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The slow-wave cyclotron-resonance masteéRM) oscillator experiment presented in this paper produces
output signals that correspond to normal and anomalous Doppler shifts. The table-top low-veltEy&\()
CRM device consists of a double stripline waveguide. The metal strips are loaded by dielectric slabs; thus the
waveguide supports slow waves with different phase velocities in odd and even quasi-TEM modes. The
suppression of axial electric-field components in this waveguide eliminates the Cherenkov interaction as a
parasitic effect to the slow-wave CRM. Oscillations are observed in the frequency range 3—15 GHz. Doppler
shifts of 30% down and 150% up are measured with respect to the electron cyclotron frequency. These agree
with the normal and anomalous tuning conditions, respectively. The dielectric-loaded stripline scheme is
discussed for practical slow-wave CRM devicg$1063-651X97)09010-7

PACS numbd(s): 41.60—m, 84.40.1k

I. INTRODUCTION in dielectric-loaded waveguidé] experiments. Other stud-
ies related to this subject are the slow-wave CRM amplifier

The cyclotron-resonance maséCRM) interaction [1]  experiment (conducted in the normal regim&,,<Vp,
takes place between a guided electromagnetic wave and<ac)[6] and the dielectric-loaded cyclotron autoresonance
rotating electron beam in an axial magnetic field. It satisfiesnaser(CARM) experiment[7]. Periodic waveguides made
the tuning condition of arrays of metal posts were used as artificial dielectrics in

CRM experimentd18-20. A quasianomalous effect in a
o=Nwctk,Ve,, (1)  periodic-waveguide CRM is proposed in RE21].

The advantages of the slow-wave CRM interaction, com-
where w and k, are the wave angular frequency and axialpared to the fast-wave device, afe) an alleviation of the
wave number, respectively. The electron cyclotron frequencynitial electron rotation(b) a larger Doppler shift, antt) a
is w.=eBy/ym, whereBy, is the axial magnetic field anel  wider spectral bandwidth. On the other hand, the difficulties
m, vy, andV,, are the electron charge, mass, relativistic fac-in using dielectric-loaded CRMs stem from the vicinity be-
tor, and axial velocity, respectively. The integetenotes the  tween the dielectric and the electron beam, which may cause
order of the cyclotron harmonic interacting with the electro-charging effects and possibly damage to the dielectric mate-
magnetic(em) wave. rial.

CRM devices and gyrotrong2] are operated typically ~ This paper presents a CRM experiment in a double-
with fastem waves in hollow metallic tubes where the axial stripline waveguide. The metallic strips stretched along the
phase-velocity component is larger than the speed of lighfube are loaded by dielectric slabs. They support quasi-TEM
Vo= w/k,>c. CRM-type interactions are possible as well modes in a wide spectral bandwidth and protect the dielectric
with slow wavesV.<c in dielectric-loaded or periodically slabs from the electron beam. This slow-wave CRM device
loaded waveguide3—20]. yields anomalous and normal operating modes, without a

The anomalousDoppler effec{3-5] occurs when the em  disturbing Cerenkov interaction, which might appear as a
wave is slower than the electron beam, i\,,<V,,. The  parasitic effect in other slow-wave CRM schenjig] (this
Doppler shift is larger than the cyclotron frequency and coneffect is suppressed here by the absence of axial electric-field
sequently the CRM interaction is possible only witmega-  components in the waveguideThe table-top CRM setup
tive cyclotron harmonisi< — 1. Tuning diagrams of normal and the experimental results are described in the following
and anomalous CRM interactions are illustrated for comparisections.
son in Figs. 18 and ib). The diagrams show the em-wave
di_spersion line and the eIectron—begm Iine_ given by (Em._ Il. EXPERIMENTAL SETUP
Figure ¥a) shows the normal operating regime, where points
A and B denote CRM interactions with backward and for- The dielectric-loaded CRM oscillator experiment pre-
ward waves, respectively. The Doppler shift is positive for asented in this paper operates at low accelerating voltages
forward wave and negative for a backward wave. The CRM<10 kV). The electron beam, generated by a thermionic
interaction in the anomalous reginiEig. 1(b)] takes place Pierce gun, is injected into a waveguide tube where it is
with a negative cyclotron harmonic and a forward slowconfined and spun by a solenoid. The axial magnetic field on
wave. the cathode is 0.6 of its value in the interaction region. The

Experimental indications for the anomalous Doppler ef-electron beam is dumped at the exit of the interaction region
fect were reported in metallic periodic waveguide4] and  onto a collector, which is also used to measure the electron
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TABLE |. Experimental parameters.

Electron beam

energy(keV) <10
current(A) <0.5
pulse width(ms) ~1
electron-beam diametémm) 5

Magnetic field

> uniform solenoid(kG) 1-3
B Waveguide
rectangular tubgin.?) 0.9x0.4
gap between striplinegnm) 11
resonator lengtticm) 49
Electron Beam dielectric slabs:
T porwand Wave dielectric constant 14610%
------------ Slow Wave cross section (i) 0.2x0.4
frequency rangéGHz) 3-15

experiments with and without dielectric loadiigefs.[22]

and [23], respectively. The dielectric-loaded waveguide
shown in Fig. 2 resemble twmicrostrip guides in a back-
to-back coupling (planar microstrips are well-known
waveguides in the microwave integrated-circuit technology
[24]). The different transverse field profiles of the odd and
even quasi-TEM modes result in different effective dielectric
loading and phase velocity for each mode. The effective di-
electric constants .4 were measured by a vector-network
analyzeffHewlett PackardHP) 8720A] in the time domain.
The results presented in R¢R2] are e.~8 and~140 for
FIG. 1. Tuning diagrams of CRM interaction®) normal Dop-  the odd and even modes, respectively.

pler interactions with backwardy) and forward B)waves andb) The CRM tuning relatior{1) for the nondispersive quasi-
an anomalous Doppler effect with a slow forward wav@) for  TEM mode is

which Vp<Ve,.

Nw
current. Approximately 0.4 of the total cathode current is <

0=,

scraped, mostly by the anode. Two synchronized pulsers 1+ \/gfﬁez
generate the solenoid and the electron gun pulses, as de-
scribed in Ref[20]. The experimental parameters are listedwhere B.,=V,,/c and the minus and plus signs correspond
in Table 1. to forward and backwards waves, respectively. Hence the

The double-stripline dielectric-loaded waveguide used irresulting condition for the anomalous interaction with a for-
this experiment is shown in Fig. 2. Two copper strips areward wave isVeefiBe,> 1. This condition can be satisfied in
attached to dielectric slabs stretched along the sidewalls of aur experiment by the even quasi-TEM mode.{= 140,
standard WR90 rectangular metallic tube. The dielectrigB.,=0.15), with off-axis or large orbit electrons.
slabs are made of a commercial cerafhkCT-140 of Trans-
Tech Ceramics Ing.with a high dielectric constant,
=140. The metal strips serve both a mechanical and an elec-
trical function. First, they protect the dielectric slabs from the
electron beam, thus preventing them from being electrically Electron

@

charged and damaged. Second, they support even and odd Metallic | -~ Beam
quasi-TEM transverse modes. The cavity formed by two mir- Striplines/ N
rors with holes at both ends of the waveguide determines the
axial modes for the CRM oscillator.
The transverse electric-field profiles of the odd and even \gDi(SEI'egtriC
aps

quasi-TEM modes are illustrated in Fig. 3. These modes
have a zero cutoff frequency and consequently they enable a
wideband tunability of the CRM oscillator. On the other
hand, the dielectric loading reduces the coupling between the
em wave and the electron beam. Double-stripline
waveguides have been used also in our free-electron maser  FIG. 2. Dielectric-loaded double-stripline waveguide.
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(a) Odd Mode (b) Even Mode

FIG. 3. lllustrations of the transverse electric-field profiles of the
(a) odd and(b) even quasi-TEM modes.

The diagnostic setup is shown in Fig. 4. The spectral evo-
lution of the CRM output is measured simultaneously with
the electron-gun voltage, collector current, an solenoid field.
The em wave evolved in the cavity is sampled by a small rf
probe and is split into two arms; one for a direct detection of
the envelop by a crystal detect@iP 8474D and the other
for a heterodyne analysis. The latter consists of a mikiét
5364A), a local oscillator(HP 83752A, and a frequency-
time domain analyzefHP 5372A, which measures the tem-
poral evolution of the signal frequency during the pulse.

lll. EXPERIMENTAL RESULTS

Oscillations are observed in this experiment in the fre-
qguency range 3—15 GHz. Doppler shifts of 30% down and
150% up measured with respect to the electron cyclotron
frequency. The rf power coupled out for the CRM in this
experiment is within the range 1-10 W. This sampling level
is sufficient for the spectral measurements aimed in this
study.

Two types of signals, related to the normal and the
anomalous regimes, are observed in different launching con-
ditions of the electrons into the interaction region. The first
signal type, which appears when the electrons are launchec
off axis into the interaction region is presented in Figs)5
5(c). The sweep in the electron-gun voltage during the pulse
is shown in Fig. %a). The corresponding burst of rf radiation
is shown in Fig. ). It takes place in an electron energy
sweep from 9 to 5 keV. The temporal evolution of the fre-
guency along this pulse is shown in Figch The em-wave
frequency is slightly increased near 5.3 GHz. The cyclotron
frequency in this run if .=eBy/27ym=8GHz. According
to Eq. (1), this Doppler downshiff~30%) corresponds to a
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FIG. 5. Measurements of a normal CRM interactioip =8

GH2z): (a) electron gun voltage,(b) detector output, andc)
frequency-time domain measurements.

Local
Oscillator

FIG. 4. Diagnostic setup.

normal backward-wave interaction with the odd quasi-TEM
mode E.4=8), as shown schematically by poiAtin Fig.
1(a). The electron pitch angle is estimated by a trajectory
simulation to bex=V, /V,~0.2 in this case.

The other type of interaction, observed by launching the
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FIG. 7. Accumulation of the radiation frequency vs the cyclo-
tron frequency in different experimental runs. The two groups show
asy (b) 1 the normal and anomalous regimes.

50

40-
frequency increases when the electron energy decreases. The
‘ cyclotron frequency in this CRM operating modefis=3.7
3of | 1 GHz, whereas the em-wave frequency varies from 9.35 to
9.47 GHz during the pulse. According to E@), this signal
corresponds to aanomalousnteraction of the negative sec-
ond cyclotron harmonicn(= —2) with the even quasi-TEM
mode 4~ 140). This operating mode is shown schemati-
cally in Fig. Ib). These experimental results introduce a
frequency upshift of 150% with respect to the cyclotron fre-
quency. The electron pitch angle is estimated in this case to
be CY:VL /VH’"OOZ
The normal and anomalous operating regimes are demon-
strated by an accumulation of experimental results in Fig. 7.
0.55 , , : : : , : It shows the radiation frequency vs the cyclotron frequency
in 20 experimental runs. The two groups correspond to the
© | normal and anomalous operating modes, as presented above.
Figure 7 show the typical spread of the results from shot to
shot in these two CRM modes. The corresponding synchro-
] l nism diagrams of these operating modes in our experiment
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are shown schematically in Fig. 8, where the dispersion lines
of the odd and even waveguide modesthout the electron

—

| bean) are deduced from the time-delay measurements pre-
] sented in Ref[22].
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FIG. 6. Measurements of a anomalous CRM interactibpn ( -800 -2 7200 // 1200 2200
=3.7 GH2: (a) electron gun voltage(b) detector output, andc) .~ Wave Number [1/m]
frequency-time domain measurements.

electrons on axis, is presented in Flgs(a)GG(Q). The FIG. 8. Synchronism diagrams for the normal and anomalous
electron-gun voltage sweep and the corresponding rf outpytgimes presented in Fig. 7. The solid liens illustrate the waveguide
burst are shown in Figs.(8 and &b), respectively. The dispersions in the odd and even modessE 8 and 140, respec-
frequency variation during the pulse, measured by thejvely [22]), the dashed lines show the electron-beam Ififieg (1)],
frequency-time domain analyzer, is shown in Figc)6The  the intersection point&and C denote the two CRM interactions,
experimental results show that, in this operating regime, thend pointsB andD show the corresponding cyclotron frequencies.
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IV. DISCUSSION (dw/dBe,=—7%x10° s land —4x10° s, respectively

The normal and anomalous CRM interactions are demon@'® Smaller than those results from E8). This difference
strated in a dielectric-loaded stripline waveguide that supMight be attributed to the finite bandwidth of the CRM in-
ports slow quasi-TEM modes. The anomalous CRM concep raction and to mechanisms of mode competition in the cav-
provides a wide-band tunability without an initial rotation of -

the beam, as demonstrated in our experiment. The metallié: Tgaer li%rtgrﬁssg;(keesrir?lbesrﬁr\'/rehdelsr:e ﬁ:?irgﬁb%n?egg da'l\(/)v?])(l)s in
strips protect the dielectric loading from the electron bea PP P . g ppIng

d alleviat technical difficulty i ing dielectrics i etween axial modes in the cavity, but their resemblance to
and afleviates a technical difficuity In using CIEIeCtrics in v, q spikes observed in a free-electron laser oscillator experi-

CRM tubes. The use of a low-energy electron beam ( oni[26] may relate them to a self-mode-locking mecha-
~1.02) decreases the relativistic effect, which reduces thﬂisms. This effect. as well as other related to this CRM

cyclotron frequency in relativistic CRM devices. Conse-gopame  will be studied in future experimental and theoreti-
quently, the net frequency upshift observed is relatively large., <t dies.

and is comparable to that obtained in an advanced CARM ¢ (f extraction efficiency has not been measured in the
experiment reported recentg5]. . present spectral analysis study. The dialectic-loaded CRM
. The different rates of the .frequency_ sweeps shown : fficiency is proportional to /e and therefore is much
Figs. Jc) and c) support the interpretation of the two dif- smaller than the high efficiency observed in gyrotron and
ferent _types O.f signals obs_erved, as norr_nal_and anomalo%ARM experiments[25]. However, the dielectric-loaded
CRM interactions, respectively. The derivative of H@) stripline scheme provides a simple way to taper the wave-

results in guide parameters by varying the width of the metal strip
do w2 along the tube. Thus the phase velocity and impedance can
B ==+ ee o 3 be tailored along the waveguide in order to satisfy, locally,
ez C

the optimal conditions for the slow-wave CRM interaction.

Hence the frequency sweep rate of the anomalous interactiofiS efficiency-enhancement scheme for stripline CRMs is a
with a forward even mode is negative —2) and is much subject fo_r_ future study.. e
larger than thegnegative sweep rate of the normal interac- In addition to thg SC'em'T'C interest, the table-top CRM
tion with a backward odd mode. This difference between th&lémonstrated in this experiment may lead to the develop-
two operating modes of the slow-wave CRM is clearly ob-ment (_)f_a practical devu_:e for useful apphcgtlons. In particu-
served in the experiment. lar, miniature CRM _dewces can be_concelved in a.technc.JI-
Using the present experimental parameters,(Boshows ogy of microwave integrated circuits based on microstrip
that the frequency sweep rate in the anomalous CRM mogHnes.
is larger by more than an order of magnitude than that in the
normal operating modedi/dgB,.,= —9x 10 s~ lcompared
to —6x10%1, respectively. A similar ratio between the This research was supported in part by the Israeli Acad-
two sweep rates is observed in the experiment, but the eXemy of Science and Humanities, and the Israeli Ministry of
perimental sweep measurements in both CRM modeEnergy.
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