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Abstract—A modified relativistic (500 kV, 500 A) backward- ~current that can propagate through the cavity. This is normally
wave oscillator (BWO) filled with a radially nonuniform preion-  restricted to only a small fraction of the corresponding vacuum
ized plasma of high-peak density (peak plasma frequency> imiting current (I,). Additional limitations are the small

operating frequency) is studied experimentally. The effects of o
high plasma density in the interaction region as well as the degree of frequency tunability (through control of electron

relativistic diode and the output horn regions were studied. By €nergy) and mode competition in high power, large diameter
protecting both the diode and output regions against plasma (overmoded) devices. All these limitations can be eased by

penetration, the plasma effects on the BWO was studied up 1o a filling the corrugated structure with a column of plasma having

peak plasma density of 8 10 cm . It was demonstrated that 5 gegirable radial profile and density. The influence of strongly

filling the BWO structure with high density radially nonuniform . . .
magnetized plasma on the electromagnetic properties of both

plasma leads to the following. .
1) Suppression of high-order modes. This is a promising smooth [1]-{6] and corrugated [7]-{16] waveguides, as well as

approach for implementing single mode operation of high- on the transport of relativistic electron beams [17]—[23] have
power large-diameter overmoded devices. been studied both theoretically and experimentally.

2) Frequency upshift of up to 30% (from 8.5 to 11 GHz).  There are two advantages for injecting an electron beam into
This demonstrates the possibility of electronic frequency 4 wayeguide filled with plasma. First it enhances the current

tunability by controlling the plasma density. . - . L
3) Substantial increase in the measured microwave output carrying capability owing to the neutralization of the space

power for n, > 10'> cm™* over the corresponding vacuum charge fields, which is proportional to the parametgf,/c
value. [20], [21], whereR, is the radius of the bearw, is the plasma
frequency of the background plasma ands the speed of
I. INTRODUCTION light. In the case ofu,R;/c > 1, the maximum propagating

. . . , current is higher than the vacuum limiting value by a factor of
IGH-power microwave oscillators driven by intense rel:, ", 273 3/2 .

L . —1)/(»*/° = 1)]*/“. Second, the plasma loading changes
ativistic electron beams are capable of generating pe

. e electrodynamic properties, enabling controllable frequency
powers of hundreds of megawatts and gigawatts. GeneraLPé_shifts [7]. [10], [11]. An important step in recent years

these oscillators consists of some kind of an evacuated r . : :
. ) o oo as been the discovery of the formation of hybrid modes
onator into which a relativistic electron beam is injected. The ™ =~
mbining the slow structure modes and the slow plasma

resonant interaction between the beam and the appropn%?e . ; :
) . modes. Hybrid modes can occur only if the magnetized plasma

modes of the resonator leads to the generation of high-power - : : . - :

radiation Is” of sufficiently high density, and its density is radially

. . inhomogeneous. The slow plasma modes are characterized by

A class of oscillators uses a corrugated waveguide as_a ; .

. ) . L . trong fields near the axis of the slow wave structure, and
resonator in which a linear relativistic electron beam interacts

with the longitudinal component of the electric field of or the slow structure modes strong fields are near the walls.

. . ince the hybrid modes are formed at frequencies where the
mode of the corrugated cavity. The simplest and most well; . .
hase velocities of the two modes are nearly equal, it leads

studied oscillator which uses a corrugated cavity is known as . . ’
a backward-wave oscillator (BWO). Relativistic BWO's arg) a composite mode which has a strong field both at the

. ; oy : lasma region and near the slow wave structure. Consequently,
characterized by relatively good efficiency of converting bea ) .
. . e hybrid mode strongly couples with an electron beam
power into coherent microwave power.

r’E)cated far away from the structure. This mechanism may

The maximum attainable microwave output power of re e responsible for enhanced interaction efficiency in plasma
ativistic BWQO's, however, is limited by the amount of bea P ymnp
loaded slow wave structures.
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beam into a corrugated cavity filled with neutral background pr.ASMA PLASMA SOLENOID
gas [24]-[28]. In this case, a partly ionized plasma column GUN COLUMN
was generated by beam impact ionization mostly along the
beam transport channel. The results of those experiments
could not be analyzed quantitatively because the mos
important parameters, the plasma density and its transversg
profile, were not measured or defined. Moreover, the plasma
density changes during beam injection, making quantitative
interpretation most difficult. However, the results of these
experiments showed qualitatively the two effects associated
with plasma loading of BWQO's as discussed above.

The second approach is based on filling the cavity with a
preionized plasma column [29]—[33]. In our studies the plasma

was generated by a pulsed plasma gun [31], [34] outside tt%UTPUT BWO ROGOWSKY
. : , ) o INDOW
microwave interaction region, and then injected along a strong, STRUCTURE &‘{)‘;‘}‘ﬁ‘jﬁ

uiding magnetic field prior to beam injection. As a result
9 9 9 P ) Fig. 1. Schematic diagram of a plasma-loaded BWO without protection

the plasma dengity in the CaVitY was easily and I’epmdUCibA}?ainst adverse plasma effect in diode and output regions. The electron beam,
tuned by changing the delay time between the plasma gdspicted by the broken line, is injected into the interaction region of the

firing and beam injection. Furthermore, the plasma densf rugated structure. The plasma hatched lightly is fired from the gun region.
. . .Microwave absorption by the upper-hybrid resonance is expected in the darkly
and profile were measured directly [10], [11] and the densit},ged regions.
is not expected to change substantially during electron beam
injection and microwave extraction. The results of plasma o )
filled, relativistic (500 kV) BWO experiments based on thi4 1S used to generate and inject the plasma into the system
plasma filling approach were reported earlier [29], [32], in th@nd create the plasma column. The plasma column in the
operating regime of relatively low beam currerfs < 500 regipn of_ the strong ma_1gr_1etic f@eld has a bell shape radial
A) and moderate plasma densities < 10'* cm=3. profile with a characteristic radlusp. ~ 1 cm. The pea_k
The operation at high plasma densitieg, > 10*2 cm™3) plasma density decays from a maximum plasma density of
in the interaction region proved difficult for two reasons. Aty = 8 x 10'2 cm~% with a characteristic decay time of
high density plasma background, which is desirable in tH&0-200us. By varying the delay time between the electron
corrugated interaction region, is undesirable in the diode aRgam injection and the plasma gun firing, and by controlling
output regions. High plasma density can also cause detefiid® plasma gun operating voltage , the plasma density in the
ration in the electron beam quality and lead to a collapse @@rrugated interaction region can be varied over a wide range,
the diode impedance. The divergence of the guiding magnefiem n, = 10° cm™3 up to 8 x 102 cm3,
field at the output region results in a microwave absorptionAs briefly described in the introduction, the presence of
in the plasma layer where the upper hybrid resonance [3], [iph-density plasmgn, > 10" cm~*) in the interaction
condition is satisfied. This is the case even if a high magnetiegion, can create difficulties in the diode and output regions.
filed (w. > wradiation iS applied to the cavity region. A In the output region the axial magnetic field decreases away
description of the special steps taken to protect both the diditilem the solenoid. A resonant microwave absorbing layer will
and output regions are presented in Section Il. be created somewhere in the output region [3], [4] where the
In this study, we report on a modified BWO filled withmicrowave frequency equals the upper hybrid frequency, i.e.,
a radially inhomogeneous preionized high-density plasma’ = w? + w? (w, is the electron cyclotron frequency). This
where both the output and diode regions of the system wdager is capable of absorbing a considerable fraction of the
protected to prevent the adverse plasma effects. The resoligput microwave energy and may also contribute to “mi-
of the experiments will be presented in Section Ill, whilerowave pulse shortening.” On the opposite end of the system,
discussion and conclusions will be presented in Section IV plasma in the resonator may also stream into the diode region,
where it can significantly reduce the diode impedance and
cause deterioration in beam quality (spatial and longitudinal
Il. ELIMINATION OF PLASMA IN velocity distribution). This influence may be substantial for
THE OUTPUT AND DIODE REGIONS wpRy/c > 1. In our experimental setup, the plasma effects on
The experimental setup used for previous plasma-loadé diode can be substantial fay, < 3- 10! cm.
BWO studies [31] is shown in Fig. 1. An annular relativistic In order to overcome those difficulties in the diode and
electron beam created by a field emission diode is injectedtput regions and still allow high-density operation in the cor-
into a corrugated slow wave structure and collected in thegated interaction region, an improved experimental geometry
output region. A uniform focusing magnetic field, generatedas adopted as shown in Fig. 2. The plasma gun is mounted
by a pulsed solenoid, is used to confine both the beam and tingide a long stainless steel tube extending into the uniform
plasma column. The plasma gun is located on the system’s axiggnetic field region. This tube shields the output region
40 cm away from the edge of the solenoid in the region &fom the magnetically active plasma and prevents absorption
diverging magnetic field at the microwave extraction regiomf microwave energy in this region. The relativistic diode
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Fig. 2. A schematic diagram of an improved plasma-loaded BWO. The diode § i B .
region is protected against the plasma by the diode plug. The upper-hybrid — 80 — — .
microwave absorption is almost completely eliminated L('!j i B R s (b)
E — - L]
H H H H " ” 40 [ I
was protected by placing a cylindrical metallic “plug” (1.4 e | |
cm in diameter) close to the anode plane. This geometry N i | |
allowed hollow beam propagation into the interaction region 0 0 S
but prevented plasma penetration into the gun region. As a 0.1 ! 10
result, the improved experimental apparatus allowed us to o3
investigate the influence of plasma density on BWO operation PLASMA DENSITY (10" c¢cm ")
Oyer a very wide dens.lty range without adversely effecting ﬂ}?g. 3. (&) Microwave receiver power versus plasma derdigy= 500 A,
diode and output regions. V, = 400 kV, B. = 4 kG, plasma gun voltage= 10 kV, 40 cm from the

Microwave power, microwave frequency spectrum, plasnsalenoid edge). The insert on the left shows the vacuum data. (b) Same as
density and plasma profile as well as diode and beam Céﬁ,)_except that the plasma gun was shielded by a metallic tube to prevent the
. . . er hybrid resonance absorption in the output region. (see Fig. 2). Plasma
rents _and diode VOIt"_"ge were routinely measured durlng voltage 12 kV, positioned 20 cm from the solenoid edge. The insert on
experiments. The microwave power was measured usingha left shows the vacuum data.
broad band hot carrier semiconductor detector (similar to
e e e, el SPectu #Seen even for plasma densiies of — . 10 e
) 9 : Pers guide.r,q frequency upshift due to the plasra, = 3 - 10'!)
Diode voltage was measured with a capacitive voltage divider . .
. ; was measured to bé\f = 0.5 GHz. The results are in
and beam current with a Rogowsky current monitor. The .
: . o VRIY good agreement with the measurements of the plasma
plasma was characterized by using a combination of a moval ﬁ . ) : .
uence on the dispersion diagram of corrugated cavities

electron saturation current probe and a smooth-wall closédh ) .
cavity probe [10], [11] (see also Section IV) presented in Section 1V. The flashover plasma gun was capable

. . 1 —3
First, the influence of plasma in the region of divergin f_generatlng_ pegk plasma qlensmes up ta@d" cm w_h_e_n
magnetic field (output region) was studied. In previous ielded, which is substantially less than the capabilities of

obtained data [31], neither the output region nor the eIectrHHShielded version.

gun were protected against plasma penetration. Under thosg€cNd: the plasma influence on the operation of the rel-
conditions B. = 4 kG, I, = 0.5 kA, V;, = 400 kv) no ativistic field emission diode was studied. High plasma den-

] . 12 _3 . .
adverse plasma effects were observed in the electron gfﬂ'\es' up to 810°" cm™, were achieved when the shielded

as long asn, > 3-10'' cm~3. However, the microwave lashover plasma gun was replaced by an upgraded shielded
p = . ,

generation efficiency, which peaked for plasma density fpaxial plasma gun. Plasma penetration into the diode region
the range of 0.2-0.310'* cm~3, decreased drastically forléads to a change in the beam current waveform. In the

ny > 10! em3. presence of a high-density plasma, an initial, short (30 ns)

The results of a similar experimefB. = 13 kG, V, = current spike was superimposed on the normal (100 ns)
550 keV, and I, ~ 500 A) is shown in Fig. 3(a), and rectangular pulse typical for diode operation in vacuum or
the same dramatic decrease in output power is observed If¥-density plasma. Fig. 4(a) shows the peak amplitude of
n, > 5-10' cm3. If the upper hybrid resonant plasmathis spike as a function of the plasma density. From the figure
absorption of microwave energy does take place in the outputs clear that the higher the plasma density, the higher the
region, then the elimination of the plasma in this region eak current. For a plasma density 0k30"* cm~2 the beam
expected to significantly improve the situation. Indeed, thggirrent is almost equal to that in vacuum, in agreement with
is the case shown in Fig. 3(b). This data corresponds to the estimation described in the introduction. At that plasma
experimental BWO where the output region was shieldetensity, the field emission diode is substantially affected by the
(see Fig. 2 for experimental set up), but no steps were takg@lasma, but the received microwave power is still increasing
to protect the field emission diode. No plasma effects awdth increased beam current, as shown in Fig. 4(b).
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E i : : . . Fig. 5. The prompt and dispersed microwave signals of a modified vac-
8 - L uum and plasma-loaded BWO. Dispersive waveguide length 71 m. (a)
~ 0 | Lol Lol Vacuum case. The dispersed signal contains the two frequency bands of

TMo1, f = 8.5-8.7 GHz, and TNz, TMo3 GHz i.e., overmoded operation.
(b) Peak plasma density of, = 2.4 x 10'2 cm™3. In the dispersed
signal only the up-shifted TM band was observed. The upper bands of
TMoz, TMoz were suppressed by the presence of plasma.

0.1 1 10
PLASMA DENSITY ( 10'" ¢m™)

Fig. 4. Experimental results of a plasma loaded BWO, where the diode
region is not protected against plasma penetrafign= 550 kV. (a) beam . . . . . . )
current versus plasma density. (b) Microwave receiver power versus plaside microwave pulse propagating in the dispersive line is

density. A coaxial plasma gun shielded by a metallic tube was used to prevg@composed into its spectral components (due to the frequency
the hybrid cyclotron absorption in the output region. The insert on the Ie(f][ d f locit di | ded. A

shows the vacuum data. ependence of group ve OCI_y) and is also recorded. As a
result, the spectrum of the microwave pulse is converted into

hiah | density in the | _differences in a delay time between the prompt and output

To ac;:]es? ﬁjven g erdP 3sma ert;sny In t edmt(;r_actlg nals. This spectral diagnostic technique is accurate enough
region, the fie emission diode mugt e protected. T_ IS Witshe original microwave pulse duration is much smaller than
successfully achieved by using a cylindrical, 1.4-cm-diametgfy yeojay time. Fig. 5 shows an example of the oscillograms
“plug” held by two thin support plates and positioned insid f a prompt “1” and dispersed “2" signals. Fig. 5(a) and

the injection tube, upstream from the anode. The plug stopp ‘i correspond to the vacuum and plasma filled cavity with
the plasma flux into the diode without interfering with bearp - - density of 2.410'2 cm3, respectively. In Fig. 5(a)

(r, = 0.8 cm) injection. Under these conditions thg di.Od e spectrum of the radiation contains two separate regions:

operated normally even when the peak plasma density in & lower f — 8.5-87 GHz and the higherf — 17-27

. - . . 2 _3 ) - . . -

Interaction region was as h'gh as B0 cm = GHz. These ranges correspond to the uncertainty due to the
n c_onclusmp, by_ ellmlnatlng_plasma_ls o t_)Oth the outpul,e cyral width. The lower frequency radiatiofi = 8.5 GHz)

and_dlode regions 't. was possible to mv_eshgatg the effe rresponds to the excitation of TfMimode of the BWO with

of high plasma density in the corrugated interaction structufec=n ey electron beam, while the higher frequency band

independently. of 17-27 GHz includes the excitations of TMwith f ~ 18
GHz. Fig. 5(b) shows upshifts of the T¢yl mode frequency

IIl. RELATIVISTIC BWO OPERATING WITH (10.5-11.5 GHz) and suppression of the Mand TMys

A HIGH BACKGROUND PLASMA DENSITY modes for the case of a dense plasma= 2.4 x 10*2 cm3,

In the modified BWO described in this section both the The dependence of the radiated frequencies on plasma
output region and the relativistic diode were protected agairgsnsities is summarized in Fig. 6(a), where the bars repre-
plasma penetration (a shielded coaxial plasma gun was ussghnt the accuracy of the dispersive line technique. It shows
Dependencies of power and spectrum of the output microwadeastic change in the spectrum of radiation in the region of
radiation on plasma density in the corrugated cavity regior), > 102 cm~3, in which the TMy; band is up shifted while
were studied. Experiments were performed at two beam ctine higher order modes are suppressed [see also Fig. 5(b)].
rents of 0.5 and 0.8 kA and an electron energy of 55Dhis means that the loading of a high-density plasma may help
keV. As mentioned earlier, the spectrum of radiation wake suppression of undesired high-order modes in high-power
measured using a{-band dispersive waveguide of 71 mlarge-diameter overmoded systems.
length. A microwave pulse reaching the dispersive line input In addition to the microwave measurements with the long
is recorded as a prompt signal by using a broadband detectspersive line, we directly measured microwave power at
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% - o R Fig. 7. A Schematic diagram of the plasma density measurement apparatus
= N B ° o inside the corrugated structure. The combination of the smooth wall cavity
O o B with a long Langmuir probe was used to measure transverse plasma profile
; 50 — - . (b) and plasma density.
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Fig. 6. Measured microwave frequency and power as a function of the w3 0.1
plasma density in the interaction region of a modified plasma-loaded BWO. %
Both output and diode regions were protected. (a) Output frequency versus ﬁ
peak plasma density. (b) Microwave received power versus peak plasma | | ‘ LW
density. Forn, > 1012 cm—3, the lower frequency band is up-shifted while 0.0 —=
the upper bands were suppressed as indicated in Fig. 5. The insert on the left -5 -10 -5 0 5 10 15
shows the vacuum results. Beam current and the plasma gun parameters are
shown in the figure. RADIUS (mm)

Fig. 8. A typical example of the transverse plasma density profile inside the
the output window of the BWO with a calibrated hot Carriegor_rugated cavity. The ordinate and abscissa are the' probe currents and the
similar to those described in [35] and [36]. This receiver h4&d!us from the center of the plasma column, respectively.

a sensitivity of about 0.2 V/kW. The dependence of output

power on plasma density is shown in Fig. 6(b), where thgith half width radius of 0.4 cm. A special code calculates
solid and hollow circles represent electron beam currents glasma densities for a finite guiding magnetic field from the
0.5 and 0.8 kA, respectively. These two different beam currentgasured plasma profiles and the temporally resolved resonant
generated by adjusting the cathode geometry (the axial positisiaracteristic of a small smooth-wall cavity. This smooth-wall
of the inner cathode with respect to the outer cathode in tbgvity was inserted into the corrugated structure after removing
electron gun). In both cases the presence of a high-densi{¢ probe as shown in Fig. 7.

plasma did not affect the beam current at all. It is noted thatFig. 9 shows the temporal behavior of peak plasma density
the measured microwave output power fgr > 10'> cm™  in the corrugated cavity. The plasma density increased during

is three times higher than its vacuum counterpart. the first 60us to reach a maximum of &0'2 cm=2 (plasma
gun voltage 20 kV) followed by decrease with decay time
IV. MEASUREMENTS OF THECHARACTERISTICS OF in the range of 50-20Qus. The plasma loading influence

CORRUGATED CAVITIES FILLED WITH HIGH PLASMA DENSITY on frequency upshifts of the corrugated cavity is shown as

The techniques used to measure the transverse plaghfinction of plasma density in Fig. 10. In the figure, the solid
profile and plasma density were described earlier [10], [1ircles represent Ti,, axial modes of the corrugated cavity,
The plasma density profiles were measured next to the bewftere the mode number n increases from right to left for a
injection port of the corrugated structure as a radial depéiixed frequency. One can see that the higher plasma density
dence of electron saturation current with a long movab@iives a larger upshift of resonant frequencies. The maximum
Langmuir probe. The apparatus is shown in Fig. 7. A typic@lasma density in which the resonances were resolved is
example of the plasma profile at 108 after plasma firing is around 210'* cm~2, corresponding to a maximum frequency
shown in Fig. 8, where a shielded coaxial plasma gun chargefdabout 11.5 GHz. The number of measured resonances in
to 12 kV and a 13 kG guiding magnetic field were used. l#he plasma loaded cavity depends on the externally applied
the figure, the ordinate and abscissa represent the probe curfguency and the plasma density. In the frequency range
(A) and the distance from a chord of the probe to the centeetween 8.9 and 9.25 GHz, the determination of the individual
of the cavity, respectively. The plasma profile has a bell shapeial modes is possible because all the eight resonances of an
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output regions. In our new system we succeeded in preventing
these effects, which allowed us to investigate the operation of
a BWO in the high plasma density regime.

In our studies, a BWO filled with a high-density plasma
showed 30% frequency tunability (8.4—11 GHz) by changing
the background plasma density (upstg = 8 - 1012 cm3).
Also, the excitation of higher order mod€BMgz, TMg3) was
suppressed in the high-density regifie. > w, > w). This
is a promising approach for achieving single mode operation
of high-power large-diameter overmoded devices loaded with
plasmas. In addition, the presence of a high-density radially
inhomogeneous plasma,, > 102 cm™3) can lead to the
formation of hybrid modes with strong beam-wave coupling
far from the structure walls [4], [7], [8]. In fact, our experiment
shows in this regime a substantial increase in microwave
Bﬁtput power over a vacuum device under the same operating
conditions.

The next step in our program is to study BWO operation at
plasma densities of up to ¥cm=2 and high current beams

100

—_
<

T Illllll]

PLASMA DENSITY (10 em™)

=)
—
[

200 400 600 800 1000

TIME (psec)
Fig. 9. Temporal behavior of the peak plasma density in the corrugat

cavity. It reached the maximums of310'2 cm—3 and 8x 102 cm—3 with a
coaxial plasma gun charged to 12 and 20 kV, respectively uBdet 13 kG.

~ 12 “ e (several kiloamps), including operation above the vacuum
% 11F --"'"%’— o limiting current. This will be followed by studies of a high-
Nt ol % ¢ current relativistic beam in a large-diameter overmoded BWO
9 O filled with a high-density radially inhomogeneous plasma.
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