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Generation of powerful subnanosecond microwave pulses by intense electron bunches moving
in a periodic backward wave structure in the superradiative regime
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Experimental results of the observation of coherent stimulated radiation from subnanosecond electron
bunches moving through a periodic waveguide and interacting with a backward propagating wave are pre-
sented. The subnanosecond microwave pulses in Ka and W bands were generated with repetition frequencies
of up to 25 Hz. The mechanism of microwave pulse generation was associated with self-bunching, and the
mutual influence of different parts of the electron pulse due to slippage of the wave with respect to the
electrons; this can be interpreted as superradiance. The illumination of a panel of neon bulbs resulted in a finely
structured pattern corresponding to the excitation of theTibde. Observation of rf breakdown of ambient
air, as well as direct measurements by hot-carrier germanium detectors, leads to an estimate of the absolute
peak power as high as 60 MW for the 300-ps pulses at 38 GHz. These results are compared with numerical
simulations. The initial observation of 75-GHz, 10—15-MW radiation pulses with a duration of less than 150 ps
is also reported.S1063-651X%99)00709-6

PACS numbgs): 41.60.Bq, 42.50.Fx, 41.60.Cr, 52.75.Ms

INTRODUCTION Taking into account the general interest in superradiance
(SR) phenomena in ensembles of classical electrons, which
The study of the multifrequency dynamics of backwardin recent yeard4-15 has been considerable, we studied
wave oscillators carried out in Refdl,2] showed that when Stimulated short pulse coherent emission from intense elec-
an injected electron current increases the steady state oscifon bunches moving through a periodic structure as one
lations change to the self-modulation operation regime. It hag'anifestation of superradiance. The high-current electron ac-
been noted1] that high amplitude spikes form in the initial Celerator, based on a RADAN 303 modulala6] equipped

stage of the transient process under such conditions, and th4fth an adjustable subnanosecond pulse sharfdmgwas
the amplitude of these spikes substantidy-3 times ex- used as a driver of intense subnanosecond electron bunches.

ceeds the amplitude of the steady state oscillations. OnI\gl\tlrti?ufgcgnzu%ﬁgf;cfezssﬁi?hthggggx;ge Sr%rggglgtiﬂgvigyj?;e
e ) oo 881t 1 S 8 o, generalo of Utrshor ubnancsecond VG lvel o
) . band microwave pulses based on superradiance have been
to the mutual mqugnce of different parts of the eIecmnobserved[18]. In these first experiments, however, rather
beam caused by slippage of the wave W'th respect to N guide magnetic fields upt2 T were used. This value of
electrons. Th_us, |f the electr_on pulse duration is restricted anagnetic field was less than the cyclotron resonance value.
the cooperation timd¢, which in the case of a backward At the same time it is knowfil9—26 from previous studies
propagating wave can be presented as of long (5—-30 n$ pulse relativistic backward wave oscilla-
tors (BWOQO's) that as the magnetic field is varied BWO'’s
1) have two operating ranges separated by the cyclotron absorp-
' tion region(cyclotron absorption arises when cyclotron reso-
nance conditions are fulfilled for the fundamental harmonic
(wherev, is the electron drift velocityy, the electromag- of the wave propagating in the periodic strucjui@ased on
netic wave group velocity, andthe length of the interaction this experience it is reasonable to expect that for the short
spacg, it is possible to expect effective generation of high pulse injection regime for higher guide magnetic fields, the
power ultrashort microwave pulses. For an electron puls@eak power of SR spikes should be several times greater as
duration comparable with the cooperation time, the pealcompared with those attained in the lower magnetic field
power associated with this spike grows as the square of thexperiments due to the influence of the magnetic field on the
electron bunch total chard8], which indicates that the elec- electron emission process and the beam trandd@t A
trons are radiating coherently. superconducting magnet was used in a new

V, Vg
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FIG. 1. Experimental configuration of the interaction regian
cathode; 2, anode; 3, superconducting solenoid; 4, drift chamber; 5,
slow-wave structure; 6, electron trajectory; 7, horn; 8, microwave !
window). 0 . l
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series of experiments to generate a longitudinal magnetic
field with strengths of up to 8.5 T. Using a dc solenoid also
permits us to operate in the burst-repetitive ma2ie H2) to FIG. 2. (8) Geometry of interaction region and positions of elec-
actually create a source of powerful 60-MW, subnanosecondyons at timet=1 ns, (b) Phase plane at the same moment.
300-ps, Ka-band radiation. In recent experiments generation

?r: 15?(')'3515\5/\/'\'/:3\/%”3 pulies W'tg peakd power”IeveIs not leSgarrier germanium detector which had a transient response as
an 1u- ave been observed as well. o ffast as 150 ps was used. In the Ka band the power-to-voltage
In this paper, results of an experimental investigation ofyeendence of the detector was calibrated using 100-ns mag-
superradiance of intense subnanosecond electron bunChﬁétron pulses. The electron beam current and accelerating

.mo""?g through a periodic waveguide structure and inter"’wti/oltage probes possessed 200- and 150-ps transient charac-
ing with a backward propagating wave are presented. Thesg ictics respectively

results are compared with results of the numerical simulation
of superradiation based on the particle-in-c@C) code
KARAT. SIMULATION OF SUPERRADIATIVE EMISSION FROM
AN ELECTRON BUNCH MOVING IN A PERIODIC
EXPERIMENTAL SETUP STRUCTURE

Longitudinal distance [cm]

A compact pulsed accelerator based on the RADAN 303 Simulation of the radiation from subnanosecond electron
modulator equipped with a subnanosecond pulse sharpenkunches passing through periodic waveguide structures was
was used to inject typically 0.5-1.2-ns, 1-2-kA, 200-250-carried out using the PIC cod@rAT. Figure 2a) shows the
keV electron bunche$16,17 into the interaction region. system geometryall sizes are in centimeteraind electron
These electron bunches were generated from a magneticalpunch 1 ns after a 240-kV driving voltage pulse was imposed
insulated coaxial diode, which utilized a cold, explosiveon the coaxial line. In the presented simulations the strength
emission cathodéFig. 1). The cathode unit provided the of the guide magnetic field was 5 T. The self-consistent cur-
possibility of a smooth, precise adjustment of the acceleratrent pulse through the cross sectiorzal2.5 cm is plotted in
ing gap to vary the electron current. The fast rising electronFig. 3. A pulse duration of about 0.8 ns and a peak current of
beam current and accelerating voltage pulses were measured..3 kA was close to the experimental measurements of the
using a Faraday cage strip line current probe and an inlineurrent pulse. In Fig. &) we see modulation of the bunch
capacitive voltage probe, respectively, with both signals redensity. The phase plan@J{,z) [Fig. 2(b)] shows a strong
corded using a 7-GHz Tektronix 7250 transient digitizingmodulation of the longitudinal momentum developing by
oscilloscope. High current electron pulses were transportethis time. The dependence of rf output power on time is
through the interaction space in the form of corrugated wavepresented in Fig. @). The microwave pulse duration is
guide of total length 3—10 cm, in a longitudinal guiding mag-about 300 ps. The peak power reached 75 Nafter aver-
netic field of up to 8.5 T created by a superconducting magaging over the high frequency, it should be half of the peak
net. The period of corrugation of the Ka-band slow-wavemagnitude presented in Fig),4nd the electronic efficiency
structure was approximately 3.5 mm, the corrugation deptivas about 7%. The spectrum of radiatisee Fig. 5a)] with
was 0.75 mm, and had a mean radius of 3.75 mm. Tha central frequency of about 38 GHz agrees with the experi-
W-band structure dimensions were half those of the Ka-banthental data and the frequency which can be found from the
structure. The mean electron bunch diameters were 5.5 mii@sonance conditions. The distribution over the radius of the
(Ka band and 2.5 mm(W-band. For measurement of the radial component of the electric field at the output cross sec-
Ka (26.5—40 GHz and W (75—-110 GHz band radiation, a tion z=9 cm is presented in Fig.(b), and corresponds to the
hot- excitation of the TM; mode.
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It is also interesting to follow the electromagnetic energy gig. s. (a) Frequency spectrum of output signé) The distri-
fluxes inside the interaction space, which are presented igytion over the radius of the radial component of the electric field at
Fig. 4(b) for the cross section at=2.5 cm. The first pedestal the output cross section.
on this diagram is associated with the static electric and mag-
netic field of the electron bunch. The next negative pulse ignside the corrugated waveguide asd.Bhe electron drift

just the real microwave backward propagating pulse of suvelocity was about 0& According to Eq(1) this gives as an
perradiation. This pulse is reflected from the cutoff region astimate of the co-operation tinTg=0.8 ns.

the left side(inlet) of the interaction space, and then passes The dependence of peak power on the voltage pulse du-
through the same cross-section as the forward propagatirfgtion is shown in Fig. 6. Because the electron peak current
electromagnetic energy flux. From the delay in the pulsavas practically constant and the electron pulse duration cor-
propagation through the cross sectians2.5 and 9 cm, itis responded to the voltage pulse duration, this diagram actu-

possible to estimate the electromagnetic wave group velocit@lly represents the dependence of peak power on the total
charge in the bunch. Obviously this dependence is rather

200 - s L close to a square law when the pulse duration is close to the
correlation timeT.=0.8 ns. Note that for small pulse dura-
1307 i tions the given interaction length of 6 cm is not sufficient for
formation of SR spikes. For long electron pulses, saturation
of the growth of the peak power is obviously related to the
04 B fact that the pulse becomes too long to provide coherent
radiation emission from the entire pulse length. Actually,
subsequent microwave spikes are emitted when the pulse du-
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FIG. 4. Poynting vector integrated over the transverse cross sec- FIG. 6. Dependence of peak power on accelerating pulse dura-
tion as a function of time afa) z=9 cm and(b) z=2.5 cm. tion (simulations.
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tion as a function of time for the |0ng 5-ns electron pulse. The dependence Of the peak power on the Strength Of the
EXPERIMENTAL RESULTS guide magnetic field is s_hown in _Fig. 9. In this diagram it _is
_ clearly seen that there is a region of cyclotron absorption
Ka-band experiments near the resonance magnetic field value of 3.25 T, and then

A typical oscilloscope trace of the Ka-band microwave WO operating regimes with lowl.5-3 ) and high(>4 T)
signal from an electron pulse passing through a periodiénagnetic fields. The initial experiments on the observation of
waveguide of total length 6 cm is presented in Fig. 8. TheSR in corrugated waveguides were carried out only in the
observed microwave spikes have a duration of about 300 p§gion of low magnetic fieldg18]. Implementing the strong
and a rise time of 200 ps. It is important to note that forguide magnetic field resulted in a drastic 4-5 times increase
optimal conditions the pulse wave form, as well as the pealf the peak power. Because the experiment uses a field im-
power, did not change when the interaction length was ininersed explosive-electron-emission cathode, with electrons

creased up to 10 cm. This fact agreed with the result of thgeing emitted in random directions, increasing the magne_tic
simulations, which also indicated that a 6-cm interactionfield reduces the transverse freedom of the electron motion

length is sufficient for the formation of a superradiance@nd also improves the uniformity of the emission process
spike. itself [27]. The increase in power can be easily explained by
a consequent improvement in the quality of the electron
beam, and a decrease to 0.4 ntmeasured by the beam
imprint on dosimetric film of the transverse width of the
hollow electron bunch. As the electron bunch mean trans-
verse diameter was only 0.5 mm less than the smallest diam-
eter of the slow-wave structure, and the effect of the in-
B creased magnetic field is to reduce the electron gyroradius,
the tendency for the electrons nearest this structure to be
intercepted is reduced. Therefore, the increased magnetic
150k field has the effect of improving the electron transport, espe-
cially for those electrons whose orbital guiding centers were
closest to the slow-wave structure, thereby decreasing the
gap between the mean diameter of the electron beam and the
corrugations. Note that all the experimental data for the Ka-
band pulses discussed below were obtained for a magnetic
field of 5 T.

Frequency measurements at Ka band have been made us-
ing a set of cutoff waveguide filters, and showed that the
main peak has a central frequency of approximately 38 GHz.
The relative radiation spectrum bandwidth found from these
measurements was about 5%. The radiation had a polariza-
tion corresponding to the Tj mode. The measured radia-
tion pattern also corresponded with good accuracy to the
L i excitation of the TM; mode (Fig. 10. This measurement
6ol allowed the absolute peak power to be estimated by integrat-

ing the signal from the detector over its radial position. The
peak power estimated by this method was about 60 MW. A

FIG. 8. Typical waveforms ofa) the accelerating voltage and rather high level of radiation power was also indicated by the
(b) the pulsed electron currenft) Ka-band superradiative micro- illumination of a neon bulb panel when the radiation signal
wave pulse recorded by the germanium detector. irradiated the panel at a distance of 30 cm from the output
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o . microwave pulse inside the conical hofa) Photography(b) Ge-
FIG. 10. Radiation pattern measured by the germanium detectorornetry of the horn and scheme of the breakdown.

horn (Fig. 11). Thus the operating mode, the microwave lasma spot was excited in a horn region of 15-16-mm di-

pulse width, and t.he spectrum, as well as the abso]ute pow rmeter[point 3, Fig. 12b)]. Based on the above data, and
found from experiments, are in good agreement with the re

sults of simulations. applying the standard method of calculation for the fields

Additional evid f the hiah K btai jnside a circular waveguide, it is easy to see that a radial
itional evidence of the nigh peak power was oblaiN€C, o ic field of 130 kV/cm at a cross section with a diameter
from the observation of rf breakdown of ambient air for sub-

_ . of 15 mm corresponds to an input power-e60 MW. So the
nanosec_on(_j pulses n Fhe focus of a parabth fef'eCtof Fstimation of the peak output power from observations of
W(.a”. as inside a receiving concen'tratlng conlgal hom W'thbreakdown are in good agreement with the results of mea-
minimum output d'am?tEf 12 mifFig. 12(3)]'.“ IS reason- g rements of the power by the germanium detector.
able to try to determine the real peak microwave power Simple calculations show that the energy of an electro-

based on the previous experimental observation of brealﬁa netic pulse with peak power of 60 MW and a half-
down initiated by both 2—4-ns, high-power Ka-band micro'amglitude Fp))ulsewidth (F:i)uratiopn of 300 ps is about 202 J

wave sourcef28,29 as W.e" as s_ubnanospcond, high Vc.’ltagewhich corresponds to a 5% efficiency of energy transforma-
modulator produced unipolafwithout microwave carrigr

voltage pulse$30]. A summary of these experimental data is

presented in Fig. 13. It follows from the diagram that for a 160 5
microwave pulse duration of 300 ps, the air breakdown ¥
strength is about 130 kV/cm. The utmost, limiting plasma 140
spot observed during the breakdown processes in the field of #\
the standing wave was located in a horn cross section having 120
a diameter of 13.5 mnfipoint 2, Fig. 12b)]. The separate _
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FIG. 13. Summary of previous peak breakdo®field mea-
surements for several microwave and unipolar pulses with different
durations. Points 1 and 2 correspond to breakdown induced by mi-
crowave pulses, and points 3 and 5 to breakdown induced by uni-

FIG. 11. Luminescence of the matrix gas-discharge panel irrapolar pulses. Point 4 corresponds to the 300-ps duration of the
diated by superradiation pulse. Light corresponds to the radiatiooutput pulse from the SR experiment, and indicates a field strength
pattern of the TN\; mode. of 130 kV/cm.
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square of the electron bunch total charge.

FIG. 14. Dependence of the peak microwave power on the ac- o
celerating voltage pulse duration. Based on the results presented in Figs. 14 and 15, the depen-

dence of peak power on the square of the total charge is

tion from the 4< 10~ * J electron bunch into the microwave drawn in Fig. 16. This dependence is very close to linear.
pulse. For some applications it is also an important factoSome shift of the fitted linear function from the origin can be

that the microwave power rise time was very high, being upexplained by the fact that at the leading and trailing edges of
to 300 MW/ns. the accelerating pulse there are low energy electrons. These

It is pertinent to note that the generated Ka-band micro&lectrons cannot participate in t.he resonant interaction vv_ith
wave pulses possess high stability and reproducibilitythe electromagnetic pulse. With decreasing accelerating
Coupled with the capability of operation of the RADAN 303 Pulse duration, the relative number of such electrons in-
modulator in the repetition rate mode and the availability ofcreases. That is why the radiation power tends to zero faster
permanent magnetic fields for the electron bunch transportdb@n the square of the total charge.
tion, the ability to generate reproducible microwave pulses
with a repetition frequency of 25 Hz was demonstrated. W-band experiments
_ The dependence of peak power on electron pulse duration ajongside the investigation of the generation of subnano-
is presented in Fig. 14. To obtain this dependence, the acc&lucond microwave pulses at the Ka band, a similar series of
ergtlng pulse durayon was varied Whl|.e keepln_g the acceleréxperiments were performed for a W-band backward-wave
ating voltage amplitude constant. Obviously this dependencgicrowave structurdall geometrical sizes of this structure
is rather close to a square law in the region of pulse duratiolere half the size of those of the Ka-band structufithe
0.5-1.2 ns. This means that the electrons radiate coherentlyc code simulations have shown a peak power of up to 30
from the entire volume of the electron pulse. Note that forpy can be attained for a half-amplitude pulsewidth of 100—
small pulse durations of less than 0.5 ns, the given interaci5g ps at a frequency of 75 GHz. The rise time of the front
tion length of 6 cm is not sufficient for formation of SR of the pulse did not exceed 100 ps. In the experiments such
spikes. With an increase of the electron pulse duration abovﬁulses were clearly observe®ig. 17) with the use of the
1.2 ns, saturation of the growth of the peak power is obVigermanium detector which was recalibrated using 3-ns
ously relat_ed_to the fact that it is _|mp033|ble_ to provide CO-W-pand pulses produced by relativistic BWO oscillators
herent emission from th_e pqlse with a duration substantlall)[zg], and a specially developed calorimeter that is similar to
exceeding the cooperation time, and actually subsequent Mine one described in Ref31]. The integral mode pattern
crowave spikes are emitted. Note that the experimental descany has shown that the total peak power of the W-band
pendence is rather close to the results of the simulati®®s |, |ses was between 10 and 15 MW when the accelerating
Fig. 7); ) ) voltage at the cathode was as high as 250 kV, the electron-

By integrating the electron current pulse over time, theépaam current was up to 800 A and the aBalield was 3.5
total charge of the electron bunch has been folifig. 19. 1 The w-band spikes possessed an extremely sharp leading

edge of<120 ps, i.e., rising two times faster than the Ka-

_, 500 band pulses. Such a fast front corresponded to the limits of
z
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FIG. 15. Dependence of the electron bunch total charge on the FIG. 17. W-band superradiative microwave pu(sscilloscope
accelerating voltage pulse duration. trace.
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the transient response of the oscilloscope’s cable delay linve. The microwave pulses generated by such a mechanism
provided for the measurements20 ps. Due to these band- have a unique short duration of 300 ps with a 60-MW peak
width limitations of the measuring system, we believe thatpower level measured in the Ka band. In addition, we have
the peak power was somewhat underestimated. This is alsoraported preliminary observations ef150-ps pulse dura-
contributing factor in explaining the discrepancy in the peaktions with at least a 10-MW peak power level in the W band.
power obtained in the simulatiorfs-30 MW) as compared The achieved repetition frequency of 25 Hz also supports the
to the value measured experimentally. Air breakdown fromconclusion that an interesting source of powerful subnano-
W-band pulses has been experimentally observed when tleecond pulses has been developed. In this context an impor-
output cross section of the conical horn was reduced to &nt factor is that the whole device is in the form of a table-
mm. However, cross-checking the peak power using the aitop system.

breakdown measurements appears to be less accurate for theEven at the present stage, when sources are still very rap-
W-band pulses as compared to the Ka-band pulses becauisiy developing to the 100-MW level and beyond, it is prom-
of the instrumental uncertainty in the measurements of thésing to consider the application of subnanosecond multi-
shorter microwave pulse duration as well as the more remegawatt Ka- and W-band pulses in areas such as
stricted availability of data on the breakdown strength of airdiagnostics and the study of nonlinear phenomena in plasmas
for ~100 ps duration pulses. It is reasonable to concludeand solids. Another potential area of interest is in radiotech-
therefore, that the estimate of the experimentally measuredical applications. It would also be interesting to test the
peak power in W-band pulses of 10-15 MW represents @nfluence of such pulses on biological matter.

lower limit on the actual emitted peak power.
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