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Diffraction Radiation Oscillator with Asymmetric Open Resonant System.
Part I. Cold Test Results of Open Resonant System
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The results of experimental investigations and 2-D modeling of asymmetric open resonant system
properties for diffraction radiation oscillator, in which the periodic structure is displaced on the field spot
periphery of operating TEMoo-mode, are presented. It was established, that the asymmetric placement of
the periodic structure, in double grating form, on the flat mirror of hemispherical open resonator allows to
reduce ohmic and diffraction loss of operating TEMoo-mode and significantly extend the bandwidth of the
single-mode tuning. The investigations are carried out in 8-mm waveband.
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1. INTRODUCTION

Traditionally in diffraction radiation oscillators
(DRO) to obtain interaction between electron beam and
open resonant system (ORS), the periodic structure in
form of reflecting diffraction grating is used, which has
a quarter-wave slot depth and is located in the centre of
flat or cylindrical mirror [1, 2]. Limited by the width
the reflecting grating makes a strong perturbation to
resonant field structure, so the phase matching be-
tween reflecting grating and operating mode field in
wide-band frequency was given much attention [3-6].
Features of the energy exchange in DRO with reflecting
diffraction grating, which is asymmetrically located on
the ORS mirror (the grating is shifted along the elec-
tron beam motion), were considered theoretically in
linear [7] and non-linear regimes [8] in assumption,
that the grating shift doesn’t change the resonant field
structure and ORS Q-factor.

The usage of the double grating allowed to increase
the using of ribbon electron beam through its thickness
and significantly to increase the efficiency and output
power of DRO [9]. On the optimum operating frequency
the double grating with “half-wave” height along ORS
longitudinal axis practically doesn’t perturb the reso-
nant field structure that makes possible usage the fun-
damental TEMoog-mode with small diffraction loss as
operating mode in DRO. The undesirable disadvantage
of DRO with a double grating is the small frequency
tuning range, which is caused by abrupt change of the
resonant field structure in ORS at detuning from the
optimal operating frequency. To extend the DRO tun-
ing range earlier was offered the ORS with “transpar-
ent” double grating [10], in which the frequency tuning
range was increased due to symmetrical placement of
double grating in standing wave field between ORS
mirrors. Another way to extend the frequency tuning
range has been implemented in DRO-orbictron, where
the double grating was placed on the rectangular
groove bottom, which played a role of a matching trans-
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former between double grating field and ORS resonant
mode [11, 12].

In the present paper to extend the frequency tuning
range of DRO and to increase its frequency stability we
suggested to use the ORS with asymmetric location of
limited by the width double grating on flat mirror, spe-
cifically: the double grating is shifted on field spot pe-
riphery of operating TEMoog-mode in the perpendicular
to electron beam motion direction. Such displacement
of the double grating allows to increase the DRO fre-
quency stability by reducing of ohmic loss in the ORS
and to extend the frequency tuning range of DRO due
to reducing of the double grating influence on resonant
field structure. The results of experimental investiga-
tions of the operating TEMoog-mode properties in ORS
with symmetric and asymmetric double grating place-
ment on the flat mirror, and also the results of 2D-
modeling resonant field structure in such ORS are
shown in this paper. The investigations were carried
out in 8-mm waveband.

2. PARAMETERS OF ASYMMETRIC ORS AND
COLD TEST METHOD

For experimental investigations the ORS was cho-
sen, which consists of hemispherical open resonator
and the double grating placed on the flat mirror and
leveled to its surface (Fig. 1). The experimental setup
allowed to change the distance D between the mirrors
and to shift mirrors in parallel plane along OX axis
without alignment distortion, that ensured the double
grating shifting to field spot periphery of TEMooq-mode
on the flat mirror. Note, that in the index ¢ for the
TEMoog-mode we include the number of resonant field
variation between ORS mirrors along longitudinal axis
(OZ axis on Fig. 1) without resonant field in double
grating. In the centre of spherical mirror with a circu-
lar aperture (Rspn =50 mm, 55 mm) was made the
output port the slot form 0.1 x 7.2 mm?2 with the wedge-
shaped transition to standard output waveguide

© 2016 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
http://dx.doi.org/10.21272/jnep.8(2).02033
mailto:lyutyy@oeph.sumdu.edu.ua

V.S. MIROSHNICHENKO, 1.0. KovAaLoVv

3.4 x7.2mm2 The flat mirror with the diameter
2A = 58 mm was truncated on two sides to 2B = 32 mm
to allocate the electron gun and the collector, when the
hot test of DRO with asymmetric ORS will be held. The
flat mirror aperture allowed a double grating shifting
along OX axis to field spot periphery without signifi-
cant growth of diffraction loss in ORS. The ORS mir-
rors and the double grating were made of oxygen-free
copper.

, .
1
\%
\ 74
\ v,/ B
A\ Ty 4
Vo \ % / e R
NIV
3 £ 4
AA 4 h
ZEET 4
- 4
S s
X
~ —
/
3/ )
24

Fig. 1 — Schematic of asymmetric ORS: 1 — spherical mirror;
2 — coupling port; 3 — flat mirror; 4 — double grating

The double grating parameters were: double grating
height along OZ axis — b = 8.0 mm; period of the grating —
[=1.00 mm; slot width — d=0.50 mm; slot depth —
h =2.56 mm,; transit channel width — §=0.30 mm. Select-
ed parameters of the double grating provides the full
phase matching between “half-wave” grating and reso-
nant field on frequency f,= 33.7 GHz:

f-o 1+[jb] , (1)

where c is the speed of light, Ac is the critical wave-
length of Hio-wave in elementary waveguides d x a
(Fig. 1), made by opposite slots of double grating. Note,
that due to effect of transit channel the critical wave-
length is reduced [13], and for selected parameters of
the double grating is: A = 1.976a.

In the experiment we measured the loaded Q-factor
QL and the coupling coefficient of the ORS f on the res-
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onance curve for the reflection coefficient module |T'|
in the output waveguide [14]. The coupling port inserts
a negligible reactivity in ORS and the resonant curve
for |I'| was almost symmetric, which allowed us to use
the results of scalar measurements of reflection coeffi-
cient at resonance frequency |To| and at detuning from
the resonance frequency |I's|. The loaded Q-factor was
defined by the resonance curve width Af on the level of
IT12=0.5(|Ts|2+ [Tol?):

f

QL:?f.

@)

The coupling coefficient S, when the coupling of
ORS to load was lower or higher than the critical value
(Ber = |Ts|), was determined by (3) and (4):

L[ =IT|

B= 1410 by B<B,, 3
_ [0 +I0|
=1 by p>p,. €

To eliminate the influence of coupling port at the
ORS properties comparing by symmetric and asymmet-
ric placement of double grating it was calculated the
unloaded Q-factor of ORS from obtained values of Q_
and S Qo= (1+ HQL.

The distribution of the resonant field E(x) near the
flat mirror of the ORS was analyzed by resonant fre-
quency shift, caused by the probe in the conducting
sphere form [15, 16]:

f~f, 1
f, 2|N,|

Uﬁx)\z—%\ﬁ(wm, )

where f(x) is “perturbed” resonance frequency of ORS-
mode at the probe location on the distance x from the
longitudinal axis of the ORS, f; — resonance frequency of
the unperturbed ORS-mode, r — the probe radius, Ny —
ORS-mode norm, which is equal to the doubled stored
energy in ORS. The selection of the analysis plane,
spaced from the flat mirror surface on dz=0.251, al-
lowed to minimize the influence of H-component of reso-
nant field on “perturbed” frequency shift.

3. OPTIMUM DOUBLE GRATING DISPLACE-
MENT IN ASYMMETRIC ORS

The asymmetric placement of periodic structure on
the ORS mirror decreases energy exchange intensity
between electron beam and resonant field, so it can
lead to increasing of oscillation starting current in
DRO. On the other hand, in asymmetric ORS the peri-
odic structure influence on the operating mode field
reduces, that should decrease a diffraction loss of the
operating ORS-mode and to extend frequency tuning
range of DRO. As a criterion to choose an optimum
shift of periodic structure £in asymmetric ORS (Fig. 1)
it is possible to take into account the starting current
growth in DRO no more than in 1.5 times, followed by
essential extending of single-mode frequency tuning
range.
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As is known [1], in DRO the oscillation starting cur-
rent value Iy is defined by interaction space length L,
by amplitude of electric field on periodic structure Emax
and by Q-factor of ORS on operating DRO-mode:

1
I, ~ LZEiaxQo . (6)

For fundamental TEMooq-mode the length of effec-
tive interaction space is L~ 3wo (wo — the radius of
modes field spot on flat mirror), and it doesn’t change
by shifting of periodic structure along OX axis to field
spot periphery. The decreasing of electric field ampli-
tude by shifting of periodic structure in asymmetric
ORS is partially compensated the Q-factor growth due
to lowering of the ohmic loss in ORS. If the ohmic loss
in periodic structure significantly exceeds other loss of
operating mode, it shouldn’t be expected essential in-
creasing of oscillation starting current in DRO by using
of asymmetric ORS.

It is convenient to carry out a choice of the optimal
double grating shift value &£ on frequency f,, when the
double grating doesn’t influence on resonant field
structure. In the experiment, the choice of optimum
displacement ¢ for double grating in asymmetric ORS
we carried out on TEMoos-mode with maximum -
factor for given aperture of ORS mirrors. At the se-
quential double grating shifting to field spot periphery
the monotonic growing of parameters Qr, f and Qo for
TEMoos-mode was observed (Fig.2). The parameters Qo
and S were growing in ~ 3 times, if the double grating
was located at &/wo =1 (the calculated field spot radius
was: wo = 8.37 mm).
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Fig. 2 —The cold test of parameters Qr, £, Qv for TEMoos-
mode by shifting of double grating on field spot periphery

The starting current in DRO with asymmetric ORS
was estimated by experimental values of Qr(&) and B(&):

1
(7
LPE2,, exp(-2&° |wi)Q(£)(1+ B(&)) @

It was found, that in DRO with asymmetric ORS
the starting current growing more than in 1.5 times
should be expected at double grating shifting of
£>0.72wo0 = 6.0 mm (Fig. 3). Note, that by double grat-
ing shifting on £> 0.72wo the E? of resonant field on the
double grating reduced in 2.8 times.
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Fig. 3 — The electric field level in double grating and estimat-
ed starting current for DRO versus the double grating shift

The frequency tuning range in asymmetric ORS on
TEMoos-mode was investigated for the fixed values of
double grating shift: £=4.0 mm; 6.0 mm; 8.0 mm. The
Q-factor maximum was observed at the frequency f = f,
and was increasing with the growth of double grating
shifting from ORS axis (Fig.4). The frequency tuning
range extension for TEMoos-mode in asymmetric ORS
was observed at low-frequency region (f < f,). The max-
imum frequency tuning range was observed, when dou-
ble grating was shifted on £=6.0 mm. In comparison
with the symmetric ORS (£=0) the frequency tuning
range on TEMoo7-mode increased in 1.5 times at operat-
ing mode Q-factor Qo > 3000.
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Fig. 4 — The frequency tuning range extending in asymmetric
ORS at operation on TEMoos-mode

The frequency tuning range extension to low-
frequency region (f<f,) was also observed on the op-
erating on TEMoos-mode in asymmetric ORS (Fig. 5).
Also, there were observed irregularities in the Q-factor
throughout frequency tuning range by operating on
TEMoos-mode, that were caused by modes degeneration
near semiconfocal geometry of ORS at D ~ 0.5 Rsph.

4. DYNAMICS OF RESONANT FIELD CHANGES
IN ORS THROUGHOUT FREQUENCY
TUNING RANGE

The physical reason of the frequency tuning range
extension in asymmetric ORS was established by the

02033-3



V.S. MIROSHNICHENKO, 1.0. KovAaLoVv

/N

6000

—k—Z =6 mm
—A— 7 =8 mm

—n— &£=0 TII-III l

4000

VAR

— '\,
7/ \

*

Unloaded Q-factor

2000

/'/,-\____,_ .

>k "‘f‘-

0 I : y :
0,90 0,95 1,00 1,05 1,10

Resonant frequency, f/f

Fig. 5 — The frequency tuning range extending in asymmetric
ORS at operation on TEMoos-mode

field analysis of the TEMoos-mode in the 2-D hemi-
cylindrical OR model, in which the double grating was
simulated by rectangular groove with the width a and
depth b on the flat mirror. The rectangular groove con-
verts a flat mirror into two level reflection surface. For
the case of E-polarization for resonant field (at signifi-
cant wave prolongation in the rectangular groove) the
properties of ORS resonant modes, that are excited in
2-D model, are close to the resonant mode properties in
3-D ORS with double grating [17]. The aperture and
curvature of the mirrors in 2-D model corresponded
with the 3-D ORS parameters. The rectangular groove
sizes were: a =5.40 mm: b = 8.00 mm. The rectangular
groove displacement from ORS longitudinal axis was:
£=6.0 mm. Calculated “half-wave” frequency for 2-D
model was f,= 33.52 GHz. The obtained results of reso-
nant field distributions for TEMoos-mode in symmetric
and asymmetric ORS in case of E-polarization
(E110Y) are shown on Fig.6. The excitation source
was a line of current, placed in the rectangular groove
at z=-0.5b.

The obtained E-component field distribution for
TEMoos-mode demonstrates significant differences in
mechanism of resonant field formation in symmetric
ORS and asymmetric ORS. At the “half-wave” frequen-
cy (f=f, the rectangular groove doesn’t disturb the
field structure of TEMoos-mode in the space between
mirrors and doesn’t add significant diffraction loss both
in symmetric ORS and in asymmetric ORS. At the tun-
ing down through the frequency (f=0.97f,; f= 0.94f,)
in symmetric ORS the outgoing field from the groove
destroys the resonant field structure, that leads to fast
growth of diffraction loss (Fig. 6, left). In the asymmet-
ric ORS at the frequency tuning down the outgoing
field from the groove just shifts the resonant field in
the space between the mirrors without field destruction
and without considerable increasing of diffraction loss
(Fig. 6, right).

The comparison of theoretical results for
Ey-distribution near the flat mirror and the experi-
mental data, obtained by the probe method, are pre-
sented on Fig. 7. As a probe the conducting sphere with
diameter &1.5 mm was used, the field amplitude had
been defined by resonant frequency shift according to
equation (5). The plane for field analysis was spaced
from flat mirror surface on dz=0.254=2.2 mm. The

J. NANO- ELECTRON. PHYS. 8, 02033 (2016)

maximum shift of the frequency, caused by the probe,
was |f-fq| = (40 + 80) MHz, that allowed to measure
the resonant field amplitude up to 0.05Emnax.

f=1031,

A T=>5
@
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|

Fig. 6 — The resonant field structure changes for TEMoos-mode
throughout the frequency tuning range in symmetric ORS
(left) and asymmetric ORS (right). The lines of equal field
amplitude are plotted with discrete 0.1FEmax

The experimental results of the resonant field
distribution are in good agreement with the obtained
data by the 2-D model both for symmetric and
asymmetric ORS (Fig. 7). At the resonant frequency
f=fm, corresponding to phase matching of double
grating with resonant field, the E-component
distribution near the flat mirror in symmetric and
asymmetric ORS has Gaussian character with small
field amplitude on the flat mirror edges. At the
detuning from f,, both towards the higher frequencies
(f=1.083f,), and to low frequency region (f=0.97f;
f=0.94f,) the field amplitude growth on the edges of
the flat mirror is observed. It leads to the Q-factor
reduce of the TEMoos-mode due to growth of diffraction
loss for symmetric ORS and for asymmetric ORS. How-
ever, if for symmetric ORS on frequencies f=0.97 f,,
f=0.94 f, it occurs a bifurcation of central field spot
and there appear additional variations of resonant field
near the edges of mirrors, so in asymmetric ORS only
shifting of resonant field from longitudinal axis (OZ) is
observed.
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Note, that the probe measurements showed lower
resonant field level on the edges of the mirrors, than it
occurs in the 2-D model of the ORS. The reason of such
difference probably is caused by that the rectangular
groove makes a stronger perturbation to the resonant
field, than the double grating.

5. CONCLUSION

1. In the present paper a new type of ORS for DRO
is suggested, in which the periodic structure in double
grating form 1is shifted to field spot periphery of
TEMooq-mode.

2. The asymmetric displacement of double grating
on the ORS mirror reduces its destructive influence on

J. NANO- ELECTRON. PHYS. 8, 02033 (2016)

the resonant field formation and reduces ohmic loss of
resonant mode. It provides increasing of Q-factor and
extends the single-mode frequency tuning range in
asymmetric ORS.

3. It is suggested the choice technique for the opti-
mal shift of double grating on the flat mirror from ORS
axis, provided the maximum of single-mode frequency
tuning in DRO with asymmetric ORS without signifi-
cant growth of the oscillation starting current.

4. The experimental investigations of asymmetric
ORS and 2-D modeling of resonant fields in 8-mm
waveband had been carried out, that allowed establish-
ing the physical nature of the single-mode frequency
tuning extension in asymmetric ORS.

I'enepaTop qudparkniiiHOro BUNPOMIHIOBAHHS 3 ACUMETPUYHOIO BiIKPUTOIO PE30HAHCHOIO
cucremow. Yacrtuna 1. PeayapraTtu “xosmomaux” mocaimskeHsb BIAKPUTOI pe30HAHCHOI CHCTEMU

B.C. Mipomuanuenko, €.0. Kosainos

Inemumym paodiogpizuxu ma enexmporiru im. O.A. Yeurvosa HAH YVkpainu,
8yn. Axademira IIpockypu, 12, 61085 Xapxis, YVipaina

IIpencrasiieHi pe3ysbTaTé eKCIEPUMEHTAIBHUX JOCHIpKeHb Ta 2-D MozesioBaHHs BJIACTUBOCTEN acu-
MeTPUYHOI BIAKPUTOI PE30HAHCHOI CHCTEMH JJIs TeHepaTropa TupaKIlifHOro BUIIPOMIHIOBAHHS, B SKIH IIe-
ploguyHa CTPYKTypa 3MimieHa Ha nepudepio mismMu 1oyt pooouoi TEMoo-moau. BeranositeHo, 110 acumer-
pUYHE PO3MIIMIEHHS HePIOIUYHOI CTPYKTYPH Y BUIJIA] 34BOCHOI IPpe0iHKM Ha IJIOCKOMY I3epKaJIi HamiBcde-
PHUYHOIO BIAKPHUTOr0 PEe30HATOPA A€ MOKJIMBICTD SHU3UTH OMIUHI Ta mudpakiniitai srpatu pooouoi TEMoog-
MO Ta CYTTEBO POSMIMPUTH JTIAMA30H OTHOMOIOBOTO II€PECTPOIOBAHHS 110 4acToTl. JlocmreHHs BUKOHAH]
y 8-MM [1iama3oHl JOBKUH XBUJIb.

Kmiouosi cnosa: Binkpura pesonancHa cucrema, ['eHepatop mudpakiriiinoro sunpomMinoBauusa, [lepiogu-
YHA CTPYKTYpPa, 34BoeHAa Irpebinka, MigiMeTpoBl XBUIIL.

T'eneparop nudpakmuOHHOrO U3Iy4YE€HUSA C ACHMMETPHUYHON OTKPBITOI PE30OHAHCHOMI
cucremoit. Yacts 1. PeaynbraTse! “x0/100HbIX” MCCIIENOBAHUI OTKPHITON PE30HAHCHOM CUCTEMBbI

B.C. Mupomranuenxo, E.A. Koases

Hrnemumym paduogpusuru u snekmpornuku um. A.A. Yeurosa HAH Vipaurwt,
ya. Akademura Ipockypot, 12, 61085 Xapovros, Ykpauna

IIpencraBiieHsl pe3ysIbTATH IKCIIEPUMEHTAJIBHBIX HCCIIeI0BaHui u 2-D MozempoBaHus CBOMCTB acuM-
METPUYHOM OTKPBITOM PE30HAHCHON CHUCTEMBI JIJIsI TeHepaTopa AuQPaKIMOHHOIO U3JIyYeHUs, B KOTOPO Iie-
pHOMYEeCKasi CTPYKTypa cMellleHa Ha repudepuio narHa mosis padodert TEMoog-Momsl. YeraHoBII€HO, UTO
aCHMMMETPUYHOE Pa3MellleHre IePUOANYECKON CTPYKTYPHI B BUIe CABOGHHOMN IPe0eHKH Ha IIJIOCKOM 3epKaie
0JIychePUYIECKOr0 OTKPBITOr0 PEe30HATOPA MO3BOJISET CHU3UTh OMUYECKHe W ITU(PAKIMOHHBIE II0TEPU Pa-
6oueit TEMooq-MOIBI M CYIIIECTBEHHO PACIINPUTH JAATIA30H OJHOMOJIOBOM mepecTpoiiku. Mccienosamus mpo-
BeJleHbl B 8-MM JHAaa30He JIJIMH BOJIH.

Kiouessie cioBa: OTkphiTasi pesoHaHCHas cucTeMa, ['eHepaTop IudpakIMOHHOTO U3aydeHus, [lepromau-
Jeckasd cTpykrypa, CaBoenuas rpeberka, MuImMeTpoBbIe BOJTHEL.
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