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Studies of Relativistic Backward-Wave Oscillator
Operation in the Cross-Excitation Regime

Frank HegelerMember, IEEEMichael D. PartridgeStudent Member, IEEEdI SchamilogluSenior Member, IEEE
and Chaouki T. AbdallghSenior Member, IEEE

Abstract—We first reported the operation of a relativistic microwave frequency and generation efficiency. In their work,
backward-wave oscillator (BWO) in the so-called cross-excita- Morelandet al. noted that a phase shift between the first and
tion regime in 1998. This instability, whose general properties ;g qth gpatial harmonics plays a critical role in determining the

were predicted earlier through numerical studies, resulted from . - L
the use of a particularly shallow rippled-wall waveguide [slow operating characteristics of a finite-length BWO. Viashal.

wave structure (SWS)] that was installed in an experiment to [7] further studied this effect using a nonlinear model.

diagnose pulse shortening in a long-pulse electron beam-driven In their analysis, Levuslet al. describe several operating
high-power microwave (HPM) source. This SWS was necessary regimes of intense relativistic electron beam-driven BWO's that
to accommodate laser interferometry measurements along the strongly depend on the length of the beam—microwave interac-
SWS during the course of microwave generation. Since those .. . . . . .

early experiments, we have studied this regime in greater detail tion region (i.e., the .number _OT ripple periods Comp”s'_“g the
using two different SWS |engthsl We have invoked time_frequency SWS) and the ref|eCtI0n CoeffICIentS at the endS. By Suff|C|ent|y
analysis, the smoothed-pseudo Wigner—Ville distribution in varying either the reflection coefficients or the beam parame-
particular, to interpret the heterodyned signals of the radiated ters, mode competition can occur whereby two frequencies can
power measurements. These recent results are consistent withp, generated simultaneously. In particular, three parameters

earlier theoretical predictions for the onset and voltage scaling . . - . .
for this instability. This paper presents data for a relativistic are considered in detail: a normalized lengiii, the ratio of

BWO operating in the single-frequency regime for two axial the beam current to start-oscillation current=leam/ /st
modes, operating in the cross-excitation regime, and discusses theand the reflection coefficienR at the downstream end of the

interpretation of the data, as well as the methodology used for SWS (the reflection coefficient at the upstream end is assumed
its analysis. Although operation in the cross-excitation regime is 1, ha 1.0 at the cutoff waveguide inlet to the electrodynamic
typically avoided due to its poorer efficiency, it may prove useful system). Regarding the normalized length,is the resonant
for future HPM effects studies. Y : 9 ) 9 ‘ ) ' ]
R N _ ~wavenumber, defined by the intersection of the Doppler line
Index Te.rms_c.rossf'exc'ta“o“ '”Stf‘b'."ty’ h'gh power mi- \uith the cold SWS dispersion curve, addis the physical
fé?ema/;isc’ BJ\?\}not_ time-frequency analysis, mode  competition, length of the_SWS. For a fixed-length SWS, the normalized
length can still vary through changes in beam energy (caused
in turn by changes in diode voltage) that will affédet. Fig. 1
. INTRODUCTION shows the dispersion relation of the UNM long pulse BWO

INCE THE 1970'’s [1] there has been growing interest iwith a uniform SWS at the TM mode. As the beam voltage
he development of high-peak power microwave (levgecreases, the resonant wavenumberincreases in order
devices driven by intensive relativistic electron beams, begit®: Preserve the intersection of the beam structure dispersion

ning with the backward wave oscillator (BWO). Kurillet al. ~ "elation. _ _

[2] presented the first comprehensive theoretical analysis de-The value ofk, determines whether the BWO operates in a
scribing the operation of an intense relativistic electron bea${€ady, single frequency regime or in a multifrequency regime
driven BWO that was later expanded by Swegle and C0||eagl§g@racterized by instabilities that result from over-bunching
[3], [4]. Recently, Levuslet al.[5] developed a theory of BWO of the electron beam (see Fig_. 2). An additiopal reg_ime exists
operation thatincorporates finite-length effects of the slow wayéhere the start current and gain of one mode is modified by the
structure (SWS), in particular the effects of reflections of th@résence of another saturated mode, enabling the second mode
microwaves at both ends of the device. Subsequent experimdft§ompete with the first. Levuset alrefer to this regime as

and electromagnetic particle-in-cell (PIC) simulations by Mordbe “cross-excitation instability” regime. If the amplitudes of

landet al.[6] elucidated the role of finite length effects on botfh® two modes are approximately the same, the total power
output and efficiency of the BWO are essentially unchanged,

but no single-frequency equilibrium is achieved. If the second
Manuscript received December 17, 1999; revised May 2, 2000. This work wadode has a considerably larger amplitude, the first mode will
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edl@eece.unm.edu). essence of the cross-excitation instability can be understood in
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Fig. 1. The “cold” SWS dispersion relation of the UNM long pulse BWO a?Xpe”-ment' shown SChematlca-'”y In Fig. 3. Ar-] electron beam
the.Tl\./I01 mode. The resonant wavenumtaeris defined by the intersection of Is emitted from an annular knife-edge graphite cathode, and
the Doppler line with the cold SWS dispersion curve. (top) General overviel guided by a magnetic field of 2 T through various SWS
(bottom) Zoomed-in view of the SWS dispersion relation. configurations onto a beam dump. All data presented in this
paper have been obtained for peak cathode voltages ranging
This paper describes the experimental observation offram 320 to 500 kV, beam currents ranging from 1 to 2 kA, and
long-pulse relativistic BWO operating in the single-frequenciin anode-cathodel-K) gap spacing of 2.5 cm. The generated
regime at two different axial modes, as well as it sweepingicrowaves are radiated using a conical horn antenna 12.7
through the cross-excitation regime. The cross-excitation instan in diameter, covered with a 0.25-mm-thick Mylar window
bility was alluded to as one of several mechanisms that coy§l maintain the vacuum-to-air interface. (More complete
explain a frequency change during a power dip in an earligiformation on the accelerator and the general experimental
BWO experiment [9], resulting in pulse shortening. The firsfetup is available in [11].)
observation of this instability where the appropriate scaling
was demonstrated was reported by us in [10]. Since th?
significant progress has been made in both the analysis of [ﬁ
megsurer_nents and in controla_bly operating in anq out of ﬂ?? ime, either a 10- or 12-period uniform amplitude structure
regime. Time-frequency analysis has proven to be invaluable

characterizing operation in the cross-excitation regime, both 7S used, as shown in Fig. 4. This structure had been installed
. B . T r a previous experiment to accommodate laser interferometr
a 10- and 12-period SWS. The remainder of this paper is or b b y

nized as follows. Section Il describes the experimental setup é:leasurements during the course of microwave generation [12].
the high-power microwave source, including the SWS confi ch ring of the SWS has a width (ripple period) of 14.7 mm, a

. . : “mean radius of 14.64 mm, and a ripple amplitude of 1.86 mm,
uration, and the microwave power and frequency diagnosti Tid a minor inner diameter of 25.56 mm. The cutoff neck inlet
Section Il introduces the joint time-frequency analysis (JTFAt

dtoint tth . tal data. Section IV i the electrodynamic structure has an inner diameter of 23 mm,
usedto nterpret the expenmental data. Section IV presents Kigy 1ne annular electron beam is positioned between a radius
data and Section V discusses the conclusions. In the Append;

. ¥9 mm and 11.5 mm [11]. (Note that the particularly shallow
b.Oth. th? W|gner—\ﬁlle. (W\() and the smoothed—pseudo-w ippled-wall SWS is not optimized for maximum microwave
distributions are described in more detail.

generation efficiency.) The annual beam scrapes along the inner
wall of the cutoff neck, producing plasma, which is one of the
leading causes for pulse shortening. A detailed description of
The studies reported in this paper were conducted usitigese measurements is given in [12]. Since this beam scraping
the University of New Mexico (UNM) long-pulse BWO occurs during operation in both the single-frequency and cross-

The SWS has a modular construction in which each ripple
'machined out of a ring of stainless steel and then slid into a
Be holding them in place. For operation in the cross-excitation

Il. EXPERIMENTAL SETUP
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Fig. 4. Configuration of the uniform slow-wave structure. 1) Electron beam. @
2) Anode of theA—IX gap. 3) Cutoff neck. 4) Periodic ripple structure. 5)
Impedance matching ring.

excitation regimes, it is not responsible for the cross-excitatiol
instability.
Fig. 5 presents the setup used for microwave power an ® @
frequency measurements. The detector antenna, a shc
open-ended section of WR-90 waveguide, is placed in th
far-field region of the TNj; -mode radiation pattern at an angle @ @
of 25° from the centerline of the conical horn antenna. The
BWO radiates in the Ty mode in both the single-frequency
and cross-excitation regimes. A directional coupler, semirigic.
coaxial cable, and coaxial attenuators reduce the microwave , , ,
. | ived by the detector antenna. The sianal from rg'l . 5. Microwave power and frequency diagnostic setup for both the
signal receive y e X - g o le frequency and cross-excitation regime. 1) Conical horn antenna. 2)
detector antenna is split into two signals using a power divid@r25-mm-thick Mylar window. 3) Open-endedband waveguide section. 4)
one path that enters a crystal detector for power measureméﬁﬁB directional coupler, with termination and X-band to coaxial adapter. 5)
d the other heterod d with a k | | illat L icrowave absorbing material. 6) 17 m of RG402/U (EZ141) semirigid coaxial
a_n e olher heterodyne W'_ a nown local oscillator ( --cable. 7) Shielded measurement room. 8) dc to 12.4 GHz attenuators. 9) 6-dB
signal for frequency determination. In order to determingwer splitter. 10) 0.01 to 18 GHz crystal detector. 11) 0.4 m of RG402/U
the mlcrowave frequency more preCISely’ |n|t|a| frequen 2141) S.emlrlgld coaxial cable. 12)8—12 GHZdOUbIe'baIanCed mixer. 13)
. . .Local oscillator. 14) Four-channel oscilloscope with a bandwidth of 1 GHz.
measurements were taken using various LO frequencies:
The attenuation of the microwave diagnostic components
were calibrated using an HP8720D network analyzer, and thed beam current during microwave generation are presented
measurements are transferred to a personal computer usingrig. 6 for both the single-frequency and cross-exatation
LabVIEW, taking into account the different attenuation valueggimes, respectively. Microwaves are generated during the

for various frequencies. Waveforms of the cathode voltagising part of the voltage pulse, thus, for the calculation of
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400 20 of each segment was used to identify the major frequency com-

300 ;5 B ponents. Although this technique identifies frequency changes
S § over the entire microwave signal, it loses the time information
% 200 10 a within the segment (or time window). In single-frequency op-
g 8 eration, this not a concern. However, if there is a significant
§ 100 5 8 change in the microwave frequency, this loss of time informa-
-;; 0 0 g tion can lead to a misinterpretation of the data. Therefore, JTFA

g 2 is used to better understand the frequency signal. The use of
© 100 5 E JTFA in the HPM community was first suggested by a group at
e the Israel Institute of Technology, Haifa, [13] and independently

_200 ] 1 [ [l [l [l 1 _10 . . . .
00 100 0 100 200 300 400 500 600 by a group z_it th_e University of Michigan [14]. We have tested
Time (ns) various distributions for the JTFA to accurately display the tem-

poral frequency measurements of the cross-excitation regime,

400 T T T 20 o " .
o which is the competition between (simultaneous presence of)
_ 300} 159 two axial TMy; modes. The data presented in the next section
g g are analyzed with a smoothed-pseudo WV (SPWV) distribution
o 2001 10 o that is described in the Appendix
& & pp .
8
S 100 | 5 B
> 0
% o 0 g
g =1 IV. RESULTS AND DISCUSSION
Q3 —_
© 00k )} 15 %
~ Although the beam voltage increases over the course of the
2 L A A L L . ' 10 microwave pulse, as discussed in Section Il, the BWO clearly

00 -
-200 -100 0 100 200 300 400 500 600

sweeps through the cross-excitation regime since 1) the shape
Time (ns)

of the beam voltage is identical for the single-mode and cross-
. o ﬁxcitation regimes; 2) the cross-excitation instability is acces-
Fig. 6. Waveforms of the cathode voltage and beam current, overlaid with t %I | ith th . SWS d ibed in Secti i
microwave pulse. (top) BWO operation in a single-frequency mode. (bottorﬁ} e only with the unique as described In Section _'t'
Cross-excitation regime. The waveforms are obtained with a 10-period SWS.a consequence of the fact that the beam-to-start current ratio
1) Cathode voltage. 2) Electron beam current. 3) Microwave pulse. is slightly above unity. Other deeper ripple amplitude uniform
SWS'’s do not show this kind of behavior since the start cur-

the resonant wavenumbéy, (see Fig. 1) the beam voltage is"®nt is significantly Iowgr (see Fig. 2) for the same time-de-
averaged for the duration of the microwave pulse. The currgifindent voltage behavior; 3) the JTFA of the microwave fre-
and voltage pulse shape presented in Fig. 6 are comparabl@ygncy signal does not necessarily show a frequency overlap
both the single-frequency and cross-excitation cases, except/f§rthe case of mode hopping due to a beam voltage change;
the amplitudes of the voltage and current pulse. The microwa¥8d 4) a large variation of the BWO beam voltage generates
pulse starts at = 0, for a duration of 50-70 ns, while the beanPnly a gradual drift in frequency. The data and_ discussion pre-
voltage rises at a rate of 2.3 kV/ns. Unlike in gyrotrons, whe@&nted below are based on a series of approximately 100 shots
the output mode is extremely sensitive to the beam voltad@ken with a 10- and 12-period uniform amplitude SWS at var-
the frequency output of an intense beam BWO is only slight/§us beam voltages and currents. Out of these measurements,
dependent on the voltage amplitude. An increase ofAh& about 40 shots showed evidence of operation in the cross-ex-
gap voltage leads to a rise in the beam current amplitude tg4@tion regime. Fig. 7 presents data representative of opera-
will also increase the space charge in the beam. AlthougHi@n in the cross-excitation regime for the 12-period SWS. The
larger beam voltage tends to increase the microwave frequerf§perimental parameters of this shot are a peak diode voltage
the larger space charge counteracts this; thus, only a mod&atode, pk) at the time of microwave generation of 400 kV and
increase of the microwave frequency is observed. In fact, tAB average beam curremf,fom, avg) Of 1.8 kA. The normal-

drift in the frequency as a function in time can be attributed #§€d length for this case is.L = 41.3. Note that microwaves

the time-dependent change in voltage and current. Note tR&¢ Produced on the rising edge of the UNM long-pulse accel-
the two axial modes have been observed only when the shall8{@tor voltage, whereas the diode voltage at the start of the mi-
uniform ripple amplitude SWS is used. Other deeper rippffOwave pulse is approximately 90% Wfiodc, px- AS can been
amplitude SWS’s operate only in the single-frequency mod&€en from Fig. 7, the radiated power initially rises to 22 MW at

even for cases where the cathode voltage rises at rates gin@utputfrequency of about 9.1 GHz. Approximately 5 ns after
kV/ns. the peak power is reached, the power rapidly decreases as the

second axial mode within the SWS begins to grow. Itis observed
that two modes beat simultaneously for a period of 5 ns, after
which point the highest radiated power occurs at a frequency
of about 9.5 GHz. This second mode results in a considerably
In previous frequency measurements, the heterodyned sigmalre efficient beam-to-microwave energy conversion. Note that
was separated into 10 segments, and a simple Fourier transfomrall cross-excitation results the frequency of the initial mode

I1l. JOINT TIME-FREQUENCY ANALYSIS APPLIED TO THE
CROSSEXCITATION REGIME
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Fig. 10. Cross-excitation instability measured with a 10-period SWS. Top:

Fig. 8. Data illustrating single mode operation. Top: Heterodyned frequentigterodyned frequency signal with a LO frequency of 9 GHz. Middle: SPWV
signal with a LO frequency of 8.9 GHz. Second from top: SPWV time-frequenéijne-frequency distribution. Bottom: Relative power in dB at the two mean
distribution. Second from bottom: Microwave power. Bottom: Relative powdfequencies of 9.05 and 9.41 GHZ/eac, px = 340 KV, [, avg = 1.2 KA,

in dB at the mean frequency of 9.43 GHEu(oo. pic = 350 KV, I, o = 1.2 @NAE.L = 35.5.)

kA, andk, L = 42.3, using a 12-period SWS.)

in single-mode operation is greater than in the cross-excitation
is lower than the frequency of the second mode, since the diadgime.
voltage increases during the duration of the microwave pulse. Operation in the cross-excitation regime is also observed

When the diode voltage is decreased to 350 kV, which also dehen the BWO s fitted with a shorter SWS that consists of

creases the beam current to 1.2 kA, the normalized lelgth 10 periods. Figs. 9-11 present a variety of data with similar
is shifted to 42.3, and the ratio of the beam current to start-omrmalized lengthg:, L of 35.2-35.5. With slight variations
cillation currenty is reduced compared to the previous case. bf the beam voltage and current parameters, large changes
this single-frequency regime (see Fig. 8), the frequency vari@sthe operation in the cross-excitation regime are evident.
slightly from 9.43-9.5 GHz owing to an increase of the diodeig. 9 presents data in the cross-excitation regime where
voltage during microwave generation. The maximum radiatéide two axial modes have similar maximum power levels.
power is less than the data shown in Fig. 7 since the beam €ig. 10 presents data in the cross-excitation regime where the
ergy is reduced. In addition, it is evident from Figs. 7 and 8 thatitial axial mode has a lower power level compared with the
the maximum beam-to-microwave energy conversion efficiensgcond axial mode, and Fig. 11 illustrates the opposite case.
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the cross-excitation regime is equal to or slightly larger than

for the case with a single frequency. Since the power amplitude
decreases during the simultaneous beating of the two axial
modes in the cross-excitation regime, the microwave energy for
the single frequency case is greater.
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V. CONCLUSION

We have presented data where an intense relativistic electron
1 beam-driven BWO operates in the single-frequency regime at
' ' ! T ime (10t ' ' ' ~  one of two neighboring axial modes, and we have demonstrated
; . . . how slight changes in the beam parameters can lead to operation
in the cross-excitation regime, where the onset of one mode non-
linearly decreases the start conditions for a neighboring mode,
1 and mode competition results. The scaling of this behavior is
- - - : : . . consistent with nonlinear simulations presented earlier, and the
Time (10 ndv) observations support the validity of those models. Time-fre-
Fig. 12. Low-frequency single-mode operation measured with a 1O-peri5WenCy analysis was used to interpret the frequency output of

SWS. Top: Heterodyned frequency signal with a LO frequency of 9 GHEhe source, and was critical to identifying the coexistence in
Middle: SPWV time-frequency distribution. Bottom: Relative power in dB atjme between the two axial modes. This is a rich area of non-

;Eim:eagﬁ;‘“e”cy 0f9.2 CHA&foao, pe = 320KV, fu.ave = LOKA ANA jineqr physics that needs to be further explored. Future work
will study the factors that contribute to the temporal coexis-
Although the universal start current for this BWO can onlyfnce of the modes, y|eld|ng some |nS|ght.|nt<.) mode saturatpn

rtd/or electron trapping. Although operation in the cross-exci-

be estimated, and thus, a direct comparison with the original. S 2 . L
gtion regime is less efficient that single-frequency operation, it
may prove useful to future HPM effects studies.
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©
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©
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Reiative Power (dB)
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modeling results is not possible, the experimental data for t
10-period SWS at the normalized lengthsl. are consistent
with the position of the cross-excitation instability region
(see Fig. 2). Single-mode operation with the 10-period SWS
is obtained when the diode voltage is either decreased of~or the JTFA we explored several methods, such as wavelets,
increased compared to the valuel@f..., px corresponding to smoothed-pseudo-Wigner—Ville distributions, spectrograms,
operation in the cross-excitation regime. Lowering the diodaxd Gabor distributions [15]-[24]. These distributions were
voltage will lead to single-frequency operation at the loweselected based upon their ability to discriminate frequency
axial mode (see Fig. 12), and increasing the diode voltage walWerlap in time. Each of the JTFA techniques was evaluated
lead to single-frequency operation at the higher axial moaéth “artificial data” that was generated from two single-fre-
(see Fig. 13). Pulse shortening due to cross excitation has goency signals. By “artificial data” we mean analytic signals
been observed. On average, the microwave pulse duratiorthat were generated numerically and looked similar to the

APPENDIX |
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Fig. 14. Artificial data used for calibration of the JTFA. Top: “HeterodynedFig. 15. Artificial data used for calibration of the JTFA. Top: “Heterodyned”
frequencies of 100 MHz and 450 MHz with no overlap and a local oscillatéfrequencies of 100 MHz and 450 MHz with a 5 ns overlap and a local oscillator
frequency of 9 GHz. Middle: SPWV time-frequency distribution. Bottomfrequency of 9 GHz. Middle: SPWV time-frequency distribution. Bottom:
Relative power in dB at the two mean instantaneous frequencies of 9.1 &fative power in dB at the two mean instantaneous frequencies of 9.1 and
9.45 GHz. 9.45 GHz.

experimentally obtained heterodyned signals. At the beginnifity® ones when a Fourier transform oft) is taken. The WV
and end of the artificial data, a low-amplitude random signéistribution is defined as
was added to simulate measurement noise, and each frequency
. . . . L . +oo
S|g_nal was amplltude modulgted with a cosine d|str|but|on.Wx(t7 V) = / = (t+ Z) = (t _ Z) I g (A2)
Using the various JTFA techniques described above to analyze 2 2
the artificial data with a known frequency overlap in time,
the WV distribution yielded the most accurate representatibtowever, many interference terms are present due to the bilin-
of the overlap in energy content of the signals. For a clearearity of the WV distribution. Two points of the time-frequency
representation of the frequency overlap, the interference terdistribution interfere with each other and create a third point, at
from the time-frequency distribution were eliminated using frequency that is proportional to the distance between these
a SPWV distribution. The time smoothing carried out by thpoints. The interference terms are shown in the following equa-
SPWYV reduces the interference terms, but also decreasestitne:
time-frequency resolution. The most accurate analysis of the
artifi<_:ia| dat_a Withqut in_terfergnce terms from the JTFA WaSHy, (¢, v) = Walt, 1)+ W, (t, 1)+ 2RW, (¢, 1)] (A3)
obtained using a sinusoidal window of 79 points (with 5 points
equaling 1 ns) for time smoothing, and a Gaussian window o . . )
79 points for frequency smoothing. Figs. 14 and 15 show tHerere the interference teri,, , is defined by
results of the JTFA with a SPWYV distribution for 0 ns and 5
. . . . +oo

ns overlap, r.e.spe<.:t|v'ely. The relative power plots in Figs. 14 W y(t, 1) :/ = (t + I) v (t _ I) o—d2Et g
and 15 explicitly indicate the amount of time that the two ' 2 2
axial modes coexist. (A LO frequency of 9.0 GHz was used ) (A4)
in the artificially generated data.) Since the data in these tf@" @ clearer representation of the frequency overlap, the SPWV
figures is artificially generated, we do not display an overaflistribution is used:
power envelope. Similar figures are presented in the results and oo oo
discussion section that show the relative power plots in addltlpn SPWV, (¢, 1) = / h(’/’)/ g(s —t)x (8 + I)
to the overall measured power envelope. Since the relative —oo —oo 2
power plots are expressed in dB and track the power content ot (3 _ Z) oIt go 0 (A5)
for a fixed frequency, there may be little resemblance between
the relative power plot and the overall power envelope.

The analytic single used in this analysis() is given by ~ Whereh(t) is the frequency-smoothing window ap¢) is the

time-smoothing window.

) Several sinusoidal and Gaussian-based frequency-smoothing
2a(t) = z(t) + JHT[2(t)] (AD)  and time-smoothing windows have been evaluated for the
SPWV distribution. All the SPWVs described in this paper
whereH T is the Hilbert transform of(¢). This transformation use a sinusoidal window for time-smoothing and a Gaussian
will remove the negative frequency values and double the pagindow for frequency smoothing, each with the same window

— o0

ade o)
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