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Experimental Observation of Cyclotron Superradiance under Group Synchronism Conditions
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Intense microwave pulses (several hundreds of kilowatts) of ultrashort duration (less than 0.5 ns)
were obtained from an ensemble of electrons rotating in a uniform magnetic field. The comparison
with theoretical simulations proves that this emission can be interpreted as cyclotron superradiance.
The maximum radiation power was achieved under group synchronism conditions, when the electron
bunch translational velocity coincides with the group velocity of the wave propagating in the waveguide.
[S0031-9007(97)02760-9]

PACS numbers: 41.60.—m, 42.50.Fx, 52.75.Ms

Superradiance (SR) in ensembles of classical electron Assuming that the transverse structure of the radiation
oscillators has recently attracted considerable attentioR’, () is the same as that of the waveguide mode, we
[1-8]. At present, experiments are being carried oupresent the radiation field as
with different types of SR (bremsstrahlung, Cherenkov, - - .
etc.) [9-11]. In this Letter we report results of the E' = R4E (F) A2, 1) expliwct)], )

first experimental observation of cyclotron SR and itS, pare the evolution of the field distribution axially is

Cé)mgpa_msoln W'm theoretlcalf S|n_1ulattr|10r|13. If%yclogpn Schescribed in accordance with the dispersion relation by
[6—9] involves the process of azimuthal self-bunching an Sparabolic equation

consequent coherent emission in an ensemble of electron ,
rotating in a uniform magnetic field. This phenomenon C0%a’ da’ )
can be utilized to generate intense, ultrashort pulses in the Lazn + 97 2if(Z)G(B')e, - (2)
millimeter and submillimeter wave range. . o

It is demonstrated here that conditions of group syn-The azimuthal self-bunching is caused by the dependence
chronism when the electron-bunch drift velocity coin-  Of the gyrofrequency on the electron energy and described
cides with the e.m. wave group velocity, is the most by
favorable regime for cyclotron type of SR. In fact, this 9p
regime includes some of the advantages of gyrotrons [12] -
as far as in the moving reference frame, electrons as in gy-
rotrons radiate at quasicutoff frequencies. The regime oAssuming in the initial state the electrons are distributed
group synchronism is realized during waveguide propagaaniformly in cyclotron-rotation phases, aside from small
tion of radiation when dispersion curves of the wales  fluctuations ¢ < 1), we can write the initial conditions

¢ 'Jw? — »Z, and of the electron fluxy — kv = wx,  on system (2), (3) as
are tangent [Fig. 1(a)]. In this case the cutoff frequency

w. and relativistic gyrofrequencwy = eHy/ymc sat-
isfy wyg = a)c'y”_l, where y = (1 — vﬁ/cz)fl/z, v =
(1 — vj/c* —vi/c®)72, andv, = B.c is the elec- (a) ® ®) lo
tron transverse velocity.

It is reasonable to analyze SR under the group synchro-
nism condition in a reference fram¥’ moving with the
electron bunch of length’. Using Lorentz transforma-
tions, we easily find the longitudinal wave numiérand
the transverse component of the magnetic field inkhe O= O,
frame tend to zero. As a result we have an ensemble of s k K
rotating electrons, with zero translational velocity, which >~

radiates at a quasicutoff frequency [Fig. 1(b)], i.e., in aF|G. 1. Dispersion characteristics corresponding to grazing
gyrotronlike regime. regime in (a) laboratory and (b) moving reference frame.
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B lr=0 = exdi(®y + rcosO)], Oy € [0,27],
®
aly—o = 0. 0.3 -
Here B/, = exp—iw t'(B. + i,B;)/,B’m is the normal- . (@
ized transverse electron velocity! = z/B' yw./c, 7/ =
1'Blowe/2, a' = (2eA /mcwBLo) -1 (Rowc/c), A =
2wy — w.)/w.B% is the detuning of the unperturbed @’ - ©
gyrofrequency from the cutoff frequency;

_Lel 1 A Tna(Rewe/o)
27 mc3 ,BiO,BIIO')’ﬁ 7R? J2(v,) (1 — m2/v?
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is a form factor written under the assumption that the 0 o 02 30
electron bunch is hollow with an injection radik; 1
is the total current in the lab frameR is the radius of FIG. 2. Time dependence of the square of the amplitude of
the waveguidem is the azimuthal index of the operating tArle_e(I)e%égcAflsld_gf4the iR_piJlses in the moving frama} (
mode;J,, is a Bessel function; and, is thenth root of e =04 QA=1
the equationiJ,,/dv = 0. The functionf(Z') describes
the axial distribution of the electron density. We assumeexact group synchronism regime, whan= 0, k' tends
further thatf(Z’) is a rectangular function of normalized to zero [Fig. 1(b)] and\’ to infinity, and longitudinal
width B = b'B’ yw./c. displacement of the electrons is not important. As we
Based on Egs. (2) and (3) we simulate cyclotron SRncreaseA and go away from the grazing regime
with the normalized parametes = 1.5 and B = 10,  increases)’ falls, and the same displacement can strongly
corresponding to the following experimental values: op-educe the radiation. Such behavior has been actually
erating mode Th, waveguide radiu® = 0.5 cm, beam observed in the following experiments.
injection radiusky, = 0.2 cm, pitch factorg = B, /B ~ Results are plotted in Fig. 2 corresponding to the radia-
1, total current/ = 150A, pulse lengthb = b’/y; =  tion power in the comoving fram&’ where the electron
7 cm. In the simulations presented we assume for simbunch radiates isotropically in the:z’ directions along
plicity that the azimuthal bunching parameteis constant  the waveguide axis. However, in the laboratory frame
over the bunch length. The level of initial perturbationthe situation is totally different and both components
r = 0.001 was chosen from consideration that the procesvill propagate in the samerz direction. To find the
of SR develops during the bunch transit time through theadiation which affected the observation point (detector)
interaction space of total length30 cm. Simulations it is appropriate, using Egs. (2) and (3), to determine
carried out withr(Z’) as a random quantity demonstratedthe field on the linez’ + vt/ = const along which
practically similar SR pulse profiles, which can readily bethe detector is moving in th&’ frame. Using such
explained by spatial synchronization of radiation from dif-a method the temporal dependencies of the radiation
ferent parts of the bunch. The dependence of the radiatiopower and instantaneous frequenfy,= a(arga)/dr in
power in the moving fram&’ on time, for different val- the laboratory frame are presented in Fig. 3(a), for the
ues of the detuning parameter, are plotted in Fig. 2. NoteaseA = 0. We see that the radiation appears as a set
that the maximum growth rate corresponds to the grazef two pulses. The first pulse is created by photons
ing conditionA = 0. However, SR also occurs for both emitted in thek’ frame in the+z' direction, while the
negative and positivd. The possibility of radiation un- second is created by photons emitted in the opposite
der negativeA is caused by electron frequency detuning;direction. The detector will overtake the second packet
althoughwy, is less thanw,, the radiation frequency ex- of photons if its velocity, which in th&’ frame equals
ceeds the cutoff frequency. Such detuning, however, catihe bunch velocityv), exceedsv,, (note that the group
support radiation only in a limited range and for< —1  velocity of radiationvy, in the K’ frame is extremely
the SR instability ceases. At the same time for positivdow, being proportional to the small detuning of the
A, assuming an ideal bunch instability the radiation per+adiation frequency above cutoff). Naturally, due to the
sists for anyA. The growth rate only slightly falls with Doppler effect the frequency in the first pulse exceeds
increasingA. the frequency of the second pulse. For the same reason
However, it is reasonable to expect that this dependendfe peak power of the first pulse is essentially greater than
will be much sharper for real bunches with a finitethat of the following pulse and the duration of the first
spread of longitudinal velocities. In the moving frame pulse is less than the duration of the second pulse.
for such a bunch different electrons can drift with respect It is also important to remark that for negative the
to each other. The longitudinal mutual displacement willgroup velocityv,, becomes so small that the divergence
essentially influence the radiation if the displacemenbetween photons emitted in thez’ direction is negligible
exceeds the waveguide wavelength= 27 /k’. In the and for a given observation distance in the laboratory
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FIG. 4. Experimental apparatus for the investigation of cy-
clotron superradiance from short electron bunches; (1) knife-
edged tubular explosive cold cathode, (2) kicker, (3) electron

1
0 10 20 pulse, (4) guiding solenoid, (5) circular waveguide, (6) mi-
T crowave horn.
02
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i By variation of the strength of the magnetic field mi-
crowave, pulses were observed in two separate regions
|a|201_ corresponding to the grazing condition with the modes
’ TE,; and Thy. For the first region, emission occurred
in the magnetic field range between 1.18-1.22 T. The
| oscillograms presented in Figs. 5(b)—5(e) confirm the
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FIG. 3. Time dependence of the square of the amplitude of 2
the electric field and the instantaneous frequency of the SR -
pulses in the laboratory frame: ()= 0, (b) A = —0.4.
(b)\../‘f/
. : . . 1.18 T
frame the signal received by the detector will look like a =
monopulse [Fig. 3(b)]. s (c)
A RADAN 303 accelerator with a subnanosecond -%ﬂ
slicer was used to inject 0.3—0.5 ns, 0.05—-1 kA, 250 keV 0
electron pulses [13]. The electron source was a cold, g 1ns
explosive-emission cathode within a magnetically insu- o
lated coaxial diode [Fig. 4]. The fastbeam current and .0
accelerating voltage pulses were measured using a strip = L19T
line current probe and an in-line capacitive probe, respec-
tively. Typical oscillograms of the electron current are
presented in Fig. 5(a). These signals were recorded using
a 7 GHz Tektronix 7250 digitizing oscilloscope. High-
current electron pulses were transported through the inter-
action space of total length up to 30 cm in an axial guide 1.20 T
magnetic field of up to 2 T. For measurement of the ra- (e)
diation a hot-carrier germanium detector with a transient
characteristic of 200 ps was used. To change the electron 1227

current a special collimator was used. Transverse m

mediately after the collimator.

i ding t itoh f f about unit 0IEIG. 5. (@) Oscillograms of electron-bunch current and (b)—
mentum, corresponding to a pitch facgpot about unity, o) microwave signals for different values of magnetic field.

was imparted to the electrons by the kicker installed im-Dashed line on the oscillogram (d) corresponds to the signal
passed through a filter with cutoff frequency 33.3 GHz.
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behavior described above. The radiation is a monopulseyclotron SR the simulations also show that, because of
with duration less than 0.5 ns, when the magnetic field ighe influence of cyclotron absorption, the dependence of
smaller than the value corresponding to the grazing condipeak power on total current (total number of electrons) is
tion H ~ 1.2 T [Figs. 5(b) and 5(c)] and is converted to more complicated than in the case of SR in a wiggler field
a double pulse when the magnetic field exceeds this valud,2]. As a result, in these experiments, we observed the
[Figs. 5(d) and 5(e)]. The fast decline of the microwavepeak SR power increasing at slightly less than the square
signal for smaller magnetic field values, less than 1.18 Tof the current.

is obviously caused by violation of the synchronism con- In the case of 290 A current, saturation of the growth
ditions (large negativeél), while the similar decrease in of the peak power was observed. For a smaller current of
signal for larger magnetic fields, exceeding 1.22 T (largel80 A saturation for the given maximum length was not
positive A), is related to the mechanism discussed abovachieved. The absolute radiation power was estimated by
of increasing sensitivity to the spread of the electron driftintegrating the detector signal over the radiation pattern.
velocities. For the TkR; mode this power exceeded 200 kW, which

To prove that for the double pulse regime the frequencyorresponded to an efficiency of energy transformation of
in the first pulse exceeds the frequency in the seconthore than one percent.
pulse, a set of cutoff waveguide filters was used. The In conclusion, a new physical phenomenon has been re-
dashed line on the oscillogram Fig. 5(d) illustrates supported here, which can be theoretically interpreted as cy-
pression of the second low frequency pulse for the filteiclotron superradiance. It has also been shown that group
with cutoff 33.3 GHz. In general, measurements carriedynchronism conditions are optimal for experimental ob-
out showed a very broad radiation spectrum and in thiservation of cyclotron SR. Based on this phenomenon
case covered the band 28.6—36.4 GHz. Thus the relativgowerful microwave pulses with ultrashort duration (less
spectrum width amounted to 20%. than 0.5 ns) were obtained.
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