrons. In Sec. Il an electron motion of a pinching electron
(108 beam in the absence of RF oscillations is discusg€his

motion is treated in the previous section as a zero-order ap-
em oscillations grow faster than in the caselgf;=1, and  proximation for electron coordinates and momenResults
vice versa. So, one should expect that the growth rate of erof the studies are given in Sec. IV and discussed in Sec. V.
oscillations in pasotrons should depend on the processes Bfnally, Sec. VI contains the summary. Derivation of the con-
beam impact ionization of an initially neutral gas and on theditions of self-excitation of em oscillations in pasotrons is
beam focusing by created ions. Note that the temporal variagiven in the Appendix.

dly
dt

dlp,int
dt

i
tS'[
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IIl. CONDITIONS OF SELF-EXCITATION 5_32 B eu(r) ) }Br(o)

In the Introduction, we used E@Z2) for describing the Bz T mczygﬁgo 2 8%

temporal evolution of the em field amplitude. To simplify our , ,
introductory discussion, that equation was given in a simpld/nere U(r) is the potential due to not fully compensated

but general form without discussing all features of the nonpeam space charge afi is the normalized radial electron
stationary process of self-excitation in detail. Below we will velocity in the zero-order approximation, which will be dis-
treat this formalism in a more accurate manner. Since th€ussed later.

derivation of self-excitation conditions for microwave oscil-  Let us consider a resonator formed by a rippled-wall cy-
lators from Maxwell equations is a standard procedure, wéindrical waveguide with strong end reflections. As shown in
do not reproduce it here. In the Appendix, however, we dethe Appendix, perturbations in components of electron mo-
scribe the transformation of the source tefmain function ~ mentum, electron energy and phase caused by the em field of
responsible for em field excitation for the case of pasotron§uch a resonator can be determined by the following
and also discuss corresponding linearized equations for ele@duations:
tron 3D motion. In this section, we only present this self-

(16)

consistent set of equations describing the pasotron self- dpz(l): 1 Rel€?(klo— B0l 1)}
excitation in its final form. dzZ' By o
This self-consistent set of equations consists of the bal-
ance equation, which determines the start current, and linear- dpiy) .
ized equations for electron motion, describing perturbations a7 R e"’ill( - 1) )
in electron motion under the action of em oscillations of a z 20)
small amplitude. To carry out this linearization, let us repre-
sent the electron momentum, which is normalized tanc, dya) _ 0 ) h
the energy normalized to the rest energy,and the phase 47 Rey 7 «lo- "Bf(mz_oll '
with respect to the phase of the synchronous harmonic of the
backward wavef=wt—K, sncnz, as dé 1
P=Po *aPu, Y=Y+ avu, 0= 6o+ aby. (13) dz ~ Yoﬂim(pz(l) Paow). 0

Here a=€|Asyncnl/mcw is the normalized amplitude of the Herex=|k, ¢,nenlc/  is the normalized absolute value of the
synchronous harmonic acting upon electrowe assumer  transverse wave number of the synchronous em field gnd
<1) and subscript€0) and(1) describe the unperturbed elec- and |, are modified zero-order and first-order Bessel func-
tron motion and perturbations caused by the em field in thisions of the argumenkr, respectively.

motion, respectively. Since in pasotrons both the unperturbed The balance equation, which determines the start current,
and perturbed motions are 3-dimensional, we should corcan be written in accordance with E¢B) [see also Eq.

sider not only axial but also radial motion of electrons. (A18)] as
The unperturbed electron phase in pasotrons is axially A
dependent Iy =1. (18)
déo 1 In Eq.(18) ®' is the real part of the gain function determined

= ~—h (14)  in the framework of the linear theofgee Eq(A19)] as
dz By(Z)

: 2 Z,
(herez' = wz/c is the normalized axial coordinatgy, is the ®= '_f gp(r)dsi{if lf OUte—i ”<0)0(1)dz}d00}.
unperturbed electron velocity, 5, normalized to the speed of S, 2mJo 0

light c andh=k, sycn/ @ is the normalized axial wave num- (19
ben first, because the axial component of the electron veloc- . . . '

ity in a radially diverging/converging beam varies along Here the functione(r) describes the raqlal profile of the
z-axis and, second, because the potential energy of suchlteam current density at the entrance. Algoin Eq. (18) is
beam, whose space charge field is not completely compeithe normalized beam current parameter equal to

sated by ions, is also variable. Therefore, Etd) can be

3 2 22
rewritten as el c’lay” k(1)

mc >N p;’o

lp= 2Qs. (20

dbo) 1 5B, . . .

— =Ag———, (150 Here the coefficiend, determines the amplitude of the syn-

dz B B chronous first space harmonic and angular brackets designate
whereAy=1/B,-h is the detuning of synchronism between a_lveraging of th_e beam coupling c_oefficient over the interac-
the wave and electrons having an initial velogBy=v,,/c  UON Cross sectioigsee the Appendix for detailThe product
at the entrance andg, describes variation in the electron I,®’ whose value, in accordance with Ed.8), determines
axial velocity because of the reasons discussed above. Thie start current we will call the excitation factor and denote
deviation can be determined by the following equation: by I.
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Coming back to Eqg18) and(19) it is necessary to em- ization cross section of a given neutral gasand its mean
phasize that, although these equations have a form standadénsity averaged over the entire interaction volutng)
for the equations describing the self-excitation of em oscil=[gny(z)dz/L. Of course, such characterization of the ioniza-
lations in various microwave sources, their meaning for pation time is valid only for the cases when the ionization time
sotrons is quite specific. Indeed, in the case of pasotrons, the much larger than the time of the ion transit through the

beam dynamics depends on the time dependent ion focusingteraction region. Also, these equations contain the
which, in turn, depends on the beam current. Therefore, pgarameter

rameters that were constant for conventional microwave
sources are time and beam current dependent in the pasotron A= 1 2€lp nom
theory, i.e., they depend not only on the current rise time, but B 2ma(ng)avg V Moy
also on the nominal current value. o ) o _
So, in this section we have formulated equations descripwhich is the ratio of the characteristic charge compensation
ing the pasotron self-excitation conditions. However, so fatime to the half period of ion transverse oscillations. In ac-
we did not describe the motion of electrons in an ion-focuse@ordance with the assumption about slow ionization made
beam in the absence of em fielgro-order approximation ~aPove, this parameter should be largex 1. [In Eq. (25 M

(25)

in detail. This will be done in the next section. is the ion mas§. _
So, Egs.(21)—«25) form the set of equations that should
Ill. ELECTRON MOTION IN AN ION-FOCUSED, PHASE- be used for characterizing the unperturbed electron motion
MIXED BEAM given above by qulS) and(16)

Electron motion in an ion-focused beam in the absence of
em fields has been studied if6,12, where the self- IV. RESULTS
consistent theory of these processes was developed with the The series of calculations has been carried out for typical
account for ion motion. Theref_ore, referring interested re_ad'pasotron parameters. It was assumed that a beam leaving the
ers to those referen_ces, we will outline below the most iMplasma gun region has a flat radial profile, and two cases of
portant results of this theory. initial beam radiusa,, had been considered: 4 cm, which
The potential created by a not fully compensated beanyas the radius in the first set of experiments, and 2.25 cm,
space charge, which appeared above in(&6), can be de- \ynjch was the radius in an optimized pasotron configuration

termined as that yielded about 50% efficient operatipt]. The parameter
ot = () (P 1(r7) dr’ A given by Eg.(25) was taken equal to 30, and it was
u(r,t) = 2l nom J — (21)  checked in several simulations that/at- 10 the exact value
' Vo r lonom T of A has very little effect on the results. The beam voltage

was 40 kV and calculations had been done for various values
of the beam current in the range from 38 to 115 A. We
assumed that the operating frequency is 1.3 GHz, the cavity
Bnhtrance is located at 30 cm away from the electron gun, and
the cavity length is equal to 40 cm. Also, the beam emittance
in Eg. (22), which can be expressed via the spread in electron
known equatior]6,d], which can be given as Sransverse velocities or in the orbital-to-axial velocity ratios,
e ap=0 | o/ Uy, aSs:ao\/@ (see, e.g.[9]), corresponded to
dr 21, 1 11(r) &2 4°-5° angular velocity spread. All these numbers correspond
42 Kyzﬁio[p(ﬂ - sz(T)]Fr + 3 (22) 1o typical experimental parameters of pasotr¢8gt,7. In
our simulations we used modified Eq&5), (17), and(19).
wherel,=(mc/e)yBy is Alfvén current anck is the beam  These modifications took into account the temporal evolution

Here the functionp(t)=1y(t)/1}, nom describes the beam cur-

sity per unit length is related to the electron beam density p
unit length for the nominal beam current.
The radial coordinate of electrons is determined by th

emittance determined elsewhd#s. of electron motion in the zero-order approximation.
As shown in[7], the space charge compensation rétic) As an example of obtained results, the normalized excita-
obeys the following equation: tion factorI'=1,®’' is shown in Fig. 1 as the function of the
df initial detuning of synchronism\, for several instants of
3,°P" 2A\p - fePI/¢, (23)  time normalized to the ionization tim&,,. As one can see,
r

while the peak values of this excitation factor at different
Here ¢=Tvg/€lp nom IS the normalized ion temperature that, instants of time are quite different, optimal values of the

in turn, obeys the equation detuning of synchronism are almost the same.
Temporal evolution of this factor is shown for the optimal
dé _pri [y (=)l detuning of synchronismky=-3.0 in Fig. 2 for parameters
dr f[4(p ) ¢] Ap-Tf(p-T-¢e ’ used in Fig. 1. Here solid line shows the excitation factor for

(24) the r_ealistic case, ie., when the radial nonuniformity of the

em field and radial motion of electrons are taken into ac-
In Egs.(23) and(24) the time variable is normalized to the count; dashed line shows the same function for the case
ionization timetjy,=(ng)av,, Which is determined by the ion- when the radial component of the em electric field and the
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FIG. 1. Excitation factor as the function of the normalized de- ~ FIG. 3. Evolution of the normalized excitation factor with the
tuning of the Cherenkov synchronisii for several instants of time ~ increasing beam current in a pasotron with a 100 A nominal beam
during the beam current rise. The time shown in the figure is norcurrent(shown by a thin vertical dashed lintor different ratios of
malized to the ionization time. Calculations were done lfgy,, ~ the beam current rise time to the ionization time.

=100 A, ay=4 cm and the structure radius 4 cm. . . . L.
& for several values of the rise time normalized to the ioniza-

_ ) ) ) oo tion time. While in conventional microwave oscillators the
radial nonuniformity of the axial component of this field are o o . .
excitation factorI'=1,®’ is a linear function of the beam

neglected. Finally, dotted line here shows the assumed tim(‘?urrent, since the functio (19) is constant in the case of

evolution of the beam current, i.e., the functipr). AS  gaiionary motion of electrons in strong focusing magnetic
follows from Fig. 2, for the parameters chosen, the radial -

. . L . )
motion of electrons and the radial nonuniformity of the emf'?l?f" in pasotrons the prO(Ijut;;CI) |shno|'[_ a Ilnefar fu.”Ct'OE
field play an important role. Our studies also showed that the beam currerjt. lt. IS close to this linear unctlpn when

7 T - e beam current rise time is much larger than the ionization
smaller initial beam radius and radius of a slow-wave struc-t

: ) o ime (see the curve labeled “long pulse” in Fig. Blowever,
ture the effect of the radial nonuniformity is not o strong. o ghort rise times, this dependence is not monotonic and is

Our fo_rmal_ism has been developed for_ th(_e case when th§harper than in the case of a slow current rise. As was dis-
current rise time is on the order of the ionization time Or ¢,sqeq in Introduction, this sharpness shortens the rise time
larger. Therefore, the self-excitation condition depends onRy¢ om oscillations. Moreover, it may happen that just the

both, the at;solutg va}luefof the bﬁ'arr? current and rtlhe curre@émporw increase of the excitation factor due to the evolu-
rise time. The excitation factdf, which determines this con- j5 "ot the radial profile of a pinching beam will cause the

dition, is shown in Fig. 3 as the function of the beam current,,sqqn excitation that would be impossible in the case of
stationary electron motion. This statement is illustrated in

Fig. 3 by a dashed horizontal line, which corresponds to a
threshold of oscillations. As shown in Fig. 3, when the cur-
o 6 rent rise time is short enougfsee curve forr,=2.5), the
8 § self-excitation conditions can be fulfilled in such a pasotrons
DB at currents in a small range between 85 and 90 A, while the
SE 4l device cannot be excited in the case of pulses with longer
g ﬁ rise times.
23 The reason for the appearance of the peak in the curves
§ g shown in Fig. 3 for short rise times is obvious from the
gg 27 snapshots shown in Fig. 4. Here the beam focusing and in-
“ g jection into the interaction space shown by dashed lines are
o shown for several instants of time. At a certain instant of
04z time [Fig. 4(b)], almost all electrons are injected into the
0

interaction space and propagate close to the wall, i.e., justin
the region where the beam coupling to the slow wave is

FIG. 2. Time evolution of the normalized excitation factor in the maximal. This explains the nonmonotonic behavior of some
cases when the radial component of the em electric field and theurves shown in Fig. 3. The formation of the beam focus and
radial nonuniformity of the axial component of this field are takenthe axial motion of the focal plane towards the gun are illus-
into account(solid curve 3 and when they are ignore@ashed trated by Figs. &) and 4d). Note that the beam injection in
curve 2. Curve 3 shown by dotted lines depicts the shape of thehe near-axis region shown in Fig(d} can result in the
beam current including the rise and fall times. efficiency enhancemeifit3].

Normalized Tima, T
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N

—_ FIG. 4. Several snapshots illustrating the evo-

lution of the beam current transport during the
c) d) current rise. Corresponding point®—(d) are
shown in Fig. 3.

, @

1
E- 3
1

Radial Distance, cm

Our formalism has allowed us to analyze the relation bein accordance with Eq.3), we determined the threshold as
tween the beam current and the start current for different risthe value of the excitation factor at 31 A. Then, for other
times, which was observed experimentally. These experinominal currents, we determined the normalized rise times
ments were carried out under the same conditions as thos®rresponding to crossing of this threshold line by normal-
described in Ref[7] where the electron beam dynamics in ized excitation factor curves. It was found that the relations
pasotrons was studied and Rff] where the generation of between these normalized timé3.159:0.25:0.417:1.0 for
0.5 MW peak power with the efficiency in the range from the peak beam currents 115 A, 80 A, 57 A and 38 A, respec-
40% to 50% was reported. Experimental data are summadively) are very close to the relations between real rise times
rized in Table | where the start current is given for several(0.168:0.24:0.44:1)0given in Table |. Moreover, relation
values of the beam current and corresponding values of thisetween real and normalized rise times allowed estimating
rise time. As shown in Table I, the current rise time dependshe ionization time,t,,=~10 n sec, for this set of experi-
on the nominal value of the beam current. This specific feaments. This estimate coincides with one obtained earlier in
ture of the plasma gun is not in the focus of our study, how-Ref. [11] where it was found that in a different pasotron
ever, interested readers can be referrefBiovhere the op- experiment the beam reaches its stationary state in 8—10
eration of this plasma gun and corresponding electricaj sec.
circuitry are discussed in detail.

Theoretical dependencies of the self-excitation conditions
on the beam current, which correspond to these experimental
data, are shown in Fig. 5 for several values of the nominal 4]
beam current and normalized rise time. The dashed horizon-
tal line shows there the threshold, over which the self-
excitation starts. Since to determine the normalizing coeffi-
cient in Eq.(20) and the ionization time used in our theory
by experimental means is quite difficult, it was assumed that,
first, we can match our theoretical results with experimental
data for the case of the nominal beam current equal to 38 A
when the current rise time is very lar¢0 pu seg. As shown
in Table 1, the start current in this case is equal to 31 A. Thus,

80 A

Threshold

Excitation Factor

TABLE |. Experimental data. 0

i
T """ T |

—r —
0 20 40 60 80 100 120
Ib,nom (A) trise (/-L seq Ist (A) Beam Current, A

38 50 31 FIG. 5. Evolution of the normalized excitation factor during the

57 22 36.5 current rise time for several values of the nominal beam current. A
80 12 45 thin dashed horizontal line shows the threshold for excitation of em
115 8.4 70 oscillations. Intersection of solid lines with this threshold deter-

mines the starting current.
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V. DISCUSSION Foundation, Grant No. 2000140, and by the AFOSR/

We have found that in pasotrons with the ionization timeEOARD; Grant No. FA 8655-03-3006.

on the order of the beam current rise time the self-excitation

of em oscillations has some specific features, which are un- APPENDIX: DERIVATION OF THE SELF-EXCITATION
common for conventional microwave sources. To describe CONDITIONS FOR PASOTRONS

the self-excitation of em oscillations under such variable

conditions, one should use the formalism developed in th i Let us q;)nslder anb_etxmtatllon tOf eg] oscnlagons n anta:;]-
present paper and do not rely on the traditional formalism, itrary cavily by an arbitrary electron béam and represent the

which was recently applied to pasotrons in Rif4]. Our cavity em fields and the electron beam current density, re-

results predict that the onset of em oscillations in pasotr0n§pecuve|y’ as

can take place in a shorter time scale than in conventional - - _ - - . - -

microwave sources with similar operating parameters. The E=REAE(NE“Y}, H=ReAH(NE"}, |=Refj.e“}.

fact that during the current rise time the excess of the exci- (A1)

tation factor over the threshold can be larger than that for a

stationary beam can lead to a possibility to drive an oscillatoHere A is the complex amplitude of the em field. Equation

to the region of hard self-excitation through the region offor this amplitude can be derived from Maxwell equations in

soft self-excitation. This feature can be important for effi-a standard way, and it has a form similar to E2):

cient operation because in a number of cases the maximum

efficiency corresponds to the region of hard self-excitation dA 1 w-o

[15] (see also Ref[1] for the analysis of similar effects in M - - 2_Q -

gyrotrong. To verify whether this takes place in the experi-

mental pasotron configuration, it is necessary to develop & Eq. (A2) . is the real part of the cold-cavity frequency

large-signal theory of the pasotron operation and carry oufy =w.+iw./2Q that slightly differs from the oscillation fre-

corresponding simulations. This will be a topic of our future quencyw. Also in Eq.(A2) Sis the source term proportional

work. to the gain function whose real pabt’ was used in Eq(2).
This term is equal to

(A2)

VI. SUMMARY

It is shown that in pasotron microwave sources with the S=- f wa;dv. (A3)
ionization time on the order of the beam current rise time the v

self-excitation of em oscillations has some features uncom- -

mon for conventional microwave sources, viz., in the procestiereNs=(1/4m)[\|Eg*dv is the norm of the mode of choice.
of pasotron excitation not only the beam current incregaes |f we use the charge conservation laydt=jodt,, where
in conventional sourcgsbut also the starting current varies. jo(r)=joe(r), i.e., the functione(r) describes the radial dis-
These specific features of pasotron self-excitation are due tgibution of the beam current density at the entrance to the
simultaneous temporal variation in the beam current, impadnteraction spacgthis function is normalized to the beam
ionization of a neutral gas and corresponding pinching of a&ross-section areafse(r)ds, =S,] then Eq.(A3) for this
beam by created ions. It should be noted that transport of saource term can be rewritten as

beam with a moveable focus through the interaction structure

can be organized in such a way that, first, a beam with a ly Zend| 1 (27 l;é; ot
focus located far from the entrance to the interaction spaceS=— = [ «(r) f —f —e'd(wty) |dz(ds,.
can . e CsJs 0 mJo Uz
propagate close to a slow-wave circuit and, hence, have
a strong coupling to the slow-wave. This results in a small (A4)

start current. Then, in the process of further ionization the
focus moves closer to the plasma gun and, correspondingly,fdere I, is the absolute value of the beam current, while
stronger focused beam reduces its coupling to the slow wav@bove the electron current density was negative.

This, in turn, increases the value of the beam current, which Now we should derive the equations for electron motion.
is optimal for efficient operation, and, hence, allows one toFor the sake of simplicity, we will consider a rippled-wall
realize highly efficient operation at high power levels. Agree-SWS with strong end reflections, in which catbeam inter-
ment between theoretical results and experimental datacts with a symmetric Ty}, mode. This mode has only three
which was demonstrated in this paper, indicates that the deonzero field components:

veloped theory adequately describes the most important fea-
tures of self-excitation of em oscillations in pasotrons.

o0

Es,= > ian%Jo(gnr)e‘ikznZ+c.c.,
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* do 1

He, = zx aJy(g,r)e 7+ c . c. (A5) 4z B h. (A9)
Here, so far, we did not distinguish the unperturbed motion
‘and perturbations in the electron axial velocity. Once we do
this and express perturbations in the electron velocity via the
perturbations in the electron axial momentum and electron
energy, we can write separately the equation for the unper-
turbed phase

Here a, is the amplitude of the corresponding space har-
monic (assume thady=1). As shown in[16], for our SWS
with shallow ripples this amplitude is proportional to the
height of rippled:

o = i1 91(G0Ro) (g5 + ho2/d) (A6)

o2 die(glRy) Ao _ 1 A10)
also k,,=ko+n27/d is the axial wave number of this har- dZ Bao)
monic (d is the period of our SWE and the transverse wave 54 for the perturbations
number is determined bg?=k?-k2,. (Corresponding field
components and amplitudes of space harmonics in a helix dé
slow-wave structure can be found elsewhgir@].) For elec- o » B2 ———(Px1) ~ Bao) Y1) (A11)

(o)

tron motion the only important is the synchronous first space
harmonic of this field. Corresponding field components arerne poyndary condition for the unperturbed phase at the en-
equal to trance isfo(0)=6,. It is also convenient to shift this phase
by #, which is determined by, A=|a,Al€”, i.e., to usefq
=0+ . As a matter of fact, this was already used in Eq.
(A8).

Eqrnet =ia3hly(kr )™ +c . c., Now we can come back to E¢A4) and rewrite it in new
notations. Taking into account the fact that we consider the
paraxial electron motion, let us neglect the transverse inter-

Eszne1 = — auklo(sr)e™™ +c . c.,

— "\ o—ihz’
Hspn=1 =iagly(xr")e™™ +c.c. (A7) action. This reduces the integral in square brackets of
Here k and h are the absolute value of the transverse wave Fq. (A4) to
number and the axial wave number normalizedktow/c, 1 (27 | _ 1 (7 _
respectively, primes denote normalization of coordinates to — J Eqn-16" “'d(wtp) = —ajk— j lo(kr")e™"%d6,.
k=w/c. 7J
Representing the perturbations caused by this field in (A12)

electron motion as o _ _
Here, in principle, we still may have perturbations caused not

P=Po + APy Y= Yo * ¥Ya), only by perturba_ltions ip the phase, but glso_ perturbations in
the electron radial motion. However, taking into account our
where a=€la;A|/maw is the normalized amplitude of the assumption about paraxial motion and also our assumption
first space harmonic acting upon electrons, one can represe@out small radial non-uniformity of the em field, we will
the equations for perturbations in the normalized axial andieglect the latter. Then, E¢A12) can be rewritten as
radial components of the electron momentum and the elec-

2
tron energy as o) — f e71%0161,d6). (A13)
mJo
dpgy _ 1 i .
4 3 —Re[e(klg—iB0) 1)} Here we took into account that the zero-order term equals
z0) zero after averaging.
Now we can come back to the original equation for the
dprp) _ h field excitation and, introducing the normalized beam current
— el 1( 1) parameter
dz 20
3 2
= elpc |a1| Qsa (ALd)
dyw e{ ( h )} mé o’
=R ~iBro) . (A8)
dz ,3z(0) rewrite it as
Here momentum components are normalizedhny is the ,w— R
electron energy normalized tmc, primes for coordinates w/2Qs +1=0,®, (A15)

are omitted and subscrigd) denotes an unperturbed 2D mo-
tion of electrons. The phasg= wt-k,,-;z is determined by where the source term is now represented via the gain func-
the equation tion given by
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Zout . o el C3|a |2 K2<|2>

&%kl o01,dz |dbp ¢ . l,= — 2 —0p A18

Jo KloU(1) } 0 b mCO’ ngS pfo Qs ( )
(Al16) instead of Eq(A14) (herep,o=y,B, and(13) corresponds to

a certain mean value of the zero-order modified Bessel func-

One can easily check that in the case of a 1D motion thidion squared in the interaction spa@nd
source term results in the standard monotron function of the i 2m | (Zout i

transit angle® =A,L where Ay=1/B,,~h. The unperturbed ¢ = goj @(r)ds, Erj f e'"064)dz|dby
phased,y here is determined by EgA10), and the pertur- St o L70

(b—L (r)ds ifzw{
S SL(P "l 2w 0

bation in phase is determined by Eg@11), in which the (A19)
perturbations in the axial momentum and energy are givekhstead of Eq(AL6).
by Eq.(A8). So, all what is left here from our 2D motion and pinching

When the radial nonuniformity of the em field is negligi- process ia) the variable axial velocity in EqA10) defin-
bly small, we can absorkl, present in EqS(A8) and(A16)  ing the unperturbed electron phagk) the radial profile of
in a new normalized beam current parameter, Wh!c_h Willthe pbeam current density at the entrance given in(Bg9)
again reduce the number of parameters characterizing ﬂlf'y the functione(r), and (c) the fact that the interaction

device performance. This means the use of length for electrons moving not only axially but also radially
can be smaller than the resonator length. Possibly, we can
dp, 1 dya also eliminatey, and B, from some equations; however,

az - ﬂ—Re{e‘%)}, e Re{€’0}  (AL7)  the perturbation in phase determined by E&l1) contains
20) the difference between two perturbations; thus, here the
variation in the unperturbed electron phase alongztlaeis

instead of Eq(A8), can be important.
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