


',joperatlng at the wavelength of
. o-energies only 300 keV are possible employlng strong magnetlc
kalelds of about 100 kOe (the regime or low Doppler frequency .

‘f,of high Doppler frequency up conversion)

o ”,‘ Introductign

The cyclotron autoresonance maser (CARM) [1;3] is

; -a promlsxng varlety of free electron masers (FEMs) operated
in the milllmeter and long wave submllllmeter reglons Nith
high. power [4- 10] In thls range, CARM requlres ‘particle

"~‘energ1es s1gn1ficantly lower than  for : the ubitron (a most
,popular FEM variety) and,magnetlc r1elds smaller than those "

for the gyrotron Thus. according to calculatlons erfective

JCARH variants of megauatt and hlgher levels of average powerp«>

about 1mm with electron

:up converslon) or. magnetlc fleldS of only 30- 40 kOe but

'!frelatlvely high particle energies of about 1 HeV (the regimea

ln this paper we

ipresent results of new model experiments on the creatlon or';'

-glCARH or the second type, e hav1ng a high frequency up4

Mconversion we realized CARH operating at middle mllllmeter S

‘s‘waves wlth h1gh efflclency and radlation pouel
:," Belng a- FEH varlety. the CARH llke the gyrotron,
rlS also a modiflcation of a cyclotron resonance ‘maser (CRM)

<3~f1 e. { it 1s a devlce whlch uses stlmulated radlatlon of an
‘ ;.electron beam prppagatlng along hellcal traJectories in a
‘vhomogeneous magnetlc r1eld Unlike 1n the gyrotron, electrons"

\1n CARH 1nteract wlth an electromagnetlc wave: exp 1(hz1»t)
'rpropagatlng almost along their translatlonal velocitles (h”k

f uhere k- '= w/c ) rather than tranSVerse to them Therefore.

~~f1t is clear from the conditlon of electron resonance with the
‘,wave 8 . . , A , : v
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that due to the Doppler effect the wave frequency in CARM at
relativistic translational velocities of electrons, vy,
greatly exceeds the frequency of particle oscillations (here
it is the cyclotron frequency w: eH/mc¥) :

w e w ¥, (2)

where ¥=(1-£%)°'/% js a relativistic factor of electrons.

Another consequence of the quasi-longitudinal

propagation of the wave in CARM (when the phase velocity

4n/h is close Lo the velocity of light c¢) is partial
autoresonance [11,12] compensation of the variation of the
electron frequency me by the Doppler shift A(hv;). By virtue
of this compensation electrons resonantly interact with the
wave even at considerable changes in their energies and at
large enough rotational velocities of particles v (B, ,~ ¥°!,
where B, ,=v,/c) the CARM efficiency may amount to some tens of
percent even in the simplest cases (without magnetic field
and phase velocity tapering).

Such a compensation makes CARM low-critical to
particle energy spread &% But like other FELs and FEMs,
CARM is very sensitive to the spread in the pitch angles of
particles. Indeed, the spread is acceptable only when the
phase shifts of various electrons 9=(w-hvn—mul%” during
their interaction with the wave differ one from another

by less than 21w. This imposes the following restriction

SBL /B, £ 1/2DN, t3)

where N is the number of gyrorotations and
b=£2/2B Ben(1-B,/Bpn)is the parameter characterizing electron
recoil during radiation.
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Thus, so as to attain high electron efficiency in
CARM, the electron optical system must produce an electron
beam with a sufficiently large rotational velocity of
particles B~¥"' at small spread (the condition (3)). The
electron efficiency of CARM is determined by the product of
the so-called single-particle and orbital (transverse)

efficiencies [2,3]:

Pu]
n

{4)
‘ ., R

The single-particle efficiency
Fi.

r?SP 2‘1'_E'-||/Bph)(1'.ﬁ.—1)

is equal to the maximal portion of kinetic energy.that can be
withdrawn from a single electron in a homogeneous magnetic
field by the wave of constant amplitude and phase velocity.
The orbital efficiency 1, characterizes the compactness of
particle bunching. In the absence of spread in electron

parameters, the value %, depends, in particular, on the
amplitude of synchronous wave, its longitudinal structure and

on the length of interaction space. For typical CARM
parameters, the maximal values of 7, without magnetic field
profiling lie within the 0.3 - 0.6 range. ‘

Linear Induction Accelerator.
Evaluation of Design Parameters for CARM

CARM ‘was studied --on. a LIA - unit [13] 180 cm
long that consisted of 18 inductors with permalloy cores, fed

(5)

from a single modulator (Fig.1,2). Inside the unit, a strong
magnetic field was produced to focus particles with the pulse
duration 1.2 ms and the magnitude controlled within 0...15
kOe. The accelerator unit is connected through a transition
chamber to an additional solenoid where the microwave device
to be studied is placed. The magnetic field in the additional
solenoid has the duration of 5 ms and controlled ‘Within
0...15 koOe.

The electron gun with explosive emission is
installed directly in the accelerator unit. The graphite
cathode and anode are situated in the first third of the
accelerator unit, so-that accelerating fields from the first
6 inductors are summarized. The maximal measured energy of
accelerated electrons is 1.5 MeV at the current 1.5 kA and
pulse duration about 60 ns. In this regime the accelerating
gradient is equal to 10 kV/cm in the last 2/3 of the
accelerator unit. ' ’

So far as the distance from the cathode to the HF
section is about 2 m, high magnetic field homogeneity and
precise alignment of the components are required' for beam
transportation in the electrodynamic systen. In the
experiment a thin axial electron beam with OD =3 mm (Fig.3)
was transported through a metal tube with ID =10 mm d and
up to 0.5 m long. By this the measurements of current
and location of the electron beam in the ‘HF section
with a movable Faraday cylinder and -a dielectric target
showed that electron losses were practically absent and
the beam position was controlled with 1 mm accuracy.

Based on the peculatities of the LIA, we set
ourselves the task of creating a CARM-generator that would



combine high Doppler frequency up-conversion and high
efficiency. The design electron energy was taken to be in the
range 1...1.2 MeV. When choosing the phase velocity of the
wave in the region of (1-Bpf). varying from 812 to zero for

Figure 1. The induction linac-unit

such an energy and rotational particle velocity B=¥:', the
Doppler frequency gain may amount to m/mn= 7...10. _
Looking for the ways to minimize the role of
particle velocity spread we chose a relatively . short
interaction space for electrons and the wave when the number
of cyclotron rotations N=5...7. Correspondingly, the phase
velocity of the wave. was chosen not very close to unity
Bpr=1.03...1.06, so that the length was almost optimal, when

for the parameter of inertial particle bunching [2,3]

v mpi—lzBeb (6)
‘1'_&15/Eph )

Wwe obtained ¥ =5...8. The magnetic field allowed for the

Figure 2. Scheme of the experimental setup: 1 - explosive-
emission cathode, 2 - anode, 3 - axial electron beam, 4 -
LIA-unit solenoid, 5 -inductors, 6 - transition chamber, 7 -
sectioned additional solenoid, 8 - kicker loop, 9 - Bragg
resonator, 10 - copper ring (magnetic screen) for magnetic
field attenuation that provides electron collection, 11 - RF
window

operation at millimeter waves. For experimental studying we
chose two regimes with *=4.4 mm and X=6.0 mm which were
determined by electrodynamic system. ~The corresponding
magnetic field values were 10 kOe and 7 kOe.

For the parameters given above, the single-
pérticle efficiency is rather high: Qsp= 0.5. Under a



—t
TeM

Figure 3. Trace of the electron beam on a dielectric film

constant amplitude of synchronous wave, the orbital
efficiency without wvelocity spread is 1;=0.35 and total
electron efficiency amounts to R=0.17. Calculations show a
two-fold decrease in efficiency with a rather large spread in
rotational velocities dB,/B,~ 0.2, in this case the starting
current of the generator increases by two times.

- The Formation of a Helical Electron Beam with Low
Velocity Spread

So as to produce in experiment a helical electron
beam, at first we form a dense rectilinear beam and then
put to the particles rotational velocity in an inhomogeneous
magnetic field of a kicker (Fig.4). The rectilinear beam is
produced in an explosive-emission injector in the form of a
co-axial diode with magnetic insulation. In such a system the

initial (parasitic) rotational velocity that is caused by
particle drift in crossed electric and magnetic fields
changes from zero to R,=E/H, where E is the maximal
transverse electric field in the emitter region. In our
experiment the parasitic electron velocity in the beam was
estimated to be less than 0.01. On the formation of a
rectilinear beam it is necessary to put to the particles
equal rotational velocities. To ensure against spread it is
essential that electrons in the beam of finite thickness
should‘ pass through the reéion of a perturbing magnetic
field, preferably homogeneous in the transverse direction.
The simplest way to excite a thin continuous axial
beam used in the experiment is to employ a kicker that
consists of two current-carrying linear conductors
perpendicular to the focused field and located on both sides
of electron trajectories (Fig.4)[141. In this case the
sensitivity to the position particle spread is minimum when
the distance between the currents in the direction of the
focused magnetic field is equal to half a Larmor step
LH=2ﬂVo/mH and the currents have opposite directions. Then,
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Figure 4. Electron trajectories in the kicker



in the transition between the conductors with relatively low
currents Ik at a distance I from the plane y =0, the
electron having the initial coordinate vy, acquires a

rotational velocity [14}:

By = ko oxp (- 20l 3 ep (-2 p 3 (7)
¥med L" - LH iy

It is clear from this expression that for a thin
beam the spread in rotational velocities depends rather
weakly (quadratically) on the beam thickness 2y :

O

B = L 2mev e (8)

3 / =) =
LS =L
2 "

According to calculations this estimate is also
valid for relatively large kicker currents [ , when the
kicker imparts to the particles the -rotational velocity
R."% ! needed for effective operation of CARM.

So as to decrease velocity spread and to simplify
beam alignment in the experiment, the cathode diameter was
chosen rather small: precisely, 3 mm and, correspondingly,
the diameter of the electron beam was close to 3mm (Fig.3).
The current I at operating voltages was measured to be
0.3...0.5 kA.

For the design electron energy and magnetic field,
the unperturbed Larmor step was 3.3 cnm. Consequentiy, the
longitudinal distance between the kicker conductors was 1.7
cm. In order to obtain the needed rotational velocity E,~ 0.3
and prevent the beam from brushing against the conductors
the transverse distance between them 2! was chosen to be 6
mm. The design current in the kicker was 1,=2.6 kA. With
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exact beam alignment the design spread acquired by electrons
in the kicker is very small: &2 /8,=3%; however, taking into
account the initial spread acquired in the region of
explosive-emission gun, the spread in the transverse
velocities of the drived beam may amount to 9% , which is two
times lower than the admissible value.

Selective Feedback

In our experiment, like in the most previous
investigations of CARM [15-181, a lower H, mode of a
regular circular waveguide was chosen for an operating mode.
An important feature of our experiment is that we used a thin
axial electron beam instead of a hollow one. Such a beam is.
able to excite only the waves with the azimuthal index m=1.
Operation at the Hl'1 wave (or at a higher Hl’nwave) that
has almost homogeneous distribution of a HF field in the
axial region, is also convenient because we have low
sensitivity of the system to the position of the electron
beam. '

For the chosen parameters of the electron beam and
of the phase velocity of the wave , their dispersion curves
intersect at two points or are tangential (Fig.5). High-
frequency - intersection with the parameters of the wave
A=4.4nm and 8pn =1.035 fit the first design regime (point 1
in Fig.5). Parasitic LF intersection corresponds to A =11
mm, FEpn =1.31 and to a relatively small group velocity
Egr=0.76 (point 3 in Fig.5).

To ensure single-frequency operation, the
electrodynamic system should provide selective excitation of

11
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- Figure 5. Brillouin diagram for CARM

a HF mode and discriminate LF oscillations. Like in [8], this
task may be solved using for the operating mode a  Bragg
resonator with reflectors in the form of waveguide with
periodically corrugated wall (Fig.6) [16,17,15]. We would
like to note that Bragg resonance re-reflection Hl'l of the
wave .into itself in an oversized waveguide with admissible
corrugation depth and with the above specified phase velocity
of the wave that is very close to the velocity of 1light
(which corresponds to small Brillouin angles of wave
$=14"...19°) has a fairly small coupling coefficient.
Therefore such a reflector is too long and it is unsafe to
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use it on the cathode side of the resonator because of
possible excitation of parasitic LF modes. The coupling
coefficient can be increased and the vreflector length
shortened almost by two times using the corrugation with
resonant reflection of the operating wave into higher modes
(in our case E l’land El_z‘for wavelengths 6 mm and 4.4 nmm,
correspondingly). In the regular section of the resonator
with such a reflector, a synchronous wave HLL propagates in
the direction of electron propagation, and a nonsynchronous
feedback wave travels in the opposite direction (Fig.6). At
the output reflector the wave Hl'1 is transformed into the
wave EI'Z(EI'I) that.is converted into HLl at the cathode
reflector.

The desired values of reflectivity are found from
the following requirements: the electron current I should
be close to the optimal current lo.pt that corresponds to the
maximal value of orbital efficiency ;. for design bean
parameters. The value Iopt is found from the numerical
solution of equations of electron motion in a self-consistent
wave field [18]. ) '

The optimization was made under the assumption
that because of a sharp droop of the guiding magnetic field
at the collector end, the electron-wave interaction ceases
after paSsage of the input mirror and of the smooth resonator
section. Electrons perform seven cyclotron oscillations at
this length. On the basis of calculations we chose the
reflection coefficients at which the start oscillation
current was about 120 A and the optimal current Jlopt was
about 4 times greater than the start one. These optimal
conditions were achieved only for the regime with the

13
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Figure 6. Bragg resonator: scheme of feedback and "hot"

field and efficiency structure

wavelength %=4.4 mm. In this case the fieldvstructure of a
synchronous wave, like the field structure in TWT, grows
towards the output (Fig.6), which favors a substantial
increase in‘transverse electron efficiency up to ¥,=0.57 (cf.
the cése of constant-amplitude wave where 71,=0.35 ). Taking
into account velocity spread of 9% and the fact that part of
the power of operating wave passes towards the cathode, the
design‘efficiency for the first regime is =20%. The final
values for design'parameters of a CARM-generator are listed
in the Table. ‘ |

"cold" electrodynamic measurements of = Bragg
fesona{or parameters showed that the Q-factor of the
opefating mode coincided to an accuracy of 10% with design

values.

14

Experiment

The scheme of the experimental setup is presented

in Fig.2. A thin axial beam produced in the LIA-unit acquires
rotational velocity in the kicker, passes through Bragg reso-
nator and it is settled near the output mirror by means of a
bulky conducting cylinder shielding the pulsed magnetic field
of a solenoid. The generated wave is radiated out of the horn
through the output dielectric window. The microwave rédiation
was diagnosed by means of a calibrated semiconductor detector
and visually by a neon light panel. Besides, the radiated
power allowed for the air breakdown at the focus of a parabo-
lic mirror at atmospheric pressure. The extent of the

microwave breakdown enables one to estimate the level of,

output power. The radiation wavelength was determined by
means of waveguide filters. as well as an echelette that
provided an accuracy of about 5% in the range *=3.6 5.8 mm.

Experiment performed with the parameters close to
the calculated values ( £=1.2 MeV, 7=500 A and H=10 kOe)
vielded the H1.1 wave generated with predominant radiation at
the desired wavelength =4.4 mm and with the maximal output
power of 50 MW. The efficiency amounted to about 8%,
A significantly lower efficiency, compared to the calculation
is explained evidently by parasitic radiation with a rather
broad spectrum (about  40%) at a frequency close to the
operating one . The power of this parasitic superluminiscence
depends weakly on the parameters of electradynamic system and
in the absence of resonator reaches a value comparable with
the radiation power at the operating frequency 1in the

15




A M #=4.4 mm 2=6.0 mm
parameters design experiment design experimen
electron energy 0
£(HeV) 1.2 1.0
electron current 3
Doppler frequency
up-conversion w/u, 7.7 8.3
magnetic field )
H;(kOe) 10 7
transverse velocity
B 0.3 0.25 0.25 0.25
velocity spread
5B L. yi_Lp 0.09 - 0.1 ———
operating mode : ( E )
(It?eedback wave) Hl,]( El,2' H],l 1,1
reflection - - _ =0.56 R._=0.37
coefficients R, 0.80 Rz 0.60 R, 2
starting current o 0.14 R
Tt (kA) 0.12
efficiency % 20 8 12 10
outpbut power
PP ‘(HN) 120 50 36 30
ou
Table. CARM Parameters
presence of resonator (Fig.7a). As it is seen from the

experimental dependence drawn in Fig.7a for the radiation
power versus electron driving, the resonator is excited
effectively when the transverse electron velocity is rather
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small and the level of parasitic noise decreases. However,
this value of transverse velocity is lower than the optimal
one. The powerful superluminiscence observed in experiment is
evidently caused by a sufficiently high level of parasitic
input signal that is contained in the noise modulation of the
electron beam produced by means of explosive emission, as
Wwell as by a rather high gain and a wide amplification band.
Thus, according’ to calculations, energy modulation of the
beam at the operating frequency wWith a relative. amplitude
only 0.5% at the operating length of the interaction space
causes the microwave signal with the power of about 10 MW.

By varying the parameters (electrbn energy,
magnetic field , current in the kicker) in the experiment we
found the second regime of single-frequency operation in
which the Fll’1 mode was excited at fhe wavelength A=6.0 mm in
the same resonator. This wavelength corresponds to the mode
formed due to the resonant re-reflection of the H and

1,1
E waves at the Bragg reflectors. Although the Q-factor

o;'lthe resonant oscillations at #=6 mm is almost twice
lower than at +#=4.4 mm, the gain was higher at a lower
frequency and, consequently, at a smaller group velocity of
the wave. Therefore the start oscillation current at %=6
mm is only slightly higher than - that at %=4.4 mm. At a lower
accelerating voltage, when the electron energy was 1 MeV, a
smaller current, of about 300 A, was read at the cathode. The
experiméntal dependence presented in Fig.7b for
superluminiscence power and resonant generation power as a
function of electron beam pumping show that because of
parasitic - superluminiscence , the resonator can be excited

effectively only at relatively small values of transverse

17
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Figure 7. Output radiation power (in arbitrary units) - vs
transverse electron velocity at fixed magnetic field and
electron energy : * -superluminiscence., ¥ -radiation of CARM
with Bragg resonator

a) A = 4.4 mm b) 2 = 6.0 mm
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electron velocities, similar to the case of generation at
2=4.4 mm. Measurements of the wavelength showed that when
the radiation without resonator almost vanished (the
dispersion characteristic of the beam is lower than the
dispersion characteristic of the wave, see Fig.5), only a
resonant wavelength A=6.0 mm was present in the radiation
spectrum. A rather small transverse electron velocity and the
current ‘lower than the optimal value yield a relatively small
design efficiency of 12% , with spread taken into account. In
éxperiment at a single-frequency generation - the CARM
efficiency amounted to 10%, which is close to the calculated
value, and the maximal radiation power was 30 MW.

Conclusion

On the way to CARM with high Doppler frequency up-
conversion using an LIA-unit withkexplosive emission injector
we came across a surprisingly high level of parasitic
superluminiscence of the beam at short interaction space. We
believe that this is caused by the background noise due to
explosive emission, as well as by a very broad band of
electron-wave interaction. By narrowing the interaction band
by passing over to smaller magnetic fields and particle

energies we decreased the superluminiscence down to
acceptable values and obtained at single-frequency operation

the efficiency close to the calculated value. At present
only CARM with nanosecond electron beams produced by means of
explosive emission has been realized. The CARM described in
Sect.5 generates single-pulse radiation of about 0.1-1 J.
When passing over from the single-pulse to the pulse-periodic
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.
regime with the repetition frequency of about 1 kHz that is
the maximal attainable magnitude at present, we can expect
that the CARM of interest will produce a kilowatt average
power. Generation of significantly higher power will need
considerable advance in the technology of powerful high
voltage modulators and emitter operating with the high
repetition frequency or in a continuous regime. On the basis
of such electron sources the CARM varieties considered above
could provide é rather high average power with acceptable
level of heating of the walls of electrodynamic system caused
by ohmic losses. Thus, for the CARM-generator considered in
Sect.5 operated at the lower Hl_l—mode at the wavelength 4.4
mm with average radiation power 5 MW the thermal load would
not exceed 1 kW/cm? .This power can be increased by an order
of magnitude if a smooth waveguide 1is replaced by a
corrugated waveguide with the operating HElll—mode having
(191 a small field at the wall, and if quasi-optical
reflectors are used instead of Bragg mirrors. Estimations
show that such a CARM with the electron energy £-1 MeV may be
realized also at the 1-2 mm waves with the'average pbwer 5-10
MW for relatively low magnetic fields of 20-40 kOe.
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Apxunoa 0 B ap.
. Ma3ep Ha uMKHOTDOHHOM asTopeaoHche C
- BHICOKUM npeoGpaaoaaHMeM YacToTHl KoneGaHMM

—

£9-92-406

" Ha Gaée:nwneﬁnoro MHAYKUNOHHOFO ycKopuTens -¢ McnonbaoaaHMeM'B3bHBij
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H‘Qh Doppler FreQuency Up Convers1on S

A 11near 1nduct10n acce]erator (LIA) un1t w1th exploSIVe em1551onf
was used as’a basis for CARM.with high Doppler frequency up-conver-' -
sion when the wave -frequency is greateriup to 7...9 times than the cyc-

':1otron frequency of electrons. Using a high-selective . Bragg . resona—
tor “'as an electrodynamic system of CARM we -investigated'two regimes’

having -essentially different propertIes. the dispersion.characteris-

. tics of the electron beam and:the wave were either 1ntersected or tan-

gential to one: another. ‘In the first case; the radiation power amoun-

“ted up to 50 MW at the.wave length:of 4.4 mm with efficiency-8%." The
-efficiency significanty smaller. than the design value was ev1dently
.caused by-a h1gh level: of parasitic superluminiscence of. the beam. In

" the second regime of operat1on at 6 mm; the radiation power was 30 MW’

with-a low level.of.parasitic superlum1n15cence and eff1c1ency 10%

wh1ch was close to the calculated va1ue b

The 1nvestlgatjon has been performed at the Laboratory of Nucleari

,C(vm»mdnica’ti‘qn; of the Jnint'[ns/lliluic for Nuﬂ‘c‘a.l"l-('csc:‘l‘l"(llfDuﬂbn'a 1992 ‘




