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0. Bediukh , Ph.D., M. Drobkov, stud.
Department Quantum Radiophysics, Faculty of Radiophysics,
Taras Shevchenko National University of Kyiv

RADIO ABSORBING PROPERTIES OF THIN GOLD FILMS IN 8+11,6 GHZ BAND

The results of measurements of absorbing properties of gold films of 8-20nm thickness deposited on a polymer substrate in the

frequency band 8+11.6 GHz electromagnetic radiation are presented.

Keywords: electromagnetic radiation, radar absorbing materials, nanoscale gold films, VSWR, 3-cm wavelength range.

Introduction. Reducing the impact of electromagnetic
radiation (EMR) on technical devices and biological
objects, especially due to the sharp increase in the number
of sources of electromagnetic radiation (communication,
consumer electronics, information systems, etc.), is an
important task in a wide frequency band.

The development of new, improved radar absorbing
materials (RAM) is one of the main components of the task
of protection from EMR (along with screening, the use of
design elements, etc.).

There are resonant absorbers, which are one type of
RAM [4]. They use semitransparent metal films. If such film
is situated at a distance of A/4 (A — wavelength of
electromagnetic radiation) before conductive surface which
has to be protected, it is provided the conditions for optimal
matching at this wavelength. When several films use, with
help of modern computational methods, it is possible to
optimize not only the absorption band, but and number of
layers, the total thickness and weight of the RAM.

Additional studies are conducted and for studying of the
absorbing properties of metal films [1-2]. These works are
carried out on the assumption that the film thickness is much
smaller than the thickness of the skin layer in the selected
band of wavelengths. At a film thickness of 10+100 nm, this
assumption holds for the microwave range.

The results of measurement of reflection and
absorption of electromagnetic waves of the gold films in the
frequency band 25+37 GHz are presented in [3]. The
objective of this study was to conduct similar studies in the
band of 8+12 GHz, which significantly extends the
frequency range of the use of such films.

Experimental technique. For research it is used a
gold film of 8+20 nm thickness, obtained by thermal
vacuum deposition on a dielectric polymer substrate of 0.1
mm thickness. Control the thickness of the film is
implemented by known method of quartz oscillator.

The samples were cut with size slightly smaller than the
cross section of the waveguide so that they are easily
placed in him. The sample was placed between the layers
of foam as shown in Figure 1. The gold film had no
galvanic contact with the walls of the waveguide.

Polymer substrate

951

Gold film

EM wave W

V / Shorting
Waveguide
Foam plastic Foam plastic
(constant (variable
thickness) thickness)

Fig. 1. The placement of the samples in a segment of the
waveguide line connected to a shorting

Measurements were carried out in the frequency band
8+11.6 GHz (3 cm wavelength range) on panoramic VSWR
meter P2-65 in the section of rectangular waveguide with a
cross section of 28 x 12 mm for two cases: the segment of
the waveguide was joined to the shorting in the form of
metal plate or to the matched load.

The 8 samples with different thickness of the gold layer
on the surface were used for measurements. The samples
were selected in pairs with the same thickness of gold: 8
nm, 10 nm, 15 nm, 20 nm. Measurements were performed
for each sample in the pairs and compared with each other.

This technique has allowed to verify the correctness of
the data by collecting and comparing statistical information
and to establish the correctness of the gold film deposition
(i.e. its uniformity and accuracy of thickness determination).

We used a set of foam plates with thickness of 0.25
mm, 0.5 mm, 0.85 mm, 1 mm, 1.3 mm, 1.5 mm for change
of the distance between the sample and the shorting

The waveguide segment with a sample, the matched
load and the shorting were joined to the measuring
waveguide line at four points so as to avoid any cracks, gaps
and distortions in the joints. The sample was placed between
the foam plates so that it remained in horizontal position.

Experimental results. Measurements were carried out
for each values of the four thickness of gold film separately.
The VSWR were measured at the distances changing from
the film to the shorting.

For a visual representation of the data, they were
grouped by the values of the gold film thickness and the
distances between the sample and the shorting in the case
of measurements with the shorting and by the values of the
gold film thickness in the case of measurements with
matched load.

The results of VSWR measurement for the sample with
the gold film thickness of 8 nm in depending on the
frequency are shown in Figure 2, where show the different
cases according to the distance between the sample and
the shorting.

s g sgs-g " esgesgsgege
30 4 o 0.1mm
o 0:25mm
& 05mm
v 0.85mm
o 20 - . +— 1Tmm
= e SO —<+— 1.3 mm
% i S »— 1.5 mm
10 A o b - -
.‘-Lg_“‘ __‘__‘*_‘_‘ - L "
ey o
333333 s 3 epgy : = T
0 T T T T T T T 1
8 9 10 1 12
F, GHz

Fig. 2. The values of VSWR measurement as a function
of frequency for the sample with a gold film thickness of 8 nm
and the different distances between the sample and the shorting
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The figure shows that the VSWR value depends on the
distance between the sample and the shorting. Sharp drop
of VSWR values to about 4—4.5 VSWR is noticeable with
increasing distance between the shorting and the gold film.

The results of VSWR measurement for the sample with
the gold film thickness of 10 nm in depending on the
frequency and in the cases of the different distance between
the gold film and the shorting are shown in Figure 3.

7 —=— 0.1 mm
26 —+— 0.25mm
7 —a— 0.5 mm
22 1 —v— 0.85 mm
- —4—1mm
18 —<—1.3mm
S 7 , —»—1.5mm
* ] -
>14 ] _._HH_*"‘H*'*&_._H
10 — o I VPPN
6
. 1 HEEEEERIEe
8 9 10 11 12
F, GHz

Fig. 3. The values of VSWR measurement as a function
of frequency for the sample with a gold film thickness
of 10 nm and the different distances between the sample
and the shorting

As in the case of the 8 nm gold film we see qualitatively
similar dependence of VSWR from the distance between the
sample and the absorbing. It should be noted that increasing
the thickness of the gold film on 2 nanometers has led to a
greater drop in the value of VSWR with increasing the
distance to the shorting to the level 2.5-3 that correspond of
more than of 80% level of energy absorption.

The results of VSWR measurement for the sample with
the gold film thickness of 15 nm in depending on the
frequency and in the cases of the different distance between
the gold film and the shorting are shown in Figure 4.

[ B Bn B b o S BN B Be Bn Bn o B Bn b B B ]
22 - -
] 0.1 mm
" o 0.25mm
o 0.5mm
A v 0.85mm
14 o1 mm
; ] +1.3 mm
gm _ » 1.5mm
6: .CO..-G .-’O.-l..’..l-.
2 ] 4
8 9 10 1" 12
F, GHz

Fig. 4. The values of VSWR measurement as a function
of frequency for the sample with a gold film thickness
of 15 nm and the different distances between the sample
and the shorting

We see that increasing the film thickness of 15 nm
leads already to a gradual increase in the values of VSWR
compared to the film thickness of 10 nm.

The results of VSWR measurement for the sample with
the gold film thickness of 20 nm in depending on the
frequency and in the cases of the different distance between
the gold film and the shorting are shown in Figure 5.
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Fig. 5. The values of VSWR measurement as a function
of frequency for the sample with a gold film thickness
of 20 nm and the different distances between the sample
and the shorting

We see that if the thickness of the gold film 20 nm
value of VSWR already has significant frequency
dependence. The value of VSWR is significantly higher
than in cases of thickness 10+15 nm. A similar trend was
observed for measurements on duplicate sample.

The results of VSWR measurement depending on the
frequency in case of connecting to the matched load for
samples with different thickness of the gold film are shown
in Figure 6.

20 4 v
*+ —=— 8nm
1 v —*— 10nm
—4— 15 nm
16 i -
b o +— 20 nm
4 L2
= T
7 12 A % v
> v
- ¥
...... Y e P i, T
.
8 v
4 - o e e S S e e
8 9 10 1 12
F, GHz

Fig. 6. The frequency dependence of VSWR for the samples
with different thickness of gold film in case of connecting
to the matched load

The obtained results allow clear that the optimal
thickness of the gold film, for EMR absorption in 3-sm
wavelength range is in the range of 8 to 15 nm.

Conclusions. The value of VSWR depends on the film
thickness. The higher film thickness, the greater the reflection
coefficient in the case of matched load (see Figure 6).

At a certain film thickness and the distance to a
shorting the reflection is lower than in the case of a
matched load. This suggests that there is an antiphase
compensation reflected and incident waves, which is not
resonant in nature and occurs throughout the all frequency
range of measurement.

When the film thickness was 10 nm and the distance
from a shorting was equal to 1.5 mm, VSWR across the all
3-cm measurement range was less than 3, which
corresponds to more than 80% absorption of the incident
electromagnetic radiation.
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The obtained results showed high levels of absorption
of electromagnetic energy by structures based on
nanoscale gold films in a 3-cm wavelengths and prospects
of using these structures in the design of real RAM.

The article is written on the results of the applied state
budget research work Ne 126I1052-01
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PALOIONOIMUHALIOYI BITACTUBOCTI TOHKUX MIIBOK 30J10TA B AIANMA30HI HACTOT 8+11,6 I'TLY

HaeedeHi peaynsmamu eumiproeaHHs1 No2/IUHaOYUX eslacmueocmeli N1ieoK 30/10mMa MoeuwjuHoto 8—20 HM, w0 HaHeceHi nosimepHy nioknadky e cMysi

4yacmom 8 + 11,6 Ty enekmpoma2HimHO20 8urnpPoMiHIO8aHHSI.

Knroyoei cnoea: enekmpomazHimHe aunpomiHroeaHHsi, padionoanuHaoyux mamepianie HaHOpPO3MipHuUx nnieok 3onoma, KCXH, 3 canmumemposuti

Odiana3oH A08)XUH X8uslb.

O. Beptox, kaHAa. ¢u3.-mat. Hayk, M. [lpo6kos, cTyA.
kacdheapa KBaHTOBOMW paauoun3nku, paguocunsnyecknin pakynoteT
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ZONED TARGET IN THE EXPERIMENTAL INVESTIGATION OF THE MAGNETRON
SPUTTERING DEVICE WITH TWO EROSION ZONES

The Monte Carlo computer simulation program of the magnetron sputtering device with two erosion zones was build, in which the
searching algorithm of the self-consistent starting positions of the secondary electrons on cathode was introduced. For the verification
of the simulation results the zoned test target for the magnetron sputtering device was designed, which provides the measurements of
the discharge current distributions along it surface. The comparison of the experimental results to the simulation demonstrates their

compliance in the identical conditions.

Key words: zoned target, magnetron sputtering device, cathode sheath, computer simulation, Monte Carlo method

Introduction. Magnetron sputtering devices on direct
current (hereafter — MSD) had found a wide application in
the technology of coating of the conductive materials and
their composites [12, 16, 17, 10]. Some of the latest
investigations have shown the possibilities of carbon
nanotubes synthesis by the magnetron sputter deposition
method for wide sphere of technical applications [1-4].

The magnetic and electric fields in MSD are rather
complicated, and this makes impossible an analytical
description of the particles motion in them. The computer
simulations of MSD based on the integration of particle
motion equations and Monte Carlo collisions description are
widely used now to predict the shape of erosion zone of the
cathode-target [13, 14]. In the work [15] the Monte Carlo
method was used to find the starting positions of secondary
electrons at the cathode, which correspond to the steady
state discharge operation mode and for indirect prediction of
current-voltage characteristics of the discharge. The simple
methods [13—-15] were used for low working pressure
(<10 Pa) and they neglect the electric field changes in the

cathode sheath, which provided by any variation of heavy
particles (ions) density. This circumstance is eliminated in
"particle-in-cell and Monte Carlo collision" method
(PIC/MCC), in which every plasma species are presented as
a limited ensemble of super-particles, and the Poisson
equation is used to calculate the fully self-consistent
electrical potential [8, 9]. This method requires more

computer resources, but provides the most comprehensive
description of the physical processes in MSD.

In the works [8, 9, 13-15] the MSD with single erosion
zone of cathode-target ("race track") were investigated. The
numerical model of the MSD with two erosion zones of the
cathode-target (hereafter — CT), based on the Monte Carlo
method, was built previously in the works [5,6,7] by
authors. In the article [7] the searching algorithm of the self-
consistent starting positions of the secondary electrons on
the CT and the estimation of the cathode sheath thickness,
based on the Child-Langmuir law, were presented. Modeling
results in [6, 7] were compared with experimental data of
sputtering of the multilayer target from the non-magnetic
materials. There were obtained the dimensions of the
internal and external CT erosion zones in the two
characteristic opposite cases. There are the case of "low"
discharge currents (<15 mA ), in which only the external
discharge zone was able to ignite, and the case of the "high"
currents (>40mA ), when both discharge zones were
ignited. Unfortunately, it was impossible to obtain from these
measurements the absolute values of discharge current in
the corresponding zone, which is important for checking the
results of computer simulation.

The MSD with two erosion zones [11] is the module of
the industrial vacuum system VUP-5 and has the area of
the cathode unit about 4,5-10°mm?, on which the disk-
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shaped target with same size is mounted. The target area,
which is efficiently used in 1,9..2,0-10°mm?[6, 7]. On the
surface of the cathode the magnetic induction could reach
up to B, =0,084T and decreases on the up distance h

according to the ~exp(-h/L) law, in which L s
characteristic length (in the internal discharge zone it is
L, =3,2mm, in the external — L, =6,4mm). This feature

of magnetic field makes impossible ignition of the internal
zone of discharge at current <15 mA , when the cathode

sheath d. is much bigger than L, [5].

In order to estimate abilities of this MSD for carbon
nanotubes synthesis, like in [1-4], in this article the approach
of definition of ion current distribution on the CT surface has
been proposed. Also the cathode sheath thickness along the
CT radius has been estimated. It was made both in
experimental and the computer simulation ways.

Modeling and experiment. Both at the experiment and
in the computer model the reference point of cylindrical
coordinate system was chosen in the centre of CT surface.
If at the beginning of calculation the secondary electrons
are randomly placed on the CT surface, according to the
magnetic confinement there are two discharge zones be
able to appear [5]. Then for the acceleration of computer
calculation, the electrons were started on the CT areas,
where the discharge is maintained the most effectively (on
the radius r: in internal zone — 5..10 mm, in external —

21..26 mm). The discharge voltage U, and work gas

pressure p must be defined from the experiment. Hereafter
is accepted that U, predominantly applied on the

discharge cathode sheath.
The cathode sheath thickness also needs the definition.
In order to improve the computer simulation at the small

thickness of the cathode sheath d. (d; <3,2mm) it was

perfected the shape of model cathode sheath (in compare
with [5-7]). In the articles [5-7] the d. was steady on the

whole CT surface (as in [14, 15]) and was chosen in
maxima of magnetic field induction. Now this value is

marked as dg,,,. Now, the d. depends on the magnetic

induction value, which is parallel to the CT surface along
radius r (Fig. 1).

The algorithm of self-consistency of the secondary
electrons starting positions is the distinguishing feature of
this computer model. The several tracing cycles of
secondary electrons from the surface of CT are performed. If
at first cycle the electron's positions on the CT are random,
but then they are defined by ionization acts positions. The
secondary electrons quantity is estimated by secondary ion-
electron emission ratio y <0,1 [12, 15]. In comparison with
the previous work [7], it is a new criterion of evaluation of
steady state of the discharge. It is based on the comparison
of the average quantity of ionization acts per one secondary
electron — n,, created on this cycle to the previous. If

difference is less than 5%, the steady state mode of the

discharge is reached (like in [15]). After that we can to
calculate the ion motion, the radial distribution of the ions
relative number and energy, like in [5].

Distribution of the discharge current could be
associated to the ion distribution at CT surface, because
only there ions define the discharge current. If the

discharge current [, is known experimentally in this

discharge operation mode, the distribution of the discharge
current could be estimated in easy way.

4,0
38% -

3,64 Internal External
34F zone
321
3,0+
28+
26¢

dg(r), mm

0 5 10 15 20 25 30 35
r,mm
Fig. 1. The cathode sheath thickness at the computer

modeling. (The curves | -at d.,,, =1737 mm,
and Il - at d,,,, =2,834 mm)

The zoned test target was made in order to check the
results of simulation (Fig. 2). It consists of eight flat rings
from non-magnetic steel (its thickness is of 1 mm) and
central platform. There are placed on the isolating mica
substrate with a thickness of 0,1mm . Every zone-ring is
connected individually to the common power source, and
can be commutated for the immediate current measurement
on itself. Radial position of the ring's middle r; was
determined by this formula, in which central zone was taken
in account as the ring (the dimension units — mm ):

r,:(4i—2,5), (1)

where i —the ring number from 1 to 9.

According to the previous radius formula (1) the ring's
area is (the dimension units — mm?):
§(r)=2n-a-r, 2)

where r, — the radial position (1); a — the thickness of
zoned target ring, which equals a=3mm (and the
distance between rings equals 1mm (Fig.2)). The similar
method of the cathode-target division was used in
computer modeling, but the distance between rings was 0,
and rings thickness was 1mm..

a=3 mm

Fig. 2. Zoned target layout

If ion current on the ring i is I, according to the (2) the
current density j;(r;) could be determined as:

ji(ri)zli/si(ri)' @)

In our article j, will have the dimension mA/cm?. The

ion current density is less than discharge current density in
(1+7v) times, where y —is the coefficient of the secondary

ion-electron emission (y <0,1).
The Child-Langmuir law could be used to estimate the
cathode sheath thickness d. under the condition of low
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pressure and big mean free path of ions [12 p.98]. The
following formula is being used for determination of d,

(dimension of d. is mm):

d,(r)=2,43-10" .(vj~75/(M?~25 W (r))""”)) )
where V, —is the voltage fall on the cathode sheath similar
to the interelectrode space of flat gas-filled diode, and as
mentioned before V, ~U,; M, — is ion mass of working
gas Ar in atomic mass units (M, =40); j,(r,) — is density
of ion current on the cathode surface from (3), but in this
casein A/cm? likein [7, 12].
In this article the value d.(r) from (4) is called as

"effective thickness" of the cathode sheath.

The experimental results obtained on the zoned
target. Measuring of the radial distribution of discharge
current was made at three pressures of working gas Ar :

p,=0,67Pa, p,=133Pa, p,=6,65Pa, and also at four
45mA, 90mA,
150 mA . In such conditions the discharge voltage U, was
changed in the range from 240V to 480V . There are
presented the data by two typical currents. In the case of
the discharge current [, =15mA only the external
discharge zone is ignited as in [5]. If the current is
I, =90mA both zones are ignited.

discharge currents /,, of 15mA,

For the cases [, =15mA and [/, =90mA there are

presented the radial distributions of the ion current density
on the cathode target given according to (1)-(3) (Fig. 3, 5).

Efficient thickness of cathode sheath d.(r) is presented

on the Fig. 4 and Fig. 6. There are taken in account the
ratio of the secondary ion-electron emission y=0,1.

The discharge mode at /, =15mA shows the existence

of intensive external discharge zone, in which ion current
density is much bigger then in internal zone (Fig. 3).

18 Ua= 290V, p= 0,67 Pa;
161 . _U,=260V,p=133Pa; &

E 14T . Us=240V, p= 6,65 Pa _\

< 1?7

E1ot

=771 ly=15mA
0.6+
0.4+
02+  a - )
00 fme=femim—n—C , ., , ., .,

0 5 10 15 20 25 30 35
r, mm

Fig. 3. The ion current density radial distribution on zoned
targetat /, =15mA

In such conditions in external zone effective cathode
sheath thickness (4) goes down to d. =2mm for every
pressure. This value is lesser than mentioned before value
L, =6,4mm for the magnetic field (Fig. 4). In the internal
zone the cathode sheath does not have big differences at
pressures p, =0,67 Pa and p,=133Pa. The
characteristic length L, =3,2mm is strongly exceeded.
Vice versa, if the pressure of working gas argon amount to
p, =6,65 Pa, the cathode sheath in the internal zone is

close to L, (Fig.4). It provides better conditions for

effective magnetic confinement of electrons in the zone of
acceleration on the electric potential, which suitable for
discharge ignition in this zone.

14 o —=—Uy= 290 V, p= 0,67 Pa;
12--.v'\ —e—Uq4=260V, p= 1,33 Pa;
n
A —4—Uqg= 240 V, p= P
104 . Uqg 0V, p= 6,65 Pa
E 84
£
T et
w
: \
44 :
ls =15 mA
2 4 -
0 +—4——t————t——————
0 5 10 15 20 25 30 35
r,mm

Fig. 4. The radial distribution of effective thickness of the
cathode sheath on zoned target at /, =15mA

If the discharge current is [/,>245mA, the

simultaneously increasing of ion current density
corresponded to noticeable decreasing of the cathode

sheath thickness in both zones. If current is /, =90mA
(Fig. 5), the value of d,(r) in the internal zone are lesser
than L, (Fig. 6). It automatically provides acceptable
conditions for discharge in this zone. At the pressure
p, =6,65 Pa the current density in internal zone begins to
exceed the ones in external zone (Fig. 6).

13’2 T—a—U,= 360V, p= 0,67 Pa; —e—U,= 340V,
s,o p= 0,67 Pa; —4— Uy = 265V, p= 6,65 Pa
E701 la =90 mA
Se60T
=507F

40t /e /

T — \ J/
20l /- w
2,0 1 ¢ 1
0,0 —

0 5 10 15 20 25 30 35
r, mm

Fig. 5. The ion current density radial distribution on zoned
target at /, = 90mA

T—=—Uy=360V, p= 0,67 Pa; —s— U, = 340 V|
4,0+ p= 0,67 Pa; Uy = 265V, p= 6,65 Pa

3,5+ =
1 la =90 mA
S 251 /'
= s
3 2,0--\
154 \ —
1 —eo /
1,04

0,5 ———t +
0 5 10 15 20 25 30 35
r, mm

w
o
L
T

Fig. 6. The radial distribution of effective thickness
of the cathode sheath on zoned target at /, = 90mA
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For the CT area, limited by radius r =38 mm, the
average cathode sheath thickness d. could be equals from

12mm to 3,9mm under the conditions of every

experimental voltage U, and appropriate currents /, (from
(4)). For the current /, =90 mA and more the cathode layer

in both discharge zones (with area 2,0-10°*mm? [7]) should
be approach to 1,0..1,5mm at every pressures, which

close to results of the work [8] for such magnetic field.
Comparison of the computer simulation results with
zoned target data. In the computer simulation at the

conditions of discharge current /, =90mA, Ar pressure

6,65Pa and cathode sheath voltage V, =265V, the

minimal starting cathode sheath thickness was chosen as
de i =1737 mm  (Fig. 1). At the pressures 1,33 Pa and

0,67Pa (V,=340Vand V,=350V) it was chosen
dc i = 2,834 mm (Fig. 1). Only at these values of d.,,, the

conditions of the steady state of the discharge were reached.
The cathode sheath potential -V,, gives to the

secondary electron the energy eV,, where —e is the
electron charge. Dividing the eV, on the average quantity

of ionization acts on the one secondary electron n, we

could to obtain the energetic ionization cost. In the
computer simulation results for the pressures 0,67 Pa and

1,33 Pa, this value is close to 31eV, which corresponds

to the well-known experimental facts for Ar [10, 15].
The Fig. 7-9 presents the simulation results of effective

cathode sheath thickness d, (r) at the current /, =90 mA

and the results by zoned target at appropriate pressures
and voltages for the comparison. (In this figures and
simulation y =0,073 , which looks more realistic).

Obviously, that the simulation results make possible to
predict the distribution of discharge current density on
radius more accurate than measurement on the zoned
target. As we can see from Fig. 7-9, the suppositions,
which were made for the form of the cathode sheath
(Fig. 1), could be automatically improve in process of
finding of self-consistent starting positions of secondary
electrons on the CT. Obtained plots demonstrate good
coincidence with experimental results at pressures
0,67Pa and 133Pa (Fig.7. and Fig.8.). For the

pressure 0,67 Pa it was chosen V, =350V because of
the best coincidence with experimental results (Fig 7).

<

4,51
4,0 1
357!

—m—experimental V4= 360 V
—x—comp. simul. V4q=350V _

ﬁfn
a—Jiia P=0,67Pa 1
*gf:-'i ‘ ls = 90 mA f
/ A 4

7

dg(r), mm
»
o

0,5 I s B e o e e e e e e
0 5 10 15 20 25 30 35
r, mm

Fig. 7. The comparison of computer simulation results with
results on the zoned targetat /, =90mA, p=0,67 Pa

5,0 —m— experimental Vq4= 340 V
45T —y— comp. simul. Va=340V _ JA/
40+ ‘\/
L]
£ 351 '“ﬁ"\ p=1,33Pa 7/
€ 304 M\ Lk=90mA
I 2,54
o
2,07 #
. g
1,57 \ e
R Ly
1,01 ”
0,5 + y t + + + }
0 5 10 15 20 25 30 35

r, mm

Fig. 8. The comparison of computer simulation results with
results on the zoned targetat /, =90mA, p =133 Pa

—m— experimental V4= 265V
3,04 —=— comp. simul. V4= 265V fﬂaf
p=6,65Pa I;=90 mA

Fig. 9. The comparison of computer simulation results with
results on the zoned targetat /, =90mA, p =6,65Pa

Noticeable differences are taken place at pressure
6,65 Pa (Fig. 9). It could be related with overstated initial

value of the cathode sheath thickness between zones at
such conditions (Fig. 1). But difference of distribution for
the internal zone versus the external one is even stronger.
Conclusions. For the investigation of the distribution of
discharge current on the cathode-target of MSD with two
erosion zones the zoned target was used. The measure-
ments (at the three pressures of working gas Ar — 0,67 Pa,

1,33 Pa, 6,65 Pa) of the distribution of the discharge current

in MSD along cathode-target radius converted to the cathode
sheath with using of the Child-Langmuir law [12, 7] were held.
This results have confirmed the assumption about influence of
the confinement magnetic field variation in the MSD along the
vertical distance from the cathode on the discharge current
distribution on the cathode at the "low" (15 mA ) and "high"

(90 mA ) discharge currents. At discharge current 90 mA the

comparison of experimental dependencies with values from
the computer simulation has been made.

The discharge simulation program based on the Monte
Carlo method [5-7] has been improved with taking into
account the non-homogeneity of the cathode sheath, which
depends on the magnetic field induction along the cathode
radius. Algorithm of self-consistency of starting positions of
secondary electrons also was improved.

The results of computer simulation at 90 mA are

demonstrated coincidence to the data received by
experiments on the zoned target. In experiment as well as
in simulation results were demonstrated the locating of the
maximal current density in the internal zone of discharge at
90 mA and working pressure 6,65 Pa were demonstrated.
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Thus, the Monte Carlo numerical model of MSD with
two erosion zones which was designed in previous articles
[5-7] and has been improved in present work, clearly
describes the discharge behavior in practically useful
cases. It could be used for foreseeing the target sputtering
efficiency on this magnetron sputtering device, which is
important at thin film production.
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papiodisanyHun cpakynbTeT, KMiBcbknin HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka

30HOBAHA MILLEHb B EKCMEPUMEHTAIIbHOMY OOCNIAXEHHI .
MAIFHETPOHHOI'O PO3MUIIOBAIIbHOIO NMPUCTPOIO 3 IBOMA 30HAMU EPOSII

IMo6ydosaHo KoM 'tomepHy Modesib Ma2HEeMPOHHO20 PO3IU/TI08aIbLHO20 MPUCMPO0 3 d8OMa 30HaMu epo3ii, 3acHosaHy Ha Memodi Monme-Kapno, de
88edeHO asl2opumm rouwyKy caMoy3200)KeHUX cmapmoeux no3uyiti MopuUHHUX esIeKMpoHie Ha kamodi. [ns1 nepeeipku pe3ynbmamie KoM'tomepHo20
modertoeaHHsI 6yJ1I0 8U20MOBJ/IEHO 30HO8aHy Mecmosy MiwleHb Onisi 0aHO20 Ma2HEemMPOHHO20 PO3MUIIBaNIbHO20 MPUCMpPOr, fika 3abesnevuna
eumiprogaHHs1 po3nodinie po3psiGHo20 cmpyMy Mo ceoili nosepxHi. MopieHsIHHA pe3yibmamie ekcriepuMeHmy ma ModeslroeaHHs1 MPOdeMOoHcmpyeanu ix
8idnoeioHicmb 3a 0OHaKos8uUX YMO8.

Knrovoei croea: 30HoeaHa MiweHb, Ma2HempPOHHUL po3nusioeasibHUl npucmpitl, kamodHuli wap, KoM 'tomepHe ModesoeaHHsl, Memod MoHme-Kapro.

P. BorpaHoB, uHX., kacheapa pagMoOTEXHUKU U PaAUOINIEKTPOHHbIX CUCTEM,
0. KocTiokeBuUY, UHX., kKacdheapa hn3n4eCcKon aNeKTPOHUKMU
paanodusnyeckun cakynbTteT, KnueBckuim HaumoHanbHbIW yHUBepcuTeT umeHun Tapaca LLleByeHka

30HUPOBAHHAA MULLUEHb B SKCNMEPUMEHTAJIbHOM UCCIIEOQOBAHUN
MAITHETPOHHOIO PACMBbITUTENIBHOIO YCTPOUCTBA C ABYMA 30HAMU 3PO3UN

IMocmpoeHa KomnblomepHasi Modeslb Ma2HeMPOHHO20 PacrbLIuUMesibHo20 ycmpolicmea ¢ d8yMsi 30HaMu 3po3uuU, OCHoeaHHasi Ha Memode MoHme-
Kapno, e komopoli eeedeH anzopumm noucka camoco2/1aco8aHHbIX CIMapmoebIX Mo3uyull 8MOPUYHLIX 3JIEKMPOHO8 Ha kamoode. [nsi nposepku
pe3y/ibmamos KOMIMbIOMEPHO20 MoJdesiuposaHusi 6blla U320MoeJieHa 30HUPOSaHHasi Mecmosasl MulleHb Onisi 0aHHO20 Ma2HempPOHHO20
pacnbuiumensHo2o ycmpolicmea, Komopasi obecrnieyusna u3MepeHusi pacrnipedesieHuli pa3psiOoHo20 Mmoka Mo ceoeli noeepxHocmu. CpaeHeHue
pe3y/ibmamos 3KcrepuMmeHma u ModesiuposaHus MPodeMOHCMPUPOB8AIo UX coomeemcmeaue fpu 0OUHaKO8bIX YC/I08USIX.

Knroyeeble croea: 30HUpoe8aHHasi MUWeHb, Ma2HeMPOHHbIU pacnbUIUMesIbHoOe ycmpolicmeo, KamoOHbIl ciloli, KOMIMbLIOMEPHOe ModesiuposaHue,
memod Moxme-Kapno.
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SUBNANOSECOND STIMULATED RAMAN SCATTERING PULSES
OF Q-SWITCHED LASER AT SELF-FOCUSING

The results of experimental study confirm the availability of using self-focusing media for creation of highly efficient transformers of
laser radiation based on stimulated Raman scattering. It has been shown that due to the self-focusing dynamics, such transformers can
change frequency and compress giant pulses of multimode lasers more than in ten times, utilizing a simple scheme. The proposed and
implemented scheme is suitable for generation of initiating subnanosecond Stokes pulses, which further can be used for compression
of giant laser pulses with a corresponding increasing of power.

Keywords: laser, self-focusing, stimulated Raman scattering.

Introduction. It is known that SRS (stimulated Raman
scattering) is successfully used in transformers of laser

radiation for frequency tuning, pulse compression and
improving of optical beam quality [6, 1]. However, SRS-
© Ivanisik, A., Korotkov P., Ponezha G., 2013
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active media, which have practical use, are limited to
hydrogen and methane (at pressure of tens of atm) or
certain crystals. Such available, optically stable and easy to
use media as self-focusing liquids (benzene, toluene, etc.),
there historically first SRS was observed [9], were
neglected because of unsuccessful attempts to create the
highly efficient quantum electronics devices. This narrows
the range of radiation frequencies that can be obtained
from a laser, and thus reduces the value of SRS as a
method of frequency tuning.

In self-focusing liquids, experimental threshold of SRS
is defined by critical power of self-focusing [2] and
achieved very easily. However, there are significant
complications to achieve the high energy conversion
efficiency of laser radiation. Mostly, in self-focusing liquids
conversion efficiency in the first Stokes SRS component
does not exceed ~20% under the excitation by a giant
pulse of a multimode laser and in all Stokes components it
is ~ 30%. This situation was classified as an effect of
"absolute saturation of stimulated scattering” [7] the nature
of which remains until now unclear. Nevertheless, the main
problem is effect of small-scale self-focusing.

In our opinion, SRS-based transformers with high
conversion efficiency still can be created in self-focusing
liquids, but in two stages - in a two-cell scheme. Namely, a
seed pulse is generated under forward or backward SRS in
a cell where the threshold of self-focusing is exceeded, and
then is enhanced below threshold of self-focusing in the
second cell. It is important that, besides of achievement of
the high overall conversion efficiency in the two-cell scheme,
in the first cell it can possible to reduce simultaneously a
pulse duration (and hence, as a result, to compress the
pulse) using dynamic of self-focusing process.

In addition, it should be noted that the most important
practical results of solving the problem of increasing the
SRS effectiveness in self-focusing liquids is closely linked
to the availability of the exciting laser. Therefore, it is
particularly important to solve a complex problem: the
efficient conversion of the available multimode laser
radiation and at the same time improving the optical quality
of the radiation. The above circumstances stimulated
experimental research described in this work.

Thus, the work is aimed to obtain Stokes
subnanosecond pulses in self-focusing SRS-active liquids
under the excitation by multimode Q-switched laser. These
pulses can be used as initiators in the gain stage and can
define the temporal-spatial characteristics of the converted
laser radiation.

Results of experimental studies. The multimode ruby
laser with the linear resonator of 35 cm-length and with
passive switching of resonator quality was used. The laser
radiated light pulses at a wavelength 0.6943 ym with the

energy 0.6 J. Duration of pulses was t, =30 ns at half level

of intensity. The root mean square of the pulse energy
variation was 5%. An envelope of the laser pulse (recorded
by C7-10B oscillograph) was smooth. The hath-width of the
pulse spectrum (measured using a Fabry—Pérot
interferometer with a ring thickness 30 mm and sharpness
F*~20) was 0.01 cm™, which is less than the spectral
distance between two longitudinal modes of the empty
laser cavity (0.014 cm’ ) The laser beam at an intersection
(with the diameter of about 1 cm) was heterogeneous with
a large number (10 ) maxima and minima of intensity.

For this laser, the threshold of SRS was exceeded in 3.5
times without addition focusing in the cell of 25cm-length with
toluene (CgHs-CHs). The conversion efficiency into all Stokes
components, propagating in the direction of the excitation
beam, was approximately 20% of the laser pulse energy.
Forward SRS-pulse duration ranged from 15 ns to 25 ns, that
is not less than half the duration of the laser pulse.

For obtaining and registration of short pulses of Stokes
SRS, the optical scheme shown in Fig. 1 was used.

Laser energy Oscillograph
meter C7-10B
99.2% Vacuum
o, ‘“T photocell
, HA8% | ©K-19.00
Ruby laser| W

Diaphragm Cell (C¢Hs-CH;)  Filter (C3C-20)

Fig. 1. Optical scheme

Laser radiation partially (0.8%) passes through the
diaphragm and reaches the 25 cm-cell with toluene. Optical
filer C3C-20 after the cell absorbs laser radiation.
Scattered light (mostly first Stokes SRS) after passing
through the filter enters the registration scheme. The
registration scheme consists of a photovoltaic vacuum cell
DK-19.000 (rise time from 0.1 to 0.9 of maximum value of
the current pulse less than 0.7 ns) and the oscillograph
C7-10B with a signal delay line (a bandwidth of the delay
line is at least 650 MHz with the recession 3dB).

The diaphragm (Fig.1) is formed by two 90%-prisms,
which hypotenuse surfaces have an optical contact of limited
area with glycerin. The surface of the optical contact in the
form of a disk has a diameter D~0.4 mm. Compared to a
conventional diaphragm, such diaphragm has an advantage.
Namely, at powerful light pulse (~20MW at used laser),
optical breakdown is prevented on its boundary. In addition,
the laser radiation, which does not pass the diaphragm
(99.2%), can be used in the gain channel.

The diameter D=0.4 mm of the diaphragm aperture was
chosen based on the fact that in toluene the laser beam
fragments into individual parts which self-focus
independently. Applying the registration scheme for
obtaining the spatial-angular spectra and the calculation
procedure described in works [3, 4], it was determined that
at the cell entrance, the average diameter of these
fragments of the laser beam was d~0.23 mm. In the cell
with toluene at the diameter ratio D/d<2, with high
probability not more than one self-focusing focal point is
formed simultaneously and, thus, formation of many
independent sources of SRS with different phase, spatially
localized within focal area, is prevented.

The distance 5 cm between the diaphragm and the cell
was selected experimentally to make sure that the SRS
threshold is exceeded for each laser pulse, under the given
instability of spatial and temporal characteristics the used
multimode laser.

In the case of increasing distance between the
diaphragm and the cell to 10cm, the threshold of SRS was
not achieved. It is consequence of the beam diffraction at the
distance between the diaphragm and the cell. As a result of
the diffraction an area of self-focusing was not formed.

Radiation energy passed through the diaphragm was
approximately 4mJ. It is only 0.8% of the total energy of the
laser pulse. Under these conditions, the average pulse
energy of SRS was 0.15 mJ, which corresponded to the
energy conversion efficiency of laser radiation 4%,
significantly less than the conversion efficiency in the
absence of the diaphragm.

Fig. 2 shows oscillograms of the laser (a) and SRS (b)
pulses without the diaphragm and of the laser (c) and SRS
(d) pulses after the diaphragm. For emphasize the
differences in the shape and duration, all pulses in Fig. 2
were normalized so that their amplitudes were the same.



ISSN 1728-2306

PALIO®I3UKA TA EJIEKTPOHIKA. (2)20/2013

~13 ~

| | /\‘k
10 ns| 10 ns|

10 ns

[—

10 ns

Fig. 2 Oscillograms of pulses:
laser (a) and SRS (b) pulses without the diaphragm; laser (c)
and SRS (d) pulses after the diaphragm

The oscillograms of laser pulses after the diaphragm
(Fig. 2, c) have almost 50% modulation with period of
about 7 ns. Note, for the laser resonator length 35cm,
longitudinal modes beating would lead to a modulation with
a period of 2.3 ns. So, the modulation should be attributed
to the beating of transverse modes or deformation of mode
structure of the beam in the process of generation.

The oscillogram of SRS pulse (Fig. 2, d) shows that in
the proposed scheme, under using the diaphragm,
subnanosecond pulse duration of SRS can be obtained.
The duration of SRS pulses at half the level of intensity
was less than 1 ns.

Quite often, even with constant experimental
conditions, after the first pulse of SRS, one or two pulses
were observed additionally. They were usually longer and
have a lower amplitude. Period of these pulses closely
correlates with the period of oscillation of intensity laser
radiation after the diaphragm (Fig. 2, c).

Analysis and conclusion. The experimental data
allow us to evaluate the effectiveness of SRS in a separate
focal area. Assuming that the laser pulse has duration
7, =30 ns at the half level of intensity and energy E, =4 mJ
after the diaphragm, we obtain the value of the laser power
P =E, /v, =133 kW. The critical power for self-focusing

in toluene is P,;=25kW [4]. As the SRS-threshold and,

hence, the threshold of self-focusing in the absent of the
diaphragm was overcame in p =3.5 times, we can evaluate
the power of the laser radiation which self-focusing in
separate focal area after entering the diaphragm:

P = kuP., =80 kW, where k =0.92 is a loss factor due to

the light reflection at the outer sides of the diaphragm.
Thus, in the focal region it was 60% of the radiation passed
the diaphragm. The other part of the radiation (40%) was
not involved in the generation of SRS-pulse.

If in the focal region the full depletion of the laser pulse
at SRS takes place, then the amplitude of SRS pulse in the

A. IBaHicik , kaHA. ¢i3.-maT. Hayk, . KopoTkoB, A-p ¢is.-maT. Hayk,

oscillograms must be also 60% of the laser pulse
amplitude. In the experiment, the amplitude ratio of
SRS/laser pulses (after taking into account the filter
transmission and the spectral sensitivity of the photocell)
reached 0.5. It can be concluded that the energy
conversion efficiency of laser radiation in the focal region
reached in the experiment the value of about 0.5/0.6~0.8
(80 %), and quantum efficiency was 86 %.

Hence, achieving the high conversion efficiency of the
laser radiation in SRS-active self-focusing fluids in principle
is possible. The effect of "absolute saturation of stimulated
scattering" [7] has not fundamental nature.

The obtained value for the conversion efficiency
indicates that the use of approximations of a given excitation
field and the field of first Stokes SRS [5] or a given excitation
field and the exponential growth of the first Stokes
component [8] to describe the SRS at self-focusing is
incorrect. At the same time, the model of deep depletion of
exciting radiation in the self-focusing focal areas [4] gets the
further experimental confirmation in the present work.

A flat decline of Stokes pulse compared with its front, in
our opinion, is partially due to uncontrolled parasitic
feedback, which leads to the subthreshold generation of
SRS. The repeated pulses of low amplitude and longer
duration (Fig. 2, d) are reinforced echo the main pulse.

Such complications can be avoided by using two-
component cell. In the first long part of the cell will be self-
focusing liquid with a different Raman frequency, and in the
second short part — basic liquid, as in the gain stage. The
two-component cell may have other advantages, because
it makes better use of self-focusing dynamics [3].

The proposed and implemented simple scheme is
suitable for generation of initiating subnanosecond Stokes
pulses, which further can be used for more then 20 times
compression of giant laser pulses with a corresponding
increase in power.
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KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LleBuyeHka, paaiodisnyuHni chakynbteT, Kacbeapa meauyHoi pagiodiankm
. MoHexa, kaHA. ¢i3. maT. Hayk, HauioHanbHa akagemisi cTaTUCTMKM, O6GNiKy Ta ayAUTY, eKOHOMIKO-CTaTUCTUYHUIA haKynbTeT

CYBHAHOCEKYHAHI IMMYJIbCU BUMYLUEHOIO KOMBIHALINHOIO PO3CIKOBAHHSA NNASEPA
3 MoaynsAuieo AOEPOTHOCTI PE3BOHATOPA 3A CAMO®OKYCYBAHHA

Pe3ynbmamu ekcrniepumeHmanbHux 0oclidxeHb nNidmeepdxyroms nepcrekmusHicmb 8UKOPUCMaHHS1 caMogboKycyrouux cepedosuuy Orsi CIMEOPEHHS
B8UCOKO egheKmueHUX Mepemeoproeayie /1a3epHO20 8UMNPOMIHIO8aHHSI Ha OCHOBI 8UMYWEHO20 KOMO6iHayiliHo2o po3citoeaHHs. [Moka3aHo, wo 3aedsiku
OuHamiuyi camogboKycyeaHHs, 8 makux repemeoplosayax MOXHa 3MIHUMU Yacmomy ma 3a MPOCMOI cxeMor Obinbwe, Hix y Oecsimb pasie,
KoMmnpecyeamu 2izaHmcbKi iMnynbcu 6a2amomodoeux Jia3epie. 3anporioHoeaHa Ima euKopucmaHa cxema npudamHa Onsi 2eHepauil iHiyirorYUX
Ccy6HaHOCEKyHOHUX CMOKcoeuX iMmyribeie, siki 0ani MoXymb eukopucmosyeamucsi Ofisi KOMMPECii 2izaHmCbKUuX na3epHuUx imnynbcie 3 eionogioHum

3poCcmaHHsAM nomy)KHocmi.

Knroyoei croea: nasep, camoghokycyeaHHsi, suMyuwieHe KoMbiHayiliHe po3citoeaHHsl.
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A. BaHucuk, kaHa. ¢us.-mat. Hayk, . KopoTkoB, a-p ¢us.-mat. Hayk,
KueBckuit HauMoHanbHbIN YHMBepcuTeT MeHn Tapaca LLleBuyeHko, paanodusnyeckun pakynbTeT, kacdeapa MeaULIMHCKOW paanodmankmu
. MoHexa, kaHAa. chms.-maT. Hayk, HauMoHanbHas akageMus CTaTUCTUKK, yyeTa n ayanta, DKOHOMUKO-CTaTUCTUUECKMIA haKynbTeT

CYBHAHOCEKYHOHbIE MMMNYNbCbl BbIHYXXAEHHOIO KOMBMHALUMOHHOIO PACCEUBAHUA JNIASEPA
C MOOYNAUMEN AOEPOTHOCTU PE3OHATOPA MPU CAMO®OKYCUPOBAHUU

Pesynbmamel aKcnepuMeHmarnbHbIx uccredosaHuli nodmeepkdarom repcreKmueHOCMb UCIOIL308aHUsI caMOGhOKyCyroqYux cped Onisi co30aHus
8bICOKO 3ghgheKmueHbIX Mpeobpazoeamesieli s1a3ePHO20 U3JTyYeHUs] Ha OCHO8e BbIHY)XOeHHO20 KOMOUHaUUoHHO20 pacceueaHusi. [lokasaHo, 4Ymo
6nazodapsi duHaMuKe CaMOGhOKycupoeaHusi, 8 Mmakux npeobpa3oeamesisiX MOXHO U3MEHUMb Yacmomy U C UCMO/b308aHUEM MPOCMOU CXeMbl
Komrpeccupoeams, 6osiee YeM e Oecsimb pas, 2u2aHMCKUe UMMysibCbl MHO20MOd08bIX J1a3epoes. [pedsioxeHHas! U UCMonb308aHHasl cXeMa npuMeHuUMa
0ns 2eHepayuu UHULUUPYHOWUX CY6HaHOCEKYHOHbIX CIMOKCOBbLIX UMIMY/IbCO8, KOmopble dasee MO2ym UcCrosib308ambesi O/l KOMIPECCUU 2u2aHMCKUX
J1a3epHbIX UMIY/ILCO8 C COOMEemcmeyruwuM 803pacmaHueM MOUHOCMU.

Knroyeenle crioea: naszep, caMoghokycupoeka, 8bIHy)O0eHHOe KOMGUHaUUOHHOe pacceusaHue.
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CHARACTERIZATION OF FULLERITY DERIVATIVES FOR ORGANIC PHOTOVOLTAICS

The fullerity C.,, derivatives were prepared by light illumination and ozonolysis of Cs gel solution. Experimental investigation was
carried by UV-vis, IR, Raman spectroscopy, XPS and AFM. The structure of C,, derivatives in gel solution (aggregates with hydrated
shell) was studied. | present results from initial screening of the candidates based on informatics quantitative structure — property
relationships, their comparison with results from density functional theory calculations about the effect of donor-acceptor architectures
on the efficiency of the photovoltaic device.The comparison of spectral features for C,,, derivatives with the data for the adsorbed layers
allowed to detect a series of C,, hydroxyl group of derivatives.

Keywords: fullerity fullerol, hydroxyl-, epoxy-, keto- derivatives, electronic structure, surface-enhanced infrared absorption.

Introduction. Organic photovoltaic devices appear
considerably cheaper and simpler in application, than
traditional elements. Distribution of this technology is
restrained by two important factors: not high (less than 9 %)
efficiency of transformation and small works. It is considered
that their commercial prospects depend on that, whether
they will manage to attain ten percent efficiency at the
simultaneous increase of calculation resource to ten
thousand clock. These devices have recently reached 15 %
efficiency and lifetimes close to 20 years; the search for the

gap between the excited singlet and triplet states
(5,8-kcal/mol ) facilitating efficient intersystem crossing.
High yield of the triplet state, > 95%, provides an efficient
generation of singlet excite. Also, C,, is a acceptor of

photoelectrons with the ability to accommodate up to
several electrons reversibly [1, 6].

best (co)monomers for donor polymers being based on 's*
exacting experimental synthesis (Fig. 1). ISC
3Qx
S { —
Er T
330 302

Fig. 2. Diagram of the energy levels in the photosensitized
generation of singlet ('O, ). 'S, 'S", ®S’ are the singlet
ground state, the singlet excited state, and the triplet excited
state, respectively, of the sensitizer S (C,; ). *0, and 'O,
are the triplet ground and singlet state, respectively, of oxygen.
Next transitions correspond: 'S — 'S’ absorption; 'S" — 3S’

intersystem crossing (ISC); °S" +°0, — *S+'0, energy
transfer. The energy transfer is possible if AE; >100kJ/mol [1]
Fig. 1. Fullerity C_,, in polymer chains [1]
Physical and chemical properties of fullerity C ., and

they derivatives in gel solutions such as their structure
(aggregates with hydrated shell), chemical and electronic
structure were studied recently in respect to the
photoinduced  change transfer [1+5]. However,
experimental investigation of the behavior of fullerity C_,

showed that it can be easily modification over light and
very short time of charge transfer from donor to acceptor

The design, automation and calculation of million organic
molecules allow the screening of the best candidates for
further study. Current applications of biosolutions with
fullerity C,,, and they derivatives in molecular electronics

are based on their behavior as active photosensitizer [1+5].
These features originate from known energy levels
diagram (Fig. 2) of the photosensitized generation of

singlet and triplet. Fullerity C_, and its derivatives can be

photosensitizer due to a strong absorption of light
throughout the UV and visible regions and the low energy

occurs [5, 8]. Also, the singlet excited exits very short time
and these systems do not have applications in molecular
electronic. Polymeric derivatives of fullerites in solutions

© Ivanyuta O., 2013
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also are of importance as photosensitizers, however their
use in dissolutions needs special confirmations [3, 11].

In this work, synthesized gel soluble with fullerity C,_,
derivatives by UV light illumination and ozonolysis of
fullerene C,, gel solution. | consider also novel
experimental data verifying hypothesis about possibility to
prepare stable fullerity C_,, derivatives in gel solutions on

C, colloids. The comparison with the results of recent

publication on fullerity C ., [8+12] was carried out. |
present spectroscopic evidence of formation hydroxyl-,
epoxy- and keto- derivatives and discuss variation of
electronic structure of C_,, molecule associated with

additions of the -O and -HO containing functional groups.
Experimental. | will show how the modification the
electronic properties of the transparent electrode can be
used to change the geometry of organic photovoltaic
devices and build solar cells that do not require the use of
low-work function electrodes. At the receipt of organic films
the method Lengmyur - Blodzhett (a method allows to put
in order and orient molecules in monolayer by the set
appearance) arises up problem of their thermal instability
and distributions, appearing at the transfer of tape on
samples [13, 21]. In addition, thickness of such tapes and,
consequently, the stake of eaten up light is small. It does
difficult the receipt of functional photo-electric devices on
such organic tapes. Organic elements with more high
efficiency of transformation (to 11 %) it is possible to get
using the method of self organizations molecules, but from
complication of this method the industrial production these
devices is eliminated [19]. In order to study formation of gel

solutions with C_,, hydroxyl-, epoxy- and keto-derivatives
| prepared two types of C ., gel solutions which from

toluene C_,, solution followed by evaporation of the
toluene overlayer spread on the strong and polymer
surface [13, 15]: this C 4, gel solution was illuminated by
UV light from a standard bacterium dead lamp in air,
T=300K, 1h. The tin layer gel solution was ozonolysis
during 30 min, the toluene layer was evaporated on the
strong and polymer surface, assisting the transfer of C,_,
derivatives from toluene solution [3, 14]. Also, | studied
C,e derivatives in two toluene solutions: (1) products

formed after ozonolysis C, toluene solution were

repetition dissolved in toluene (a saturated solution was
produced); (2) the toluene solution (1) was illuminated by
UV light in air by eximer laser280 nm, T=300K, 1 h.

Absorption spectra of these products in gel and toluene
solutions were recorded with double beam spectrometers
Jasco V-570 or UV-2401PC in quartz cavettos with the
range 190+2500 nm at T =300 K. Raman spectra of
these products in toluene solutions in quartz glass cavettos
were recorded by double monochromator DFS-24 or CT-
25C with 514,5 nm excitation light of an Ar laser in range

of the wave numbers 11200 +1500 cm™ at T=300K .
Two types of C ., derivatives in gel solutions were
used for the fabrication of adsorbed layers on fianit and
AlLLO, (100) substrates. Typically, 0,2-ml a solutions was
dropped on a cleaned surface of TIBr (36 %)-TlJ (64 %)
monocrystals and a specially treated surface Al,O, (100)

wafers (procedure used in [13]), and samples were dried in
air at T =300 Kin dark. The samples with adsorbed layers

were studied with IR spectroscopy (fianit substrate) and
XPS (ALO, (100) substrate). The SPECORD 75 IR Zeiss
spectrometer for transmission spectra measurements in
the range wave numbers 250+4000cm™ and the
combined spectrometer including XPS equipment with UV
radiation (h, =1355-eV ) were used. Morphology of the

adsorbed layers was studied with atomic force microscopy
(AFM) at ambient conditions in the tapping mode [7, 10].
Results and discussion. Fullerity does not differ in
high chemical activity [9]. To the moment of beginning
studies in the world were not undertaken a systematic
works on research of possibility forming fullerity C_, the

uncovalently constrained complexes, their physical
properties were not studied. A few works were sanctified to
the study of cooperation molecules in solutions [16, 18].
Fullerity possess photoconductivity in a spectral range
optimal for creation of solar elements.

Basic efforts were concentrated on the study of the
covalently-constrained systems of artificial photosynthesis.
There were not works on the receipt of such structures in a
thin film variant. An organic semiconductor donor-acceptor

complex C, ., is perspective material for the receipt of

molecular by volume heterostructures, thin films
heterotransitions and creation of photovoltaic devices. In
such solar cells both electrodes are comprised of conducting
polymers that are modified to become either hole or electron
collecting electrodes. Quantum-chemical calculations
showed that complex C_, formed the uncovalently

constrained molecular complex, energy of connection that
grows and equilibrium distance diminishes among Mg, Zn.
The complete charge components complexes is expected.
In particular, the realization of surface-enhanced infrared
absorption (SEIRA) permitted one to speak of a unified
field of surface-enhanced vibrational spectroscopy (SEVS),
supported by the enhanced Raman and infrared
techniques. Enhancement by SEIRA depends on the size,
shape, and particle density of the selected metal island
films. In the most widely used Al,O, (100) configuration,

film morphology is influenced by surface structure of the
supporting substrate, as well as by the experimental
conditions used during the film fabrication. An exact count

gives the value of transfer charge of C_s, - TPP 0,002
elementary charge, in the complexes of C_, - MgTPP and

C.e0 -ZnTPP —0,2 and 0,4 elementary charge, accordingly.
The materials of the first group allow for transmission and/or
reflection spectra, while the others are only adequate for
external reflection measurements. Notably, low reflective
materials could be optically favorable due to a reduced
distortion of the band shape in the corresponding SEIRA
spectrum. The spectrum photoabsorption C_,, lies in the
length range waves 280-+680 nm and a quantum exit,
being probability formation of electron - ionic pair at

absorption one photon, 0,9 makes (Fig. 3). The absorption
bands with maxima at 527, 573, 1088, 1183, 1220 and

1425 cm” were revealed in IR spectra of the C_
derivatives layer formed by UV light illumination in air
(Fig. 3, b). The maxima at 527, 573, 1183 and 1425 cm’
correspond to the vibration modes of C_,, molecules

[4, 16]. The bands are broad testifying that some derivatives
can appear in water solution as the result of photooxidation

[9], e.g. of C,,O (epoxide) and C,,(—OH), (fullerol).
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Fig. 3. SEIRA transmittance spectra of C_,, derivatives in adsorbed layers on Al,O, (100) substrate from fullerene Cg,

derivatives formed by the different methods: a — ozonolysis; b — UV light illumination in air. The positions of the absorption
bands for vibrational modes corresponded to > C-O, > C = 0O, C-O-C, C-OH, -OH groups [3, 17] and to vibrational modes of

C,, molecules in gel solution [22] are marked. The insert is the spectrum (a) in the range 300 +1900 cm”

Polymerization fullerene C,, under the action of light

radiation and formation insoluble in organic solvents tape
allow using fullerene as new material for photo resistance

cells. The band at 1080 cm™ may be attributed to vibrations
of C-OH bonds. The vibration mode of C-O bonds in
epoxides appearing at 1374 cm™ was revealed also. The
vibration mode at 1376 cm™ is attributed to vibrations of
> C-O bonds in epoxides, at 1197 cm™ does vibrations of
C-O-C ester groups, and the intensive band at 1736 cm”
looks as contribution due to ketone group > C-O [7, 18]. A

prolonged illumination of this layer during 4 h at air (relative
humidity 70 %) caused destruction of the part of C-OH

bonds in C,,(—OH), since in the IR spectrum the intensity

of 1380 cm™ vibration mode strongly decreased. This result
confirms that part of C,,(—OH), bounds can be destroyed.

In IR spectra of the layer produced by ozonolysis absorption
bands with maxima at 1197, 1375, 1646, 1736, 3226 and

3421 cm™ occurred (Fig.4). The bands at 1620 and
3306 cm™ can be attributed to deformation and stretching
vibrations of adsorbed -OH groups, correspondingly. The
other vibration mode of C-OH also makes the contribution
in range 3290 = 3300 cm™ .

This was confirmed also by comparison of the Raman
spectrum C_., derivatives formed by ozonolysis and
redissolved and formed in gel by UV light illumination in air
at T=300K. | revealed that in the first spectrum the peak
at 1437 cm™ and in the second spectrum the peaks at 1443
and 1461 cm’
1437 cm™ corresponds to the peak at 1443 cm™ in the
second spectrum, the position of the peaks in the first and

the second spectrums can be due to ketone and epoxides
groups, respectively. This assumption based on the

appear. Assuming that the peak at

comparison of the positions of the peak at 1461 and

1469 cm™ which is known for solid C,_, and C,, molecule

[4, 16]. The position of these peaks (at 1443 and 1461 cm™)
can inform on different degree C,, oxidation in these two
solutions. The next evidence of possible formation of C_,
derivatives tailed by >C-OH and >C=0, C-0O-OH,

C-O-C groups in the adsorbed layers was obtained from the
data of XPS experiment for C1s photoemission line (Fig. 5).
The spectrum was deconvoluted through the least-squares
procedure fitting raw spectra to Gaussians. For C

derivatives formed by ozonolysis the positions of Gaussian
maxima are h, =285,2-eV, 2856, and h, =2858.-eV.
The reference binding energy of C-C bonds in C is
285,2-eV [10, 19], and for C-OH bonds the values
h, =286,5-eV and h,=285,6-eV can be assigned to
C-O or C=0, respectively [11].

For the sample produced by UV light illumination in air
the energy positions of Gaussians for the Cis line are
285,2, 285,4, 286,8, 287,7-eV (Fig.6). These maxima
were assigned to C-C bonds in C_,, (h, =285,2-eV),
C-OH bonds (h,=285,4-eV), in C=0 or O-C-O
(h,=285,6-eV) and in C-O-OH
(h, =287,7-eV) [10, 12]. The energy position Gaussian
maximum at h, =287,7-eV can correspond to the mono-

oxygenated carbon in fullerol [12, 18]. These conclusions
mainly confirmed by data for O1s photoemission line
those will be publish elsewhere. Thus, these results
indicate on formation of >C-OH, >C=0H, C-O-OH,

>C =0, C-O-C bonds for fullerene C,, oxygen derivatives,

bonds bonds

and the skeleton of C_,, molecule, probably, is not broken.
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Fig. 4. SEIRA transmittance spectra of C_,, derivatives

in adsorbed layers on Al,O, (100) substrate from C,

derivatives formed by the different methods: a — ozonolysis;
b — UV light illumination in air.

The insert is the spectrum in range 2300 + 3900 cm™.

The vibration mode at 3422 cm™ was attributed to stretching
vibrational mode of adsorbed -OH groups

Intensity, a.u.

'280 284 288 292 296 300
Binding Energy, eV

Fig.5. C1s XPS spectraC ., derivatives

in adsorbed layers on Al,O, (100) formed by the different
methods ozonolysis in air. The positions of the peaks are
centered at binding energy corresponded to > C-OH, C-C,
C-0-C,>C=0, >C-0, C-0-OH bonds

Intensity, a.u.

282 284 286 288 290 292 294 296
Binding Energy, eV

Fig. 6. C1s XPS spectra of C ., derivatives in adsorbed

layers on ALO, (100) formed by the different methods UV

light illumination in air. The positions of the peaks are centered
at binding energy corresponded to > C-OH, C-C bonds

Because, the value of binding energy for C-C bond
(h, =285,2-eV) are near to the value respective the

bonds on the skeletonC, ,, . Using the above analysis of

absorption bands in IR and XPS data for C_,, derivatives
prepared by ozonolysis (Fig. 3, 4 and Fig. 6) corresponding
to C,, molecule tailed by ketones (>C=0), esters
groups (C-O-C), and hydroxyl (> C-OH ) the percent ratio
of these component was evaluated: >C=0 - 34%,
>C-OH - 22 % and C-O-C — 19,5 %. These C_,, tailed
molecules shown in Fig. 6.

The aggregates of C ., derivatives on substrates

From our earlier AFM studies [3, 15] for C_,, oxygen and

hydroxyl group derivatives in adsorbed layer on dielectric
substrates formed over UV light illumination in air
established that this layer contains planar orientation
aggregates with length up 135A including the two

C,.so Molecular clusters. Every cluster with 11 molecules of

C.eo (28 A) has the diameter up 72 A. Between these

aggregates small aggregates appear with length up 50 A
from two (C,,),, molecular clusters with the diameter 25 A

and/or crystallites C_,, with linear size up 28,6 A. These
cluster systems form one-dimensional chains due to self-
organization over UV light illumination.

Several interesting nanoarrays C_, were also found in
UHV environment. Hydrogen bond based network structures
provide a potential pathway to the design of host-guest

interfaces, because the cavity size can be controlled through
careful selection of the component molecules. The formation

of a self-assembled bimolecular network C_, through

hydrogen bonds by co-adsorption of perylene tetra-
carboxylic di-imide (PTCDI) and 1, 3, 5 —triazine — 2, 4, 6
triamine (melamine) was reported [11, 20]. AFM images
obtained by within the framework of this work for adsorbed

layer from C,_,, derivatives formed by ozonolysis show, in
contrast to described morphology of the adsorbed layer with
C, derivatives formed over UV light illumination in air,
disordered spherical particles with diameter 80-+120 nm

which can be evaluated as the clusters of C_,, derivatives

comprising 114 +171 molecules C_, (7 A).

Electronic spectra of C_,, derivatives to show in Fig. 7.
On the basis of these result | propose the energy diagrams
and electronic transitions in C_, [3, 14]. and their
correlation with possible electronic structure of C

molecules tailed by -O and -OH group. Three and two
intense broad absorption bands with maxima at 220, 265,
345 nm and with minimum at 241, 284, 336 nm (Fig. 7, a)
dominate in the range 190+410 nm for the spectra in gel
and toluene solutions. The energy positions of these
maxima correspond to allowed electron transitions

hy,g9, >t (218 nm), h, —>h, (264, 284nm) and
h,.g, = t,, (340, 336 nm) (Fig. 7). The shifts between the
maxima in gel and toluene solutions are 20 and 40 nm.
They can be associated with the hydration of C_,, in gel

solution influencing an occupation of lowest state
conductive band, which created by molecular states t,,. It

is important also for electron transitions hg,,g, —>t,
and / or their hydrated aggregates self-formation [4, 5]. The
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revealed morphology of adsorbed layer from this solution
on substrate confirms it. The lowest allowed electron

transiton h, —>t,, to excited state T, at 408 nm is

1u
revealed only in spectra of the C_,, derivatives in toluene

formed by ozonolysis. This electron transition is allowed
only for solid C_4, (Fig. 8) [4, 21].

Absorbation, a.u.

250 300 350 400 450 500 550
Wavelength, nm

Fig. 7. The absorption spectra of solutions produced
by the following procedures: a — UV light illumination of C_.,

gel solution in air; b —ozonolysis of C_,, intoluene solution.
Deconvolution of the spectrum (b) shows positions of four
bands, residuals are scarcely evident. The positions of Ib, lib,
lllb bands are at 203, 242, 312, 421 nm, respectively.
The insert is these absorption spectra in the energy scale

(15+2,5-eV)
0,12 Absorbation, a.u.
0,08
0,04
0,0 : . ,
1,4 1,7 2,0
Energy, eV

Fig. 8. The positions of the absorption edges in spectra
(a) and (b) of C,_,, derivatives in gel can be revealed

at1.7, 1.8-eV, respectively

In the range 420+640nm the bands can be
associated with electronic transitions to the excited states.
The spectra of C_,, derivatives in gel and in toluene show
the weak bands near 450, 621 nm (Fig.9, d) and 536,
598, 624 nm (Fig. 10, a), respectively. The weak band at
450 nm in spectrum in gel corresponds to minimum
absorption near 440 nm in spectrum in toluene (curves d
and a, respectively), and the known electronic transition
2,75-eV (450 nm) can be identified as
h, — t,, transitions in solid C_,, for these maxima [5, 14].

Also, the weak bands near 620 nm (621 and 624 nm)
occur in both spectra. It is known that in the range

490+640 nm (1,9+2,5¢eV ) the weak absorption takes
place associated with electric dipole-forbidden transitions
between the one-electron HOMO level with h, symmetry

and one-electron t,, LUMO level. Only for the solution of
C, derivatives in toluene the weak absorption at 536 and

598 nm are (Fig. 9, a) [3, 19]. | suppose that the spectrum
in Fig. 6 can characterize the solid C_,, rather than free

C,so Mmolecules. These absorption maxima are shifted (up

to 10 nm) in comparison with known positions of the solid
C.co (460 and 625 nm, respectively).

Absorbation, a.u.
. \l/ 336
284
2,5; 289
2,0

1,51
1,04
0,5;

200 300 400 500
Wavelength, nm

Fig. 9. Absorption spectra of C_,, (a) and C,
oxygen derivatives (b) in gel solution

, Absorbation, a.u.

0,1-

0,01

1,5 1,8 21
Energy, eV

Fig. 10. The positions of the absorption edges
for the spectra (a) and (b) can be evaluated at 1.95

and 2,11-eV , respectively. The insert is these absorption
spectra in the energy scale (1+3-eV)

The difference between shapes of absorption spectra in
the range 410+550 nm for C_,, derivatives in gel and
toluene can be interpreted assuming that C_,,0, absents in

toluene, the minimum at 440 nm occurs (Fig. 11, a). Hence,
the higher absorption in this range for spectra prepared
without (Fig. 11, d) and with ozonolysis of initial solution of

C.,. derivatives in toluene (Fig. 11, c) confirm that C_;,O,
can be in both solutions. In gel solution of C,, derivatives
prepared without ozonolysis of initial solution of C_g, in

toluene the features due to C_,,O, are observed (that was
showed in analysis of IR spectra in Fig. 3, a) [4, 12].
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Fig. 11. The absorption spectra of C_,, in toluene

solution (a) and C__, derivatives in gel solutions prepared

m60
by UV light illumination of gel solution in air (d) and toluene
solution (c), (b) corresponds to gel solution prepared

from ozonolysed C_,, toluene solution

In order to built energy diagram (Fig. 12) of the electronic
transitions corresponding to the above experimental data we
take the known calculated value for the HOMO-LUMO gap

in C,s single molecule equal to ~1.5eV [14, 22] and
assume that the HOMO — LUMO electronic transition in
hydrated C,_,, and CeO molecules and aggregates with

ordered structure in water is 1,7-eV (insert in Fig. 8, a) and

similar electron transitions in C molecules in toluene is at

m60
1,8-eV (insert in Fig.9, a). The comparison between

electronic spectra of C,, derivatives in gel solution formed
by ozonolysis (Fig. 7, b) and C,, oxygen derivatives in gel

solution formed over UV light illumination

in air (Fig. 7 a) indicates the clear difference of the first with
appearance of absorption bands Ib, llb, llib. Positions of band
centers 220, 265, 345 nm are shifted to lower wavelengths
as compared with those corresponding to electric dipole-
allowed electron transitions between HOMO and LUMO in

C,.so Molecule (and also in their analogs in solid C,, ).

(Ener , eV
o yMoIecuIe C60 Cgo(=0)m(>0)n(-OH)s C600
e 2 CgoO(-OH)k Ul L 2
at 1 !
A 2u ! 1 ! 1 ;
- 5 ) T
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Fig. 12. IR transmittance spectra of C_, derivatives in adsorbed layers on Al,O, (100) substrate from C_,, derivatives formed

by the different methods: a — ozonolysis; b — UV light illumination in air. The positions of the absorption bands for vibrational
modes corresponded to > C-OH, >C=0H, C-O-OH, >C=0, C-O-C, C-OH, -OH groups [7, 12] and to vibrational

modes of C_., molecules are marked [3, 8]. The insert is the spectrum (a) in the range 2500 +4000-cm™. The vibration mode at

3306-cm™ was attributed to stretching vibrational mode of adsorbed -OH groups

The photo — reactive monolayer was formed by the
adsorbate molecule bearing a ketone group and a
benzophenone moiety on an Au-deposited Al,O, (100)
substrate. UV exposure caused the benzo phenone moiety
to induce the photochemical graft reaction with a
thermoplastic hydrocarbon polymer. The photo-induced graft
reaction suppressed the dewetting of a polymer thin film with
a c, on the ALO, (100) substrate. The dewetting
suppression was achieved at an exposure dose of 5 J cm?
at the irradiation wavelength of 254 nm. The dewetting

suppression enabled us to fabricate reliable fine patterns of
the polymer film by thermal nanoimprint lithography and the
Au film by subsequent wet etching. The positions of band Ib,
Ilb and lllb are 197, 249 and 322 nm (6.29, 4.97 and
3,22-eV ). These results are confirmed for the spectra of
the diluted solution in gel: it leads to decrease of the
absorption throughout the whole range. The observed shifts
of Ib, llb, lllb bands positions were interpreted as the
formation of C_,(=0,)(> 0),(-OH), taking into account

the IR spectra in presented Fig. 3, a, and analysis of the
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spectra of C_,, derivatives in gel solution, toluene (Fig. 5, 6,

a). They are consistent also with variations of absorption
features of C,g, molecule in after light irradiation and

photolysis [11]. In Fig. 7 the electronic transitions with
energy corresponding to the maxima Ib, Ilb, lllb for
Cmeo EOm)(>0),(-OH), are presented. Self-assembled

2D structures of Cgo derivatives have been a prime

target for observations by atomic force microscopy (AFM).
lobserved that molecules of Cg, form a 2D network on

Al,O3 (100 )substrate, driven by attractive intermolecular

interactions [5, 17], while the surface migration barriers are
comparatively small and charge transfer to the adsorbed
molecules is minimal. On the contrary, a significant charge
transfer is observed in repulsive forces between the
molecules that prevent the formation of a molecular add
layer network (see Fig.13). It was shown that the limiting
factor in the formation of self-assembled networks C g is

the nature of frontier orbital overlap and absorption
interface electron transfer. Various patterns determined by
the intricate interplay between directional hydrogen
bonding interactions and packing forces, including chain
molecule-molecule and C,q, Ssubstrate interactions, -

demonstrated the possibility of programmed surface
patterning  using Cmeo incorporating  directional

intermolecular interaction sites. | developed an effective
and facile method for self-assembling C,s, molecules into

hollow hexagonal nanoprisms with uniform size and shape
and controllable aspect ratio [14, 16].
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Fig. 13. The photo-induced graft reaction suppressed
the dewetting C,_, of a polymer thin film
on the ALO, (100) substrate. UV exposure caused
the benzophenone moiety to induce the photochemical
graft reaction with a thermoplastic C_, polymer

The following features associated with
C.e0(=0,)(>0),(-OH), compounds presence can be
pointed out in the range 400+1000 nm the spectra of C_,,
derivatives in gel solution formed by ozonolysis in toluene
and the spectra of C_,, derivatives in gel solution formed
over UV light illumination in air (Fig. 11, a-d): the weak band
at 408 nm corresponding to solid C_,, exists only in the
absorption spectra of C_,, derivatives in toluene before and
after ozonolysis (Fig. 11,a, c¢); the band near 450 nm with
higher absorptio n as compared with curve a in the spectrum
of C,,, derivatives in toluene after ozonolysis (Fig. 11, c);

the broad band at 482 nm in spectra of C_,, derivatives in

toluene after ozonolysis (Fig. 11, ¢) which is remarkably
shifted to shorter wavelengths compared to the band of

C. derivatives in toluene after illumination (536 nm).
These features of the oxidized and photolysed C_,, in

solution were associated with C_,,O formation [11, 15]. |
can assume that HOMO-LUMO electronic transition with
energies 1,9 and 1,27-eV (from insert in Fig. 10) can be
due to C_,, molecular aggregates and C_,,O in toluene,
respectively. These electronic transitions for C _,,O are are
presented in Fig. 12. In the spectral range 925 +1000- nm
(Fig. 11) the weak feature can be assigned if to consider
C,s0 caption as a constituent of the excited C, O
compound, and analyze the vibration mode at 964 -nm
(1,34-eV ). In the near — IR spectra this mode presents as
the result of the electrochemical oxidation C_,, applying a
potential sufficiently negative to cause the reduction of
resulted in the regeneration of C,_, [6, 11].

| tested the functionality of the thermoplastic C_g,

polymer and performed temperature - dependent
conductivity measurements on the bulk powder materials.
It was the room temperature value for C, , fell below

the experimental limit. Therefore, no temperature
dependence could be measured (Fig. 14). However, the

modifying C_ . powder drastically increased by at least
nine orders of magnitude compared to chains. Iis
temperature dependence resembled that of the C_,,,
indicating that conduction occurred through a percolated
three-dimensional network of C_.,. However, the room
temperature value of the modifying C_,, composite did not

reach the value of a C_,, network, which is expected to be

one or two orders higher in magnitude. This indicates the
existence of additional tunnelling barriers between the
C, - formed by the coating around C_, . As a further
indication of functionality enhanced thermal stability of the
composite, which decomposes in air higher. It investigated
the photophysical properties of the composite and
measured it's photoluminescent behavior ( A, =330-nm).

Shows, that's a broad emission maximum modifying C_g,
at about 410 -nm caused by reduced groups.
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Fig. 14. I-V characteristics of inverted C_., bulk-
heterojunction solar cells with and without light modification
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Another new concept for a solid-state cell consists of a
polymer organic semiconductor that combines the

functions of light-absorption and charge transport in C_,

material. Therefore, it's able to replace both the
transporting  excitation. The photoinduced charge
separation at the interface of an organic semiconductor has
been studied in relation to photovoltaic devices. For an
efficient charge generation, it is important that the charge-
separated state is the thermodynamically and kinetically
most pathway after photoexcitation. Therefore, it's
important that the energy of the absorbed photon is used
for generation of the chargeseparated state and is not lost
via competitive processes like fluorescence 410 -nm. In
addition, it is of importance that the charge — separated
state is stabilized, so that the photogenerated charges can
migrate to two of the electrodes. Therefore, the back
electron transfer should be slowed down as much as
possible. When an polymeric semiconductor is excited

across the optical band gap C,, . The excitation energies

and valence band was offsets of C_,, this molecular

semiconductor may allow electron ftransfer to the
conduction band of an inorganic semiconductor. It's

excitation energies C ., are no longer created at the

interface only, but throughout the whole organic material
for electronic devices.

Soluble modifying C_, composite has enhanced

conductivity and improved thermal stability. It's also
luminescent, optically active and can be processed from
solutions into films, coatings and fibres. Depending on the
synthesis conditions, the bithiazole based polymers
exhibited optical band gaps range 1,77 +2,62-eV and the
sopolymers displayed chromism within a wide span of the
visible spectrum. These observations are consistent with the
polymer adopting conformation. The circular dichromatic
spectrum for modifying C,,, showed that the polymerization

of aniline in the presence of C,_,, and doping did not inhibit

the polymer's ability to become optically active.
Conclusions. Finally, | will describe examples of
organic solar cell architectures in which all layers are
comprised of polymers that can be processed from
solution. | believe that these strategies pave the way to
very low-cost photovoltaic technologies with light-weight
and flexible form factors. | present the spectroscopic study
evidencing formation of hydroxyl-, epoxy- and keto-

derivatives of C_,, and analyze changes in the electronic
structure of C_ ., molecule associated with additions of
these functional groups. The skeleton of C_,, molecule is

assumed not broken on the basis of IR, Raman, UV-Vis,
XPS spectra of the C, ., derivatives. The electronic

O. IBaHI0Ta, KaHA. i3.-MaT. Hayk,
kacdhenpa enekrpodpisanku, pagiocdianyHum cdakynbteT
KviBcbkui HalioHansHUI yHiBepcuTeT imeHi Tapaca LlleBueHka

transitions in the spectra of identified C_,,0, C_,,0(-OH),

and C_,(=0,)(>0),(-OH), are presented (see Fig. 12).

These transitions can play a role in process of new
photosensitizers. The copolymers revealed short switching
times and useful optical contrast respectively. These
devices exhibited low switching voltages and switching
times with reasonable stability under atmospheric
conditions. | believe that these findings provide the basis
for novel smart organic materials of great use in smart
optoelectronic applications and devices.
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BIIACTMBOCTI 3MIHEHUX ®YIIEPUTIB
Aana oPrAHIMHUX ®OTO YYTIIUBUX NMPUCTPOIB

3miHeHi ¢pynepumu C,, 6ynu euzomoesneHi wnsxoMm HepadiayiliHo2o onpomiHeHHs1 i 030HyeaHHs1 Cg 8 2eniesoMy po34uHi. ExcnepumeHmanbHi
docridxeHHs1 6ynu npoeedeHi e ynbmpacghionnemoeomy, eudumomy, iHgppadepeoHoMy diana3oHy criekmpie pamaHiecbkoro criekmpockonieto, XPS i ACM.
Cmpykmypu 3miHeHux C,,, 8 2esliceoMy po34uHi (aepezamu 3 2idpamoeaHuMu 38'A3kamu) eueyanucs. 51 npedcmaensito pe3ynbmamu 6i0 Mo4yamgoeoz20
eubopy 3pa3kie, Wo rpyHmyemscsi Ha iHghopmauii kKeaHmoeoi cmpykmypu i cynymuix enacmueocmed, ix MOPIHSIHHS 3 pe3y/ibmamamu 6i0 064uUCIIeHHs
winbHocmi ¢pyHKUioHana meopii dns egpekmueHocmi ¢homoeneKmpuUYHO20 MPUCMPOI0 Ha eghekmi akyernmopHO — OOHOPHOI apximekmypu. lMopieHsIHHSA
crnekmpasnbHux ocobniueocmeti 3miHeHuUx C,,, 3 0aHuMu 01151 adcopboeaHux wapie A0360/1UII0 8USBUMU CePil 2i0POKCUNIBLHUX 2Py 8 3MiHEHUX Cpyp,.

Knroyoei cnoea: ¢pynepumu C,, ¢pynepon, 2idpokcin-, ernokcin-, kemo-3mMiHu, erekmpoHa cmpykmypa, 36inbweHe nosepxHeee iHgpayepeoHe

noasiuHaHHs1.



~ 22 ~ B 1 C H U K KuiBcbkoro HauwioHanbHoro yHisepcurerty imeHi Tapaca LleBueHka ISSN 1728-2306
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kacheagpa anekTpodusnku, paguodmsnyeckuin pakynbteT
KneBckui HaumoHanbHbIN yHUBepcUTeT uMeHn Tapaca LLleB4yeHko

CBOMCTBA UBMEHEHHbIX ®YNNEPUTA .
anAa oprAHUYECKUX ©@OTO YYBCTBUTENbHbLIX YCTPOUCTB

WN3meneHHble ¢pynnepuma Cp, 6binu u320moesieHbl MymeMm HepaduayuoHHO20 0O6slyyeHUs1 U 030HuUposaHusi Cg 6 2e/egsoM pacmeope.
SkcnepumeHmanbHble uccriedoeaHusi 6bu1u npoeedeHbl 8 YbmpaghuosiemoeoM, euUGUMOM, UHEpaKpacHOM duana3oHax CreKmpoe pamaHO8CKOU
cnekmpockonuu, XPS u ACM. Cmpykmypbl u3sMeHeHHbix C., 8 2e/sleeoM pacmeope (azpezambl C 2udpamupo8aHHbIMU C8SI35IMU) u3yyvanuchb. 5
npedcmaensito pe3ysibmamsl oM nepeoHa4YabHo20 8bibopa 06pa3y,08, OCHOBbLIBAsICL Ha UHGhopMayUU O UXKeaHMoe8olU cmpyKmype u Cornymcmeyroujux
ceolicmeax, UX CpasHeHuUe C pe3y/bmamamu ebI4UC/IeHUsT MJIoMmHOCMU ¢hyHKYUOHana 8 meopuu 0Onsi aghghekmueHoCcMuU ¢HOMO3IEKMPUHECKO20
ycmpoiicmea Ha 3ghghbekme aKuyenmopHbIx — OOHOPHOU apxumekmypbl. CpasHeHuUe crieKmpasibHbix 0cobeHHocmell u3MeHeHHbIX C.,, OaHHbIM Onsi
adcopbupoeaHHbIX C/10€68 M0380J1UJIO 8bISIBUMBL CEPUU 2UGPOKCUNIbHbIX 2Py 8 U3SMEHEHHbIX Cpyy,.

Kmrouesnle cnoea: ¢pynnepumsi Cp,,, ¢hynepos, 2uGpPoKcusibI-, eMoKcUs-, KeMo-U3MEHeHUs], 3/IEKMPOHHasi CMpPyKMypa, yeesiu4eHoe roeepxHocmHoe

uHgpakpacHoe rnoasioujeHue.
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OPTIMIZIATION WEB-APPLICATIONS WITHOUT USERS GENERATED CONTENT
FOR RELIABILITY AND PERFORMANCE USING NGINX TECHNOLOGY

The paper is considered to approach to develop reliable and productive web-application. Contradiction between performance,
achieved by building system from different, dedicated to one task, nodes, and reliability is analyzed. Proposed technical solution based

on nginx that eliminates the contradiction.
Keywords: web-applications, reliability, performance, nginx.

Introduction. Recently there has been continued
growth in both the number of online users and Web
applications (sites, services, social networks) [1] The
growing number of users requires a web application a
significant increase in performance due to the fact that the
process visits to web resources has a random nature with
significant fluctuations. And customer service even visiting
peaks should occur at the time of the order of 1-2 seconds
[7]. At the same time the web application requires
reliability, so even 15 minutes disability sites lead to a
significant reduction of its position in Google SERP [6].

So actual is the problem of building Web applications
that have improved reliability and performance
simultaneously. But these IT requirements are often those
that contradict each other. This contradiction occurs
because that productivity is generally associated with
parallel operation. This parallel operation requires some
parts of specialization that prevents duplication of their
work to ensure reliability.

Implementation. In this paper we propose a technical
solution that is optimal in terms of reliability and
performance. As the criteria of reliability, we used a
disability, as well as performance criteria — the number of
components that can perform the work at once.

To construct the solution we used technology nginx [4].
Nginx is a free, open-source, high-performance HTTP server
and reverse proxy. Nginx was started in 2002, with the first
public release in 2004. Nginx now hosts nearly 12.18%
(22.2M) of active sites across all domains. Nginx is known
for its high performance, stability, rich feature set, simple
configuration, and low resource consumption. [5] Scheme of
the standard Nginx configuration shown in Fig.1.

As can be seen from the scheme in the standard
technology Nginx configuration ensures reliable operation
in the case of a single server. However, any server can fail
for a number of reasons such as hardware or software
failure, network failure, or even problems with the electricity
in the data center.

As can be seen from the scheme in the standard
technology Nginx configuration ensures reliable operation
in the case of a single server. However, any server can fail
for a number of reasons such as hardware or software
failure, network failure, or even problems with the electricity
in the data center.

@ Backend
§!
Worker Processes
| | Application
| | ()| File System
| | Web Server
g

| Master |

Fig. 1. Scheme of Nginx

The standard way to improve the reliability of system
works is mirroring servers, and the reserve server can be
located even in a different data center. In case of failure of
one server it is possible to switch to another. However, the
use of reserve systems can not improve the performance of
the system as a whole, as the work performed by one
anyway. To improve performance main and reserve servers
have to serve clients simultaneously. It is clear, that in the
case where users generate the content this architecture
become complex because it requires synchronization of
content between servers when the user change it. But there
are a number of services, such as [3], where it is not
necessary to modify the stored content in response to the
user actions. The proposed solution is designed for these
systems. The main idea of solution is to create mirrored
copies of the service, access to which is performed under
round robin, implemented by domain name system service
[2]. Scheme of the round robin is shown in Fig. 2.

The main problem of this solution is that it requires
storing complete copy of the data on all used servers and
therefore takes up more memory than the parallel
operation of specialized copies. As the solution of this
problem it is proposed to use natural feature of database
cache — keeping in memory the data that are used more
commonly. But in order to work, data used to serve client's
request has to hit the cache in the server. So, on every
server users requests have to be limited to some subset, of

© Kotenko A., Gryaznov D., Boyko Yu., 2013
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Fig. 2. Scheme of the round robin v v
. Datab Database
all requests, and every server handles it's own part. To atabase
implement this mechanism it is proposed to use Nginx v v
server. |t is flexible enough to define by configuration how Cache Cache
to distribute requests to servers to make cache effective.
Also in case of failure of one of them, requests are handled v v v
by working servers. This detection efficiency of the server File System File System
is done automatically by analyzing the responses. The

general scheme of the proposed solution is shown in
Fig. 3. Example of Nginx configuration is shown below.
upstream application_application {

server 127.0.0.1:8090;}
upstream local_application {

#prefer local application over remote

server 127.0.0.1:81;

server server_2:81 backup;}
upstream remote_application {

#prefer remote application over local

server server_2:81;

server 127.0.0.1:81 backup;}
server {

listen 81;

location / {

proxy_set _header Host $host;

proxy_pass http://application_upstream;}

}

server {
#handle client's requests
listen 80;
server_name server_1;
location / {

#query classification.

if ($arg_query !~* "A[0-9a-n]") {
proxy_pass http://remote_application
break;}

if ($arg_query ~* "A[0-9a-n]") {
proxy_pass http://local_application;
break;}}}

A. KoTeHko, acn., [. FpsAsHoB, acucT., l0. Boiko. kaHAa. di3.-maT. Hayk, Aol.,

KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LlleByeHka

Fig. 3. The proposed solution in general

Conclusions. The proposed solution can improve
overall system performance by parallelizing work on
several servers and effectively using resources of all
processors and of total memory of all servers. Also it
increases reliability of all system. On failure of a server
response time increases, but overall the service keeps
running smoothly.
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ONTUMI3ALIA BEB-AOAATKMU 3A HALIUHICTIO TA NPOAYKTUBHICTIO 3 BUKOPUCTAHHAM
NGINX TEXHONOr Y BUNMAOKY BIACYTHOCTI KOHTEHTY, LLO TEHEPYETbLCA KOPUCTYBAYAMU

Y cmammi posansHymo nidxid 0o nobydoeu eidMoeocmilikoeco ma npPodyKMueHo20 8e6-3aCMOCYHKY. PoszansHymo npomupiyus Mix
npodyKmuseHicmio, sika docsizaembCsi 3a paxyHOK creyianisayii ay3snie cucmemu, ma HadiliHicmio cucmemu. 3anpornoHo8aHo MeXHiYHe PileHHs1 Ha OCHO8I

nginx, sike 3Himae ye npomupiyysi.

Knroyoei croea: eeb6-3acmocyHku, HaditiHicmb, npodykmueHicmb, nginx.

KoteHko A.C., acn., l'psisHoB [1.B., accucr., boiiko 0. B., kaHa. ¢pn3-mart. Hayk.,

KneBckui HaubloOHanbHbIN YHUBepcuTeT umeHn Tapaca LleByeHko

ONTUMU3ALUA BEB-NMPUNOXEHUIWA NO HAQEXXHOCTU U BbICTPOAECTBUIO C UCMONb3OBAHUEM
TEXHONOIM NGINX B CITYHAE OTCYTCTBUA TEHEPUPYEMOT O MNMOJIb3OBATENAMUN KOHTEHTA

B cmambe paccMompeH nodxo0 K MOCMPOEHUI0 0MKa30ycmoul4uebIx U npou3eodumeribHbIX 8e6-npusoxeHuli. PaccmompeHo npomueopeyue Mexady
npou3sodumesibHOCMbI0, docCmuaHYmyo 3a cHem creyuanusayuu y3/108 U Ha0EXHOCMbIO cucmeMbl. [TpedIoXeHO MEXHUYECKOe peuleHUe Ha OCHo8e

nginx, Komopoe cHUMaem fpomueopeyue.

Knroyesnie cniosa: 8e6-npusoxeHusi, HAOEXHOCMb, MPOU3800UMesIbHOCMb, Nginx
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SURFACE MODES IN THIN FILMS OF PERMALLOY (NiFe)

Surface modes in spin wave resonance in as prepared thin films of NigFe;, were studied. From 4 samples with 25, 50 75 and 100 nm
of thickness only two (50 and 75 nm) have one surface mode. Using the surface inhomogeneity (Sl) model with antisymmetric boundary

conditions, the surface anisotropy constant K and variation of magnetization near the surface on the film 0 _M_ were determined. Also
the critical angles 0], between the external magnetic field and the normal to the film's surface were defined. At this critical angle the

surface mode coincide with the mode of uniform precession.

Key words: spin-wave resonance, Permalloy, thin film, surface mode, surface anisotropy

Introduction. Improving the technology of thin
magnetic films allows their use in spintronic devices and
microwave technology. Therefore there is an interest in
their studies. As a powerful technique, the low energy
excitations of spin waves and ferromagnetic resonance
(FMR) play an important role in the study of thin films.
Microwave technique can be used to investigate magnetic
anisotropy, interlayer coupling, magnetic relaxation, film
quality, and so on [3]. The spin wave resonance technique
is the only way to study the surface modes. This sort of
excitation is due to the surface anisotropy energy being
different from the bulk value. The contribution of the
surface energy is significant in thin films. Possibility of
surface mode excitations are controlled by the state of the
surface and close-to-surface inhomogeneities of the
magnetization. Therefore the information about magnetic
properties of the surface is available from the spin wave
resonance experiment.

Experimental results and discussion. The samples
were prepared by Electron Beam Evaporation (EBE) and
have 75 and 50 nm of thickness. Measurements were
carried out at room temperature using a Bruker E580 EPR
spectrometer, with a fixed microwave frequency of 9.45
GHz. The goniometer was used to vary the angle. Samples
were placed into the cylindrical mode resonator.

Figure 1 shows the sample oriented relative to some right-
handed X-Y-Z frame such that the sample normal is parallel to
the Z axis. External magnetic field Hexx and magnetization M

lies in ZY plane. 8,, is the angle between Hex and the sample
normal Z, © is an angle between Mand Z.

X

Fig. 1. Disk, field, and static magnetization geometry
for the static equilibrium and FMR analysis

The spectra obtained for different angles 0, presented

in Fig. 2 and Fig. 3.
At the critical angle all modes except one vanish. We
observe it as a transition of the surface mode into an uniform

mode at the 6, =6 . At 0, =0° the distance between the

surface mode H, and the uniform one H, is maximum and
with increasing of g, this distance decreases (Fig. 4). As we
cansee, H decreases faster than H,.

°] 83" ——p 01=0°
] A
44
3
g
¢
o
£ o]
] |
1 eH=4°/
9 10 11 12 13 14

Field, KOe

Fig. 2. Spin wave resonance spectra for different orientations
of the applied magnetic field for 75 nm film

1 9H=0°
. 9H=6°

J |
7

9H=4°

10 11 12 13 14
Field, KOe

Fig. 3. Spin wave resonance spectra for different orientations
of the applied magnetic field for 50 nm film

To use the S| model, we should decide which
boundary conditions must be used first. This information
could be extracted from perpendicular (6, =0°)
magnetization data. The surface mode exists in two
cases [1,8]: symmetric (if anisotropy is easy-plane,
Ky <0) and anti-symmetric boundary conditions. For
symmetric boundary conditions the spin pinning
parameter is the same at each film's surface
(g,=¢,<0). For the case &, =-£,, one surface has
easy axis anisotropy, and the second one — easy-plane.

© Laguta O., Kobljanskyj Yu., 2013
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Fig. 4. Angular dependence of resonances fields Hs
and H, for 75 nm film. H, are circles and Hs — squares

The resonance condition for normal magnetization is

given by [1]:
_0 _2A 2
H—?+4nMS ﬁ/’ kS 1
s
2
ctgk d = K —E&, (2)
k(& +¢&;)

1. &, =&, <0. Solving numerical the equation (2) we can

get k, = ”%, L - the film's thickness and k =ik, . Real

wave number give ordinary standing volume spin waves,
and imaginary k — surface mode. From experimental data of

surface mode's position Hs and Eq. (1) we can calculate k ,
using (2) — spin pinning parameter & and then the position
of the next resonance line H,. For the 75 nm film we get
k, = 2.3x10%cm™, &\ ~2.9x10°cm™, H, =12,7 KOe.

2. & =-¢,. There are also real Kk, =7T% and
imaginary k =i¢. Similarly we get k =|¢~2.3x10°cm™
and H, =13.5K0Oe.

Fig. 5 represents the comparison of calculated H,, with
experiment for 75 nm film. Namely, for anti-symmetric
conditions calculated value of H, agrees well with the
experiment, while for symmetric conditions this value is
less on 500 Oe. The same procedure was applied to 50 nm

film and similar results were obtained. Now it's clear that
both samples have anti-symmetric boundary conditions.

Anti-symmetric

8] Symmetric — —_

12 13 14
Field, KOe

Fig. 5. Comparison of calculated H,
with experiment for 75 nm film

The Sl model [4] was used to fit the experimental data.
In this model boundary conditions include surface
anisotropy energy and magnetization inhomogeneities
close to the surface [7]. A simple form of the surface

anisotropy Eg ~-Kgcos®(0) is taken, where K; is the

surface anisotropy constant. Using the equation of motion
of magnetization the dispersion relation is written follow [5]:

2
(wj = Hcos(e—eﬁ,)4r4rcMeffcos(26)+ﬁk2 x
Y Mg
)
X{Hcos(e—eH)+4nMeffcosz(e)+ifkz}
S

4nM,, = 4nMg —;—K . And the equilibrium condition is

S

2H  sin(0-0,,) = 47M sin(20) @)

The case k*<0 provides purely imaginary k = ik,
which describes damping of the microwave component of
M with decreasing distance from the surface, so this case
corresponds to the surface modes. The resonance field Hg
for the surface mode is larger than field H, for an uniform.
Since the shift Hg —H,, is small, we can get from (3) in the
first approximation [2]:

2
Hg =H, + 2A ko
Mg cos(0-9,) ®)

According to [6, 7] the boundary conditions lead to the

equation for the allowed wave vectors k; :

_ (p1 + pz)ks
tanh(k,L) = Krpp, ®)
p=—(Ks/A)cos(20)+(0,Ms)/Ms (7)

where ps and p; are values of p at the two surfaces of a
film. As we already discussed our samples have anti-

symmetric pinning parameters, p,=-p,. 0, denotes the
directional derivative along normal to the surface, so the
term (9,Ms)/Ms accounts for possible variation of the

magnetization close to the surface.
Equation (6) for allowed wave numbers is to be solved
numerically. However, for typical parameters one can

evaluate that k. >1 unless we are very close to the
critical angle and two approximate solutions are:

ki = pi.k, = p,. (8)

Therefore we expect two surface modes if |p,| #|p,| -

For anti-symmetric boundary conditions p, =—p, only one

surface mode is seen.
With the approximate solution (8) we can rewrite (5) in the form:

S rjeos(0-5,) <2 el

AM,
x| cos 20 —AM
KS MS

where the exchange constant A=10"°erg/cm.

9)

Table 1
Summary information
cr cr Ks,
L, Ok Ok KIS’ > | erglem? 0,Ms
nm SImodel | experiment | "M | g/ model | Oe/nm
75 6° 5° 0,18 0,32 15
50 6,7° 5° 0,19 0,31 10
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Now we can plot the left hand side of equation (9)
(defined as X) against cos(26). If model is correct we
expect a straight line, with deviations perhaps in the very
vicinity of the critical angle. We can get the surface
anisotropy |Ks| from the slope of this line and the

interception with the x-axis gives the magnetization
variation (8,M;)/M; .

Fig. 6 represents the comparison of the SI model with
experimental data. It is seen that we have straight line
within the experimental error which confirms the proposed
model. The fitted values of surface anisotropy constant K

are reasonable, and are collected in Table 1. We want to
mention that the critical angles determined from the
extrapolation of the straight lines agree well with the same
angles observed directly in the experiment.

0.9
Cos(20)
Fig. 6. Dependence of X against cos (28)

Naryra O., cTyA., Ko6naHcbkun 0., kaHAa. §is.-maT. Hayk,
KviBcbkui HalioHansHUI yHiBepcuTeT imeHi Tapaca LlleBueHka

Conclusions. Angular dependence of surface modes
in Permalloy thin films was studied. The surface anisotropy

constant K and magnetization variation (8,M;)/Ms were

determined using the SI model. The values of K are in a

good agreement with ones from the standing spin wave
resonance experiments. Also this model provides the
information about critical angles of surface modes'
existence, which are in the agreement with experimental
results. The SI model works well unless we are very close
to the critical angle. So, the difference between fitted and

experimental 0, may be caused by limitations of the
surface inhomogeneities model.
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NOBEPXHEBI MOAU B TOHKUX MIIBKAX NMEPMAIJIOIO (NiFe)

HocnidxeHo noeepxHeei Modu 8 moHkux niekax NiggFe;p Memodom cniH-xeunb08020 pe3oHaHcy. I3 4 3pa3skie mosuwyuHoro 25, 50, 75 ma 100 HM nuwe
dsa (50 ma 75 HM) maromb Mo OOHill nosepxHesili Modi. Bukopucmosyo4yu mModesib HeOOHOPIGHOCMI MO8EPXHI 3 aHMUCUMEMPUYHUMU 2PaHUYHUMU

ymoeamu, 6ysio eusHa4yeHO KOHCMmaHmy rnoeepxHesoi aHizomponii KS i eapiauito HamazHi4YeHHOCMI 8HMS no6nusy nosepxxi nieku. Takox 6ynu

. . cr . P . . . .
8U3Ha4YeHI Kpumu4HI Kymu GH MK 308HIWHIM Ma2HImMHUM noneM ma HopMaso 00 noeepxHi mieku. lMpu AocsizHeHi KPUMUYHO20 Kyma rosepxHesa

Moda 351ueaemicsl i3 MOOOHO 0GHOPIGHOI Npeyeci.
Knroyoei cnoea: cniH-xeunboeuii pe3oHaHc, nepmasioli, MOHKI nilieku, noeepxHesea Moda, noeepxHesa aHizomponisi

Naryra O., cTya., Ko6nanckun 10., kaHA. ¢ums.-mar. Hayk,
KueBckuit HaubloHanbHbIW YHUBepcuTeT umeHu Tapaca LlleByeHko

MNOBEPXHOCTHbIE MO[bl B TOHKUX NMITIEHKAX NEPMAIJNOA (NiFe)

HUccnedoeaHbl noeepxHocmHbie MoObl 8 MOHKUX nneHkax nepmasnnosi NigFe, Memodom cruH-e0/1HO8020 pe3oHaHca. U3 yembipex obpasyoe
monuwurol 25, 50, 75 u 100 Hm dea (50HM u 75 HM) umerom o oOHOU NosepxHocmHou mode. Ucronb3ysi Modesib HeOOHOPOGHOCMU 08EPXHOCMU C

aHMUCUMMEMPUYHBLIMU 2PaHUYHLIMU YCI08USIMU, OnpPedesusiu MOCMOSHHYIO noeepxHocmHol aHusomponuu K, u eapuayuio HamazHU4eHHOCMU

0 nM s 86n1u3u nosepxHocmu nneHku. Takke 6biu onpedesieHbl Kpumu4yeckue yenbli Gf_,r Me»(dy Me»(dy B6HEeWHUM Ma2HUMHbIM roJsieM U HopmMasbio K

nosepxHocmu reHku. [Mpu docmukeHUU KpUMUYeCcKo20 yaria Mo8epxHOCMHasi Moda criugaemcsi ¢ MoAoli 0OHOPOOHOU npeyeccuu.
Knrouesble crioea: crnuH-80/1H080L Pe30HaHC, nepMasiioll, MOHKUe MI1IeHKU, Mo8epxXHOCMHasi Moda, Mo8epxXHOCMHasi aHU30MpOonusi.
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X-BAND TUNABLE MICROWAVE FILTER BASED ON SURFACE
ELECTROMAGNETIC WAVE RESONATOR AND YTTRIUM IRON GARNET FILM

Microwave properties of X-band microwave filter based on the surface electromagnetic wave resonator and yttrium iron garnet (YIG) film
are investigated theoretically and experimentally. It is shown that the filter can be easily tuned by an external bias dc magnetic field, and by
analyzing the system's behavior in the magnetic field one can determine an effective anisotropy field of the YIG film. Obtained results might
be important for the development of magnetically-tuned microwave devices and also for the characterization of magnetic films.

Key words: microwave filter, surface electromagnetic wave resonator, yttrium iron garnet film, magnetic field, coupled oscillations.

Introduction. The surface electromagnetic wave
resonator (SEWR) [5-8, 10, 12—-16] utilizes the surface
electromagnetic  waves  (SEW), well-known in
microwaves, optics and quasi-optics [1, 9]. Microwave
properties of bare SEWRs and resonators on different
dielectric substrates are studied thoroughly during last 15
years (for instance, see Refs. in [5, 10]). Such interest to
the SEWRs is caused by the following important key-
features of the resonator [5-8, 10, 12—-18]:

(a) It consists of only one conducting (or superconducting)
film, instead of microstrip systems, that should have at least
two conducting electrodes for proper operation;

(b) In accordance to (a), the fabrication technique of the
SEWR is quite easy, at least easier than for microstrip
systems;

(c) Fundamental mode of the SEWR can be easily
excited by TE1p mode of a rectangular waveguide and the
efficiency of the resonator can be easily tuned by changing
an angle between the SEWR's plane and a wide wall of the
waveguide;

(d) Electromagnetic oscillations corresponding to the
stationary SEWs are characterized by large amplitude of
microwave currents, excited in the conducting film, due to
the high concentration of SEWSs' electromagnetic field near
a surface of the film.

In accordance to (a)-(d) SEWRs could be considered
as promising base elements for different waveguide-type
microwave devices. It seems that one of the most
important applications of the SEWRs is an active
microwave device based on nonlinear nano-elements, for
instance, Josephson junctions [5, 10, 12-15, 18]. Such
systems can be used for the creation of microwave signal
sources [5], microwave detectors [5, 10, 12, 15], voltage
standards and other metrological applications [5, 18].

However, in typical experimental situation SEWR can
not be used for the creation of wide-band microwave
devices, because its unloaded Q-factor is quite large (~10°
for metallic resonators), while the mechanical changing of
an angle between the resonator's plane and wide wall of a
waveguide is a low-efficient technique that is inconvenient
in practical application. In order to realize the non-
mechanical tuning of the resonator's frequency, we attach
an yttrium iron garnet (YIG) film to the resonator and tune
the obtained system by an appropriate change of an
applied external dc magnetic field.

In this work we show that the SEWR with attached YIG
film operates as a tunable by a dc magnetic field microwave
filter. We develop an analytical theory of such filter and
compare theoretical results with the data of microwave
measurements that allow us to determine an effective
anisotropy field of the YIG film. We believe that the obtained
results are important for the development of magnetically-
tuned waveguide-type microwave devices and also could be
used for the characterization of magnetic films.

Experiment. The schematic of used experimental
setup is shown in Fig. 1. It consists of a microwave source

connected via a microwave transmission line to the
standard 3-cm waveguide section 4, where the filter is
situated, and the indicator of a scalar network analyzer,

which is used to determine the reflection coefficient |S,;| of
considered filter (see Fig. 1).

Microwave oscillator 5 Indicator
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Fig. 1. Schematic of used experimental setup:
1 - waveguide-to-coaxial connector, 2 — directional coupler
of the incident wave, 3 — directional coupler of the reflected wave,
4 — the SEWR in the waveguide section, 5 — interconnecting cable,
6 — connecting coaxial cable, 7 — RF connecting cable,
8 — magnetic field sensor based on Hall effect, 9 — electromagnet

To analyze the signals reflected from the resonator we used
standard technique based on measurement of the standing
wave ratio of the standing wave in the waveguide section 4
using directional couplers 2, 3 (see Fig. 1) [3, 11, 19].
Waveguide section was made from the material that is
transparent for an external bias dc magnetic field. The mag-
netic field was created by a controllable electromagnet 9 and
measured by the sensor 8 based on Hall effect (see Fig. 1).

The considered filter consists of the half-wavelength
aluminum SEWR (resonator's length is 10.8 mm, its width
is 5mm and its thickness is 15 mkm) on the dielectric
substrate (its lateral sizes are the same as for the SEWR
and its thicknes is 0.5 mm) and YIG film of lateral sizes of
10.0x5.0 mm® and thickness 30 pm on a gallium
gadolinium garnet substrate of thickness 0.5 mm. The
layout of the filter is shown in Fig. 2. The distance between
the aluminum resonator and the YIG film was equal to a
sum of the both substrates' thicknesses.

The filter was situated inside the waveguide section as
it is shown in Fig. 2. Angle between the resonator's plane
and a wide wall of the waveguide, o, was chosen to be
approximately 30 degree that corresponds to the optimum
excitation conditions of the resonator.

External bias dc magnetic field was in-plane and
directed along the length of the resonator; the magnitude of
the field was controlled by an electromagnet and measured
by a Hall-effect magnetic field sensor. At every value of the
applied field we measured the amplitude-frequency curve
of the filter in the frequency range 8.15 GHz — 12.05 GHz.

© Malyshev V., Melkov G., Prokopenko O., 2013
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The frequency measurement error was about 50 MHz,
while the field measurement error was 10 Oe.

X-band rectangular waveguide section

Al,O; dielectric substrate

]\

7 / SEWR

YIG film

Buffer layer with low dielectric permittivity
GGG dielectric substrate of the YIG film

Fig. 2. The layout of the considered filter in the X-band
rectangular waveguide section

Theory. Taking into account the complexity of the full
electromagnetic problem for considered filter in the
waveguide section, we develop an approximate analytic
theory based on the method of coupled oscillations [2].
Although this approach is not rigorous, it will give
satisfactory results, precise enough to compare results of
the theory and the experiment.

Maxwell equations for the SEWR excited by the
magnetization m have the form [2, 4]
roth—ikee =0, (1)
where i=+-1, e and h are the complex amplitudes of
electromagnetic fields, ¢ is the dielectric permittivity of the
resonator's substrate, k=w/c, w=2xf, f is the
frequency of the fundamental mode of the SEWR, and ¢ is
the speed of light.

From the other hand, magnetization of the YIG fiim is
excited by an electromagnetic field of the SEWR. In that

case the linearized equation of motion of magnetization
can be written as [4]:

icom+(oH[m><zo]:—yMo[ZO><h], (2)

rote +ikh=-i4rnkm,

where H, =z H, is the external bias dc magnetic field, z,
is the unit vector directed along the external field (it is
parallel to the surface of the resonator), M, =z,M,, M, is

the saturation magnetization of YIG fim, o, =vyH,,
vy~ 2n-28 GHz/T is the modulus of the gyromagnetic ratio.

We present the microwave magnetic field of the
fundamental mode of the resonator as

h=h, +grad ¢, (3)
where h, satisfies the condition divh, =0 and ¢ is the
magnetostatic potential [4].

Eigen fields of the SEWR e, and h, can be
determined from the equations
rote, +ikh, =0, roth —ikzce =0. 4)
They also determined by the orthogonality conditions
[hhdW =DA, .,  [elegrad W =0, (5)
w w

where W is the volume, where the fields are not
negligible, A, is the Kroneker's symbol.

Eigen functions of the YIG film, m, and ¢,, must
satisfy the equations [4]

io,m, +o, [m,xz,]+yM,[z,xgrad ¢,] =0 (6)
and
[[m,xm;Jav =iz,N.A,,, @)
v
where V is the film volume.
Using the equations for eigen functions (4), (6) and
taking into account the orthogonality conditions (5), (7), one

can obtain from (1), (2), the equations for coupled
oscillations:

(0-0,)a,D, +@;bn£h; (4nm, +grad ¢,)dV =0,
(0—a,)Nb, +yM,¥ a, [hmidV =0. (8)
v %

In the simplest case, when there are only two modes, the
one is the fundamental mode of the SEWR (of the

frequency o, ) and other is the fundamental mode of the

YIG film (of the frequency ®, ), we can obtain from (8) the
characteristic equation
(0-0,)(0-0,)DN,—oyM,ll, =0. (9)

Here I, =[hj(4mm,+grad ¢;)dV, I, =[hmidV. This
v v

means that the frequencies of coupled oscillations o,, are
given by the expression:

Oy, :Wi%\/(mr _0‘)!)2 +2K (o, +or)+K*, (10)

K = YMylil,
D,N

|

where is the coupling coefficient.
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Fig. 3. Dependence of the resonance frequencies
of the filter f on an external bias dc magnetic field H:
lines are calculated using Eq. (10), while points
are the measurement results

Results and discussion. The dependence of the
response frequencies of the filter on a bias dc magnetic field
is shown in Fig. 3 (lines are the theory results, while points
are measurement's data). As one can see the resonance
frequency of the SEWR (curve f. in Fig. 3) practically does

not depend on the magnetic field magnitude, when the field
is weak enough. However, this dependence is crucial when

the frequencies f. =w, /2n and f, =w,(H,)/2n are equal

and the coupling coefficient K from (10) is maximal. That
condition gives a value of the resonance bias dc magnetic
field (in our case this field is about 2750 Oe).

Comparing the frequencies calculated using (10) with
the measurement points, we found that the optimal fit of the
theoretical and experimental results can be obtained when
using dc magnetic field Hy; =H,+AH in (11). Here H, is

the real dc magnetic field applied to the YIG film and AH



ISSN 1728-2306

PALIO®I3UKA TA EJIEKTPOHIKA. (2)20/2013

~ 29 ~

could be the effective anisotropy field of the film. In our
case AH was small enough, AH =-67 Oe. However, we

believe that such approach to determine AH can be
successfully applied for the characterization of magnetic
films with high anisotropy fields.

Conclusion. We have demonstrated that the SEWR
and attached YIG film operates as a microwave filter, which
can be tuned by applying a bias dc magnetic field to the
system. Comparing theoretically predicted results and
measurements data one can estimate an effective field of
the film anisotropy. These results might be important for
the development of magnetically-tuned waveguide-type
microwave devices.
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NEPEBYIOBYEMUIN HBY ®INbTP 3-CM [IIANMA30HA HA OCHOBI PE3OHATOPA
NOBEPXHEBOI EJIEKTPOMATIHITHOI XBUNI TA NNIBKK 3ANI30-ITPIEBOIO rPAHATY

Teopemu4HO ma eKkcriepuMeHmasbHO O0Cslid)KeHO Mikpoxeuwlbosi enacmusocmi HBY hinbmpa 3-cm Oiana3oHy Ha OCHO8i pe3oHamopa MoeepxHesol
eslekmpomMazHimHol xewni ma nnieku 3anizo-impieeozo 2paHamy (3IF). MokazaHo, wo makuli ¢hinbmp nezko nepebydosyemscsi Mo Yacmomi 308HIWHIM
nocmitiHum Maz2HimHuM nosnem, i docnidxyroyu noeediHKy cucmemu e MacHImHOMY rosli, MOXHa eu3Hayumu egbekmueHe rosne aHisomponii nniexku 3II.
OmpumaHi pe3ynbmamu MoXyms 6ymu KOpUCHUMU npu po3pobuyi MazHimokeposaHux npucmpoie HBY ma npu eus4eHHi enacmueocmeli MacHimMHUX MTigoK.

Kntoyoei cnoea: HBY ¢hinbmp, pe3oHamop noeepxHesoi esieKmpomMazHimHol xeusi, nieka 3aniso-impieeo2o epaHamy, MazHimHe rone, 38'A3aHi
KOJIUBaHHS1.

B. Manbiwes, acn., I'. MenkoB, a-p ¢u3.-mat. Hayk, npod., A. [IpokoneHko, kKaHA. (hn3.-maT. HayK, AoL,.
Kacdbeapa HaHO(pM3MKM U HAHOINEKTPOHUKK, paauoduanyecknin pakynbter
KneBckui HauMoHanbHbIN yHUBepcUTeT MeHn Tapaca LLleByeHko

NEPECTPAMBAEMbIN CBY ®UNbTP 3-CM AUANA3OHA HA OCHOBE PE3OHATOPA
NOBEPXHOCTHOW 3JIEKTPOMAIHUTHOWU BOJIHbI U NMIIEHKU XXENE3O-UTTPUEBOIO NIPAHATA

Teopemuyvecku u 3KcnepuMeHmMasnbHO uccriedoeaHbl MUKpPoOEosIHoeble ceolicmea CBY ¢punbmpa 3-cm Ouana3oHa Ha OCHoee pe3oHamopa
noeepxHOCMHOU 351IeKmpoMasHUMHOU 80JIHbI U MJIEHKU Xefe3o-ummpueao20 2paHama (XKUr). [Moka3aHo, ymo makoli ghunbmp siecko nepecmpausaemcsi
10 Yacmome 6HEWHUM MOCMOSIHHBbIM MagHUMHbIM 1oJ1eM, U uccriedysi nogedeHue cucmeMbl 8 Ma2HUMHOM [10/1e, MOXXHO ornpedesniumsb 3ghghekmueHoe
nosne aHuszomponuu nneHku XXUI. lNonyyeHHble pe3ynbmambsl Mo2ym 6bimb MonesHbIMU Npu paspabomke MazHUMoynpaesnsieMbix ycmpolicme CBY u
npu usy4eHuu ceolicme MazHUMHbIX MI1IEHOK.

Knroqeebie crnoea: CBY ¢hunbmp, pe3oHamop rnoeepxHOCMHOU 3/1eKmpoMazHUMHOU 80JIHbI, MJIEHKA XeJle30 - ummpueso20 2paHama, MazHUMHoe
nore, cesizaHHbIe Kosieb6aHust.
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SPACECRAFTS AUTOMATIC DOCKING SYSTEM WITH ACTIVE INFRARED MARKERS

Servicing satellites on-orbit requires ability to rendezvous and dock by an unmanned spacecraft with no or minimum human input.
Future space exploration missions will rely upon "smart” autonomous systems that require highly sophisticated vision systems.
Emergence of novel computer vision algorithms and active markers will lead to a new generation of rendezvous and docking systems in
the near future. Such systems will be capable of autonomously detecting a target satellite at a begining of the last rendezvous phases,
estimating its bearing, range and relative orientation under any illumination, and in any satellite pose.

Keywords: satellite rendezvous and docking, marker-based vision, active markers

Introduction. The major space-faring nations are
currently developing prospective manned transportation
systems of the new generation. They include: advanced
manned and cargo transport spacecrafts, inter-orbital
transfer facilities, manned missions to the Moon and Mars,

Lunar and Martian orbital complexes, landing on the
surface of the planets and returning to the Earth. These
facilities have diverse operating conditions, tasks specifics
and dataware peculiarities at various flight stages. Traffic
control and navigation system of the facilities under

© Martysh E., Yatsenko V., 2013
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development is one of the most complex airborne systems
in terms of volume, tasks diversity, dataware and
apparatus implementation. One of the traffic control and
navigation system objectives is the navigation support task
at all flight phases, which includes: convergence and
docking with the orbital complex (or inter-orbital tug),
convergence and docking with the Lunar or Martian craft.

For orbital operations variety performed during the orbital
maintenance, spacecrafts (SC) automatic convergence and
docking implementation will be necessary. During the
convergence analysis it is usually considered that one of the
spacecrafts is moving along the known orbit and it isn't
maneuvering. This passive spacecraft is called the target
(TSC). Mostly, it is the International Space Station (ISS), in
case of the near-earth orbits. Maneuvering spacecraft, which
mostly performs the docking part, is the active one (ASC). In
general, the docking of these two spacecraft consists of the
following stages: remote guidance, close guidance, final
approach and docking.

Automatic guidance system uses certain previously
chosen guidance method according to measurable
movement parameters and produces control signals
realized by the control-oriented system and active
spacecraft engines. At the final approach stage TSC
should be considered as a solid complex with a specific
configuration and orientation, and not as a material point.
In this case, granting the small movement parameters
quantities, the question of special automatic measuring
devices and guidance methods which take into account the
TSC orientation and optimize the final approach trajectory
development arises.

Docking system. "Igla" — the guidance system for the
manned spacecraft "Soyuz" convergence and docking
has been developed in the Soviet Union. The first
prototypes of the system have been made in 1965. The
first automatic convergence and docking of the "Soyuz"
unmanned spacecraft took place on October 30, 1967.
Guidance and convergence has been carried out in a
range of 20-30 km, with the method of parallel guidance.
The "Igla-1" (active one) used three sets of antennas:
overview (second SC search), the gyro-stabilized (for the
passive part respond auto-tracking "Igla-2") and a set of
approach antennas. In 1976, the "lgla" system has been
upgraded and used after that until 1985.

In 1979 the second generation of movement parameters
mutual measurements system "Kurs" development has been
initiated. Its main features were the presence of the reserve
system build-in test control system, androgyny (distance and
speed measurement on both SC), large ranges of the
measured parameters, high measurement accuracy, the fly-
by necessary information issuance. All of that has
determined the high equipment reliability, its good adaptation
to the satellite control systems of various types, including
orbital stations with complex configuration. Since 1985,
"Kurs" equipment delivery has begun for all SC from RSC
"Energia", SSSPC named after M.V. Khrunichev. In 1986 the
first "Soyuz TM-2" docking using "Kurs" equipment took
place, and this equipment has been used since then [1].

On the basis of the "Kurs" equipment the work for the
independent monitoring system of the ATV (European
Space Agency) AC convergence with the ISS process has
been carried out since 2000. The information processing
using special computer of their own design is provided in
this apparatus. The "Jules Verne" has been the first
European automatic cargo SC, designed for the purpose,.
The successful docking took place on April 3, 2008. The
new generation high precision navigation system set which
has been designed for managing trajectory and docking
process with the ISS using optical sensors and the GPS
technologies has been installed on the spacecraft [4].

The GPS system has been used so that the ship from a
distance of 30 km could get closer to the ISS on the
distance of 249 m, and then use the laser navigation
system, which is based on the retroreflectors, located on
front of the Russian module. At the same time the laser
beams reflected from the retroreflectors are generated by
the laser system located on the ship. Analysis of the
reflection pattern has allowed to calculate the spacecraft
relative position and orientation, and then "Jules Verne"
has been able to approach and dock with the module. The
cargo AC docking with the Russian ISS module simulation
is shown in Fig. 1. The ship is equipped with two such
devices. One of them is reserved.

Fig. 1. Simulation of "Jules Verne" docking
with the Russian module of the ISS

The apparatus complex "Kurs-NA" development works
are carried out since 2003. It is intended to replace the
active part of the "Kurs" equipment on future SCs [2]. The
main feature of the new equipment is almost complete
analog signal processing abandonment with all the
functions performed by microprocessors and the
introduction of a new antenna into the equipment, which
literally is antenna array with phase control. The new
antenna will serve as a highly directional antenna with a
gyro-stabilized platform, which is the part of the "Kurs"
equipment. Recent modification consumes less power and
has only one antenna (and not 5 as in the preceding). It
should be noted that its orbit tests on the transport SC
"Progress M-15" in July 2012 have not been entirely
successful — the system has not coped with the docking
program at the first attempt.

It may be mentioned that all the system modifications
have been developed by the Moscow Scientific and
Technical Complex "Precision instrumentation technology”
(up to 2010 — SRI-TP) and have been manufactured
(except for the "Kurs- NA" ) at the Kyiv Radio Factory.

Docking with the radar has its drawbacks. First of all, it
can be inconvenient for an astronaut to maneuver on the
spacecraft by viewing only the radar imagery, unlike video
or images direct viewing. Radar measurements of range to
the other satellites, the relative velocity and direction of
convergence may not be sufficiently accurate. Moreover,
as a rule, system of radar images has insufficient
information on relative or angular orientation.

Alternatively, the docking operation performed by an
astronaut on one of the SC can be performed by an
operator on Earth. Unfortunately, the video information
transmission delay to the Earth regarding distance, speed
and direction, and then the command and control
information transmission from the operator on Earth to the
SC makes such procedure quite difficult.
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Any type of control loop will have a negative impact on
such delay. Of course, there are several opportunities for
direct communication between the spacecraft and earth-
based operators. There will be additional delays in the
transmission to the satellite due to the absence of direct
communication of operators on Earth with spacecraft.
Naturally, these additional transmission delays will make
the situation even worse.

We have already proposed the above system
modernization using time-of-flight laser range finder. By
reducing the duration of the laser pulse to hundreds
picoseconds, the measurement accuracy of up to few
centimeters can be achieved. However, this accuracy may
be insufficient in the latter stages of final approach and
docking. A joint analysis of the existing and future docking
systems for the chosen method of obtaining the information
allows general requirements formulation for individual
nodes and devices in the optical system. Primarily, it
concerns the optical radiation source characteristics, the
optical scheme, the measurements data processing,
storage and readout system.

At the intermediate docking phases mathematical
movement models and pre-orientation devices based on
satellite systems such as GLONASS, GPS or GALILEO
can be used, which are good pre-orientation instruments
required for the ASC entry into the nearest TSC region and
the beginning of the docking process last phase. Certainly,
the signals receiver from all three systems simultaneously
is the best option for such a device.

The need for back-up systems such as an independent
infrared range finder on the picosecond laser for the
penultimate docking phase can be determined by the
analysis of the promising developments. This device is
necessary not only for measuring the relative distance in
real time, but also for speeding up the mathematical
processing when generating the commands for the control
equipment (engine brakes and boosters). However, the
laser interferometer (LI) [3], installed on the ISS can
provide stable information on the relative distance with
precision to the tenth of centimeter, which in its turn gives
better opportunities during the docking last phase.

Interesting coherent technique, mentioned above (LI), is
the so-called self-mixing or optical feedback interferometry
that relies on the coherent optical echo signal backscattered
by the remote target that reenters the cavity of a laser diode
(LD), thus generating a useful interferometric signal. The
advantages of the self-mixing approach are its low cost and
compactness and the very simple self-aligning optical setup
that does not require a reference path. Several distance
measurement approaches have been proposed based on
fringe counting in the self-mixing configuration, achieving a
resolution of a few millimeters. In this paper we only present
a new approach to absolute distance measurement based
on the self-mixing effect, which makes use of an electronic
feedback loop to achieve a resolution that is limited by the
detection shot noise and not by the discretization error that
is associated with the conventional fringe-counting
technique. The feedback loop generates a square-wave
modulation of the LD wavelength that exactly corresponds
to a 2 variation in the interferometric phase; that is, the
number of wavelengths that is contained in the path from
the LD to the target and back again is varied by unity. Then,
the target distance can be easily derived from the
knowledge of the applied wavelength modulation. The
performance of the prototype instrument that has been
developed features a 0.2 — to 3-m measuring range, with a
resolution of 0.3 mm.

However, the basis of the proposed docking system is
active optical markers (AOM) to track spacecrafts motion,
so their angular orientation, with the glow of the most

tokens. Active systems over passive, have greater
accuracy and the ability to cover more working area.
Additionally, light sources (e.g. laser diodes) may be
pulsed, which enables to capture a significant amount of
markers which are closest to each other. That they can
simultaneously use temporary and polarization separation
of markers imaging for further processing.

The requirements in rendezvous and docking problems
lead to control problems with imposed pointwise-in-time
and terminal constraints on both state and control
variables. For instance, the approaching spacecraft must
maintain its position within a Line-of-Sight cone from the
docking port on the target platform. In addition, terminal
velocity of the spacecraft should match the velocity of the
docking port to ensure soft-docking. Since the platform has
convex shape, by remaining within a Line-of-Sight cone
and by matching the velocity of the port, the spacecraft is
guaranteed not to collide with the platform, and the
spacecraft fuel consumption must be minimized during the
maneuvers. The above requirements and constraints can
be systematically treated using a Model Predictive Control
framework and active optical markers.

The feasibility of optical movement interferometric
sensor with millimeter sensitivity use is shown. The
proposed method of small spacecraft movements
evaluation enables its use in docking system at the
adequate marker parameters. The solid-state laser treated
by ionized radiation functioning analysis and its response
to the space weather factors have been conducted. The
forecasting systematic combination and risk minimization
feasibility considering the space weather has been shown.

The possibilities of using optical image recognition
methods in spacecrafts docking system analysis has been
conducted. This review contains a comparison of modern
classification and recognition methods. The following
methods are reviewed: a) spacecraft optical imaging and
markers consistent recognition based on dynamic
programming; b) recognition method using a decision-
making functions; c) optical image recognition using
statistical methods; d) optical image recognition based on
the most informative features and dynamic approach. It is
shown that due to information increase, there is a
recognition algorithm learning possibility.

Conclusions. The dynamic programming approach
towards marker patterns has been proved to be useful in
sequential video system designing, the optimal structure of
which can be considered as a multistage decision making
process. It is shown that the actual decision making
structure with the sequential marker patterns recognition,
which includes both the choice of continuing and the
choice of stopping the observations sequence is obtained
by recursive risk functions optimization. The resulting
sequential classifier requires, on average, a smaller
number of feature measurements (and therefore is less
expensive when measurements cost is involved). Since the
classifier observes one measurement at a time and never
requests more than a predetermined number that would
have to be used in an equally reliable nonsequential
classifier for a single decision.

It is possible to provide docking system on the basis of
AOM, which is based on automatic objects finding and
recognition with the definition of their angular direction on real
time scale. The proposed system also provides resistance
to brightness change and geometry of the observed objects
and their location. The undoubted advantages of this
system include: high probability of finding and recognizing
TSC (as a target), small mass characteristics and operation
on real time scale. Finally, the possibility of constructing the
AOM-based panoramic optoelectronic system without
scanning should be mentioned.
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CUCTEMU 3 AKTUBHUMU I4-MAPKEPAMMU
anAa ABTOMATUYHOIO CTUKYBAHHA KOCMIYHUX AMAPATIB

HAns obcnyzoeyeaHHsi cynymuukie Ha op6imi eumazaembcsi 30amHocmi 0o 3671 451 | cmuky 3 doromozoro 6e3miIoMmHUX KOCMIiYHUX
anapamie, 3 eidcymHicmio abo MiHiManbHUM empy4YaHHsIM JIOOuUHU. Malibymui exkcneduuii 3 docnidxeHHs1 Kkocmocy 6ydymb noknadamucsi Ha
"iHmenexkmyanbHi" aeémoHOMHi ycmoiicmea, Ansi sikux nompi6Hi Ayxxe cknadHi cucmemu mexHiyHo20 30py. lMosiea HogUX anz2opummie KOMI'*oMepPHO20
30py i akmueHux Mapkepie rnpu3eede Ao HOBO20 MOKOJIHHSI cucmeM 36/IUKeHHs i cmuKyeaHHs1 8 Hallbnuxvomy malbymubomy. Taki cucmemu 6ydymb
30amHi aeMOHOMHO eusienAMmu Yinboeull CyrmymHUK Ha cmapmi OcmaHHIX emanie 36/IUuXeHHs, OouiHoeamu Uio20 nesieH2, €i0danb ma 8iGHOCHY
opieHmauyito npu 6ydb-s1KoMy oceimsieHHi i 8 6yOb-sIKOMY [i020 MOJIOKEHHI.

Knroyosi crosa: 36nuxxeHHs1 i cmuKyeaHHs1, MapKepHUL MeXHiYHUU 3ip, akmueHi MapKepu.
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CUCTEMbI C AKTUBHbIMA NK-MAPKEPAMU
AnA ABTOMATUYECKOM CTbIKOBKU KOCMUYECKUX ATMMAPATOB

HAns o6cnyxueaHusi cnymHukoe Ha opbume mpebyemcsi cnoco6HOCMU K COIUXEHUID U CMbIKOBKE C MOMOWbI0 6ecrnusiomHbIX KOCMUYeCcKuX
annapamos, ¢ omcymcmeueM Unu MUHUMasbHbIM 8MellamesibcmeoM Yesioeeka. Bydyujue akcneduyuu no uccredogaHuro kocmoca 6ydym nonazamscsi
Ha "umersnniekmyasibHble" a8MOHOMHbIe ycmolicmea, Os1s1 KOmopPbIX MPe6YHMCsl O4YeHb CIIOXHBLIE CUCMEMbI MEXHUYECKO20 3peHusi. [losieneHue Ho8bIX
asl2z0pummoe KOMIMbIOMEPHO20 3PEHUSI U aKmueHbIX MapKkepoe rpueedem K HOBOMY [OKOMEHUIO cucmeM COUXEHUs] U CMbIKOBKU 8 6nuxatiuem
6ydywem. Takue cucmembl 6ydym crnocobHbI a8MOHOMHO O6Hapyxueamb yesiegoli CrymHUK Ha cmapme rnocsieGHUX amarnoe cOnuxeHusl, oyeHueamb
e20 nesieHe, yoaneHue U omHOCUMesIbHYH OpueHMayuro rpu 1r60M oceeleHUU U 8 JI060M e20 MoJIoKeHUU.

Knrodeeble croea: conuxeHue u cmbiKogka, MapKepHOEe MEXHUYECKOE 3PEHUE, aKmUBHbIe MapKepbl.
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INFLUENCE OF THE ELECTROLYTE ON TRANSPORT CHARACTERISTICS
OF ION-SENSITIVE SILICON NANOWIRE FIELD EFFECT TRANSISTORS

We report on the effect of the electrolyte on transport properties of open-gated silicon nanowire (NW) field effect transistor (FET)
biosensor studied using noise spectroscopy. Exposing the Si NW FET to the electrolyte solution affects the threshold voltage, because
it shifts the potential of the top dielectric layer. Also electrolyte ions screen the effect of the gate dielectric traps on channel transport.
NWs of different lengths were used to exclude contact effects and show consistency of the measurement.

Key Words: silicon nanowires, open-gate, noise spectroscopy, electrolyte, biosensor.

Introduction. Silicon nanowire field effect transistors
(Si NW FETSs) are promising structures for the development
of new biosensors due to their property of directly
translating |interactions with target molecules into readable
signals [6], [5]. These structures are highly sensitive and
selective and are capable of real-time response and label-
free detection. However, there are several important
challenges, such as the stability and reproducibility of the
operation of such sensors in a liquid environment due to
the property changes of the thin gate dielectric when
exposed to an electrolyte for a long time [4]. In this
contribution, noise spectroscopy was employed to
characterize the performance of the Si NW FET biosensors
with the electrolyte solution (working as a top gate of the
NW FET structure) on top and also without it. The influence
of the electrolyte on transport was studied by changes of
the device transport and noise characteristics. The results
show that the electrolyte solution not only influences the
threshold voltage of the transistor, but also affects the
charge state of the surface traps.

Experimental Details. Transport and noise properties
were measured and analyzed in Si NW FETs with a width
of 500nm and a variety of lengths from 2 to 16um (Fig. 1A).
The nanowires were produced on the basis of silicon-on-
insulator (SOI) wafers using nanoimprint technology with
subsequent wet chemical etching of the NW structures.
The contacts to the NWs were highly As implanted, so the
NW represented a FET with inverted n-type channel. The

NW sensors were protected from the electrolyte by a thin
thermally grown SiO; passivation layer (10nm thickness).
The measurements were performed with phosphate-
buffered saline (PBS) electrolyte on top of the passivation
layer of the NW FET structure and without electrolyte (in
air) at different back-gate voltages, Ve.
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Fig. 1. (A) SEM image of a 500 nm wide silicon nanowire.
(B) Sketch of the measurementset-up
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The back-gate voltage, Vs, was applied to the
substrate of the silicon-on-insulator (SOI) wafer. The
schematic of the experiment is shown in Fig. 1B. The
potential of the drain, Vps, as well as the back gate, Vg,
was set against the grounded source. In all experiments
shown here, Vps, was set to a value of 100 mV to
maintain a linear regime of operation of the NW transistor.
In this regime, the differential resistance of the sample
equals the normal value of resistance, which makes it
much simpler to evaluate the normalized current noise
spectral density (NCNSD), S/P, using the measured drain
voltage noise spectral density.

It should be noted that the noise spectra and the |-V
curves were measured in a constant DC mode. The drain
voltage, Vpps, and back-gate voltage, Vs, were applied using a
battery loaded with the sample and a load resistance.

Results and discussion. The transfer characteristics
of the Si NW transistors were measured in DC mode in air
and in electrolyte (Fig. 2).
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Fig. 2. Transfer curves of the 8um Si NW FET measured
in air (red curves) and in PBS (black curves) plotted
on linear scale(A) and on logarithmic scale(B)

The measurement set-up was as described above. The
drain current, Id, controlled by the back-gate voltage is
higher in air than in the electrolyte in overthreshold mode, at
Ve>Vrm (Fig. 2A) and higher in electrolyte than in air in
subthreshold mode, Vg>V7. It should be emphasized that
each point of the transfer characteristics was measured at a
stabilized drain current. After the back-gate voltage was
applied, the drain current increased with time until it reached
a certain saturation value. The time between applying the
gate voltage and saturation of the drain current was around
20 min in the case of air and around one minute in the case
of electrolyte. The leakage current through the back-gate
electrode was negligibly small (below 0.1nA). Therefore we
suggest that such an effect is related to charging of the traps
located in the top dielectric layer through the back-gate
electrode [2]. The time constant of such a process is so large
because the traps are charged with extremely small currents
through the back-gate dielectric. The decrease of the
charging time in the electrolyte can be explained by the

effect of charge screening. In the presence of the electrolyte,
the charge accumulated in the top passivation dielectric is
immediately screened by the ions of the electrolyte solution.
Therefore the conductivity of the channel changes much
faster in the electrolyte, but the influence of the back gate on
the channel through the charging of top dielectric layer
decreases. The slope of the transfer curve is higher in air
than in the PBS solution (Fig. 2A). And this difference can
also be explained by charging the top dielectric layer through
the back gate and the screening effect in the electrolyte. In
the subthreshold region (Fig.2B), we can observe that the
subthreshold current in the electrolyte is higher than in air.

As mentioned above, all measurements were
performed at low drain voltages (100mV). In such a regime,
the subthreshold current is not related to transport through
surface states, but is mainly defined by diffusion [1]. The
increase of the subthreshold current in PBS solution can
again be explained by screening of the potential of the top
dielectric layer by ions in the electrolyte. In the
subthreshold mode, negative overdrive gate voltages are
applied to the sample, and screening of the negative
overdrive potentials by ions in the electrolyte means
shifting the surface potential to zero, which, in turn, leads to
an increasing drain current. The curves measured in air
and in PBS solution coincide within the close vicinity of the
zero overdrive gate voltage. This means that screening
does not occur in this point and that the zero overdrive gate
voltage is close to the flat-band point. Therefore we can
conclude that introducing PBS on top of the NW transistor
affects transport in the transistor through screening of the
surface potential of the top dielectric layer [3].

Behavior similar to that described above is also
registered in the samples with different channel lengths.
The drain current with the same value of the overdrive
gate voltage, Ve—V, is plotted versus the channel length
of the device in Fig.3.
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Fig. 3. Drain current through Si NW FETs measured in air
(red curves) and in PBS (black curves) plotted versus
chanel length at drain voltage of 100 mV in subthreshold
mode (A) and in overthreshold mode(B)

The drain current is well scaled with the length of the
sample (Fig. 3A in air and Fig. 3B). Contact resistance
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can be estimated from the dependence of the drain
current on length by linear approximation (Fig. 3A in Air).
The value obtained is in the range between 8 and 12
kOhm for different measured chips, which is much lower
than the device channel resistance, even when it is
opened. Only Si NWs with shorter channels (4 and 6 ym)
are affected by the contact resistance (Fig. 3A in Air). In
the case of the PBS solution on the surface of the Si NW
biosensor, the subthreshold current is higher than in air
and vice versa — the overthreshold current in PBS is
lower than in air. Subthreshold current in PBS (Fig. 3A) is
no longer scaled with length. This may be due to the fact
that the current in the subthreshold region is strongly
affected by the electrolyte, which influences the surface
potential of the gate dielectric.

The influence of PBS on transport in Si NW FET is
also confirmed by noise measurements. Fig. 4 shows the
normalized current noise spectral density (NCNSD), S/P,
at subthreshold and overthreshold voltages measured in
air and PBS. In the subthreshold region, NCNSD in the
device decreased when PBS was introduced into the
sample. This decrease can be partially explained by the
changing of the subthreshold current. This current
increased by a factor of 3 (Fig. 2b at an overdrive gate of
-0.2V) after submerging a sample in PBS. Therefore, the
NCNSD, S/, has to decrease by approximately one
order of magnitude, but from Fig. 4A we can see that the
value of NCNSD is more than one order of magnitude
lower in PBS compared to that as in air.
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Fig. 4. Normalized current noise spectral density (NCNSD),
S/I", at sub-threshold (A) and overthreshold (B) overdrive gate
voltages measured in air (red curves) and PBS (black curves)
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This is possible only if the exchange between the Si
NW channel and the traps in the gate dielectric is affected.
Thus, this decrease of NCNSD can be explained by the
changing of the surface charge state in the sample's top
dielectric due to PBS electrolyte adsorption and the
screening effect as well as only a partial contribution of the
increased subthreshold current. In the region above the
threshold, submerging the sample in PBS results in a small
increase in the amplitude of fluctuations in the sample. The
lower value of the current at Vs-V7r, = 1.0 V in PBS only
partially influences the normalized noise level behavior.

The difference in NCNSD cannot be explained only by
the difference in current. In this case, the current in air is
approximately 3.25 times higher than in PBS (Fig. 2A),
which means that without any other factors NCNSD should
be at least an order of magnitude lower than in PBS. Our
results show that exposing the nanowire samples to PBS in
overthreshold mode decreases NCNSD only slightly.
Therefore as in subthreshold mode, the overall excess
noise in the Si NW channel is lower when we expose it to
the electrolyte, in spite of the fact that the
transconductance is lower in PBS than in air.

Conclusion. Transport properties of silicon nanowire
field effect transistors exposed to air and to the electrolyte
solution were investigated and compared utilizing noise
spectroscopy. The results were obtained under quasistatic
conditions in DC mode. It has been shown that the
submerging of the nanowire samples in PBS affects the
current in the NW channel by screening the charges, which
accumulate in the top dielectric layer due to coupling
between back and front gate. The investigated nanowire
structures show good reproducibility in parameters. The
devices of different lengths show similar behavior with the
electrolyte and air on top. The produced Si NW FETS are
well scaled with length and have contact resistance in the
range of 10 kOhms, which is much lower than channel
resistance. The noise measurements show that the
electrolyte influences transport properties in the Si NW
channel not only by screening surface potential, but it may
also change the charge state of the traps in the top
dielectric layer. As a result of such influence, the value of
the excess noise is much lower in PBS than in air in the
subthreshold region.
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BNNMB ENEKTPONITY HA ENEKTPO®I3NYHI XAPAKTEPUCTUKHN
IOHHO-YYTNUBUX NMNONbOBUX TPAH3UCTOPIB HA BA3l KPEMHIEBUX HAHOHUTOK

HocnidxeHo ennue enekmponimy Ha enekmpogizu4Hi eracmueocmi iOHHO-4ymaueuXx MosIbO8UX MpaH3ucmopie Ha 6a3i KpeMHieaux HaHOHUMOK 3a
00IMoMO200 WYMOEOI CreKMPOCKonii. 3aHypeHHs1 MoIb08020 MpaH3ucmopa Ha 6a3i KpeMHieeux HaHOHUMOK 8 PO34YUH eflekmposimy npu3eodums Ao
3cy8y rMopo208oi Harpyau mpaH3ucmopa 3aedsiku 3MiHi nomeHyjany eepxHbo20 wapy dienekmpuky. Takox ioHU enleKmposimy ekpaHyomb ernue nacmok
8epxHbL020 wapy diesIeKMPuUKy Ha MPaHCropm 6 KaHasi mpaH3ucmopa. [ns euknoyeHHs1 KOHMakmHux eghbekmie ma nidmeepdxeHHsi docmosipHocmi
eknepumeHmy 6ys10 NPoeedeHo 8UMIPIOBaHHST MPaH3UCMOpie 3 Pi3HOH O0EXKUHOIO KaHasty.

Knroyosi crosa: kpemHiesi HaHOHUMKU, 8iOKpUMuL 3ameop, WyMosa CreKmpOoCKonisi, eniekmposnim, 6ioceHcop.
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BITUAHUE SNEKTPOJIUTA HA SNEKTPO®PUINYECKUE XAPAKTEPUCTUKHN _
MOHHO-YYBCTBUTENbHbLIX NOJIEBbIX TPAH3UCTOPOB HA BA3E KPEMHMEBbLIX HAHOHUTEW

UccnedoeaHo enusiHue aniekmposiuma Ha 3fekmpogu3sudeckue ceolicmea UOHHO-4y8CmeumesbHbIX MosieebIX MpPaH3ucmopoe Ha 6a3e KPeMHUeabIX
HaHOHUMell ¢ MOMOWLI0 WymMoeol criekmpockonuu. [ozpyxeHue rosieeo2o mpaH3ucmopa Ha 6a3e KpeMHUesbIX HaHOHUMell 8 pacmeop 3neKkmponuma
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REMOTE MEASUREMENT OF POLARIZED RADIATION PARAMETERS

In this work a method for measuring the polarized radiation parameters by determining its ellipticity angle and azimuth of
polarization ellipse is describes. It is proposed to additionally mechanically modulate the polarization plane of the analyzed radiation,
pre-calculating the modulation amplitude. This method allows measuring relative Stokes vector components of radiation with highly

accuracy in the entire optical range.

Keywords: polarized radiation, Stokes vector components, remote measurement

Introduction. Polarization is a fundamental physical
characteristic of the radiation, which is conditioned by
electromagnetic nature of light. Its measurement, followed
by a theoretical analysis is a powerful diagnostic tool. The
polarization state of light carries information not just about
the characteristics of separate particles but also about the
surface of the objects. Polarization methods of analysis
have been used particularly in medicine [1, 2, 5], during
studying material surface [4], in aerospace remote sensing
[3, 8]. Increasing the accuracy of determining the Stokes
vector components of the polarized radiation is an
important and urgent problem.

In [6] authors proposed a photopolarimetric method for
determining the polarized radiation parameters. The basis
of this method is the measurement of the ellipticity angle
and the azimuth of the polarization ellipse of optical
radiation by Stokes polarimeter with the modulation of the
polarization plane of analyzed radiation by Faraday cell.
The active element of a Faraday cell is transparent in the
near-infrared range yttrium iron garnet. Additional
modulation of the polarization plane of the radiation
increased the accuracy of the ellipticity angle and the
azimuth of the polarization ellipse measurement, and,
consequently, the relative values of the Stokes vector
components. However, using the yttrium iron garnet as an
active element of Faraday cell limits the application of the
proposed Stokes polarimeter by IR range. Additionally, the
domain structure of yttrium iron garnet partially depolarizes
passing light radiation that reduces the accuracy of the
determination of the Stokes vector components.

In this work the Stokes polarimeter is described, in
which instead of a magneto-optical Faraday cell is
proposed to use a mechanical modulation of the
polarization plane. This Stokes polarimeter will allow to
provide studies of radiation in the entire optical range
without significantly reducing the accuracy and sensitivity
of measurements.

Description. Block diagram of proposed Stokes
polarimeter is shown in Fig. 1. To determine the azimuth of
the polarization ellipse A and the ellipticity angle o one
needs to make two measurements.

While measuring the azimuth of the polarization ellipse
A the most transmission plane azimuths of analyzers 71

and 2 are set to -6 and B+6 angles respectively

(Fig. 1, a). The angle 6 is pre-calculated so that the signal-
to-noise ratio at the output of photodetector was maximal
[7]. The switch 5 converts the voltage into an alternating
electric signal by passing signals in turn from the two
photodetectors 3 and 4.

w
o

9

Fig. 1. Block diagram of Stokes polarimeter:
1 - M4 phase plate; 2, 3 — analyzers; 4, 5 — photodetectors;
6 — switch; 7 — amplifier; 8 — synchronous detector;
9 — ammeter (indicator)

Intensities of radiation at the output of the analyzers will
be given by:
lour, = é(k1 +ky)x[1+(1-2Gd) pcos 20cos 2(A - B +0) | ;
loyr, = %(k1 +k,)x[1+(1-2Gd) pcos 20cos2(—B-0) ] ,

where | is the total intensity of the incident radiation; k,,
k, are the principle transmittances of polarizing prisms;

Gd is polarization defect of prism, p is the polarization

degree of the analyzed radiation.
© Skrypets A., Tronko V., Asanov M., 2013
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By setting up the photopolarimeter to minimum signal at
the photodetector output, measuring the most transmission
plane azimuths of analyzers, one determines the
parameter A by the following equation:

T
A=—+B . +A,
2 Bmm

where B.. is the most transmission plane azimuth of

analyzer at which the intensity of radiation at its output is
minimum; A is the measurement error.

To determine the ellipticity angle o A/4 phase plate is
putted in front of the analyzers. Most speed plane azimuth of
phase plate a is set in the direction of a large (or small) axis
of the polarization ellipse of the light A (Fig. 1, b). In this
case, the equations for intensities of the radiation at the
analyzers output will be as following:

lour, :é(h+k2)><[1+(1—ZGd)p0032(m—[3+a+6)] ,

lour, :é(h +ky)x[1+(1-2Gd) pcos2 (0B +a—0) ]

By setting up the photopolarimeter to minimum signal at
the photodetector output, the angle of ellipticity o is found
from the following equation:

I
=—+B_.
CO 2 Bmm

The expressions for determining the Stokes vector

components are following:

—a+A.

_ IOUTmaX + IOUT .

min

k, +k,

IOUTW B IOUT,,W,

(/omw +loyr. )(1 ~2Gd)

xcos2(g+ﬁmin +A] ;

M = pcos2wcos2) =

_IOUT

min

IOUT

max

(IOUTM +loyr., )(1 ~2Gd)

xsin2(£+[3min +Aj ;
2

C =pcos2esin2i =

A. Ckpuneub, KaHA. TeXH. Hayk, B. TpoHbko, A-p ¢i3.-maT. Hayk,

/ OUT, 0 / OUT,

(IOUT,nax +lour,, )(1 - 2Gd)

xtg2 (g + Boin — O+ A]

S =psin20 =

Conclusions. 1. Proposed Stokes polarimeter with a
mechanical modulation will allow to provide high-precision
measurement of polarized radiation parameters in the
entire optical range.

2. It should be noted that the described Stokes
polarimeter has two channels, which negatively affect the
measurement accuracy due to the fact that it is difficult to
achieve an absolute equivalence between the
characteristics of two channels.

3. Furthermore, the performance of this Stokes
polarimeter is low due to the mechanical type of modulation.
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SOME PECULIAR PROPERTIES OF OSCILLATORS WITH AUTOMATIC BIAS

Differential RC-cell (grid leak) is inserted to the circuit of the feedback of oscillators for automatic bias so additional phase rotation
appears that causes some shift of the generated frequency in comparison with the resonance frequency of the oscillatory circuit.

If the feedback is strong enough, the automatically bias results also to the appearance of interrupted generation, where the
periodicity of the pulses becomes irregular. This is caused by internal noises causing the moment and the magnitude of the appearance

of the next pulse.

Key words: phase rotation, frequency shift, interrupted generation, irregular periodicity.

Introduction. The automatic bias (so called grid leak)
is often applied in order to stabilize the operation of the
auto-generators (oscillators). The grid leak is an RC-cell
inserted into the circuit of the transistor base [3, 4].

The oscillations that are detected (rectified) by the
diode being formed in the base circuit on the p-n junction
existing between the base and the emitter of the transistor.
In the base circuit a current Ip arises creating a voltage
drop Rlp on the resistor R which counteracts with the
voltage Eg, decrease the direct voltage on the base, lowers
down the working point on the common emitter—base
characteristic and locks the transistor. This effect becomes
so stronger so stronger are the generated oscillations.

Thus owing to the automatically bias the self-excitation
of the oscillator begins in a soft regime, but the following
operation occurs in a more economical steady hard regime.
But the existence of a differential RC-cell in the feedback
chain must in any way affect on the process of the self-
excitation and on the generated frequency.

As is well known, the generated frequency is
determined by self-excitation phase condition
Ve +y, =2 where v, is the phase rotation in the

amplifier, and y, — in the feedback loop.

In the oscillator, similar to shown in Fig.1, vy, is
determined by the corresponding switching of the
inductances L and Lrg so as to form y, =n . And with the
oscillator where the transistor is switched in the scheme
with a common emitter, the condition vy, == is satisfied if

the load in the collector circuit is purely active that is
exactly at the resonant frequency of the oscillating circuit.

Fig. 1. Schematic diagram of the oscillator

The gridleak inserted into the input circuit of the
transistor is a differential RC-cell that creates in the
feedback loop a shifting of phase ¢(w)=arctg(1/ wr),
where the t1=RC is the grid leak time constant, and o -
the generated frequency which is no longer exactly equal
to the resonant frequency , of the oscillating circuit, and

will be different from its as Ao = 0 -,

The phase shift delivered by the grid leak must be
compensated by a phase shift in the oscillator circuit

w(m)z—arctg(ZQ&), due to its detuning on the Ao.
o

Therefore for the performance of the phase condition it

may be [1, 7]

arctg(i) = arctg(ZQ@) ,
W,T

o g
or i = 2Q& ,
®,T ®,
hence Ao = 1 .
2Qr

Further it must be verified, if it will be performed the
amplitude condition of the self-excitation, because by the
detuning of the oscillator circuit on Am the module of the
its equivalent resistance decreases

Re u Re u
| Zpu(Aw) |= Z = q1
\/1+(2QA‘”)2 \/1 Ly
o, ®yT

For instance, when w,=10°s",Q=30, C=0.5nF,
R =1k, the shift of the frequency is
1 1

W= = = 3,33.10%s™".
2Qtr 2.30.5.107°.10
As for the amplitude condition,
Re u Re u Re u
| Zog (Aw) |= z = z =

1 1 V5
1 : \/1 S
\/+(%Rc) *Hor10°5.90™)

and the supply for the self-excitation amplitude condition
must be greater than in the absence grid leak of 2.23 times.

This in account of availability of the automatically bias
in the autogenerator a negative feedback is formed and
stabilizing the level of the generated oscillation.

Consequently, the surplus of the amplitude conditions
of self-excitation must be greater than in the absence of the
gridleak.

But due to the inertia of the oscillatory circuit, so as of the
RC-cell, in the feedback circuit arises a additional phase
shift, which can under certain conditions convert the
negative feedback to the positive. Then in the scheme are
beginning some oscillations of the level of the generated
signal with a period commensurate to the inertia of the
feedback circuit (selfmodulation). Herewith the capacitor C
can be loaded so strong, that the transistor becomes
completely closed. But even thereafter because to the large
quality and inertia of the oscillatory circuit his oscillations
continue to be supported and are further loading the
capacitor of the grid leak. The transistor remains closed
while the capacitor is discharged through the R-resistor
during the time of the order of the RC-product. The
generated oscillations becomes the sequence of periodical
pulses. This phenomenon of interrupted generation is well
known and described in the literature [2, 4].
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But when modeling in Multisim software or when
dealing with real oscillator layout similar to shown in Fig.1,
we found that the time between pulses is not stable and
may be subject to change disordered within about ten
percent (Fig.2).

The spectrum of such oscillations (Fig.3) is indicating
the chaotic nature of this process. From this figure we can
determine the oscillation frequency of the pulses which is
approximately in the vicinity of 370 kHz. This frequency
corresponds just to the upper limit of the spectrum

On the Fig.2, one also can see well that the interval
between pulses is that greater, than greater was the
previous pulse.

clearly seen that the transistor is opened and the next
pulse is beginning at the same voltage about 0.7V. In the
process of pulse generating the voltage on the base is
reduced through the rectifying of the base-emitter diode,
that charges the capacitance C in the greater extent, the
larger was the previous pulse. And the longer is the
process of discharge of the capacity to a level, at which the
transistor is opened and can create the next pulse.

As for the size of most pulses, it is determined,
perhaps, by the level of noise or interference, from which
starts the self-excitation of the next pulse generated. The
randomness of the noise and interferences causes the
random nature of these processes, just as is the case in

To understand the reason for this is we could observing the absence of regular input signals in some
the course of the voltage on the transistor base (Fig.4). It is superregenerators [2,5,6].
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Fig. 4. Waveform of the transistor base voltage

Certain confirmation of these considerations was an
experiment when we forcibly injected from an external
source a slight signal in the circuit of the base with a
frequency near to the frequency of oscillation of the circuit.

When the amplitude of this external signal was large
enough to exceed the potential of the noise and
interference, the value of all the pulses and the intervals
between them were identical.
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In the process of pulse generating the voltage on the
base is reduced through the rectifying of the base-emitter
diode, that charges the capacitance C in the greater extent,
the larger was the previous pulse. And the longer is the
process of discharge of the capacity to a level, at which the
transistor is opened and can create the next pulse.

As for the magnitude of most pulses, it is determined,
perhaps, by the level of noise or interference, from which
starts the self-excitation of the next pulse generated. The
randomness of the noise and interferences causes the
random nature of these processes, just as is the case in
the absence of regular input signals in some
superregenerators [5, 6].

Certain confirmation of these considerations was an
experiment when we forcibly connected a slight signal from
an external source to the circuit of the base with a

frequency near to the frequency of oscillation of the circuit.
When the amplitude of this external signal was large
enough to exceed the potential of the noise and
interference, the value of all the pulses and the intervals
between them were identical.
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AEAKI BNACTUBOCTI ABTOFrEHEPATOPIB 3 ABTOMATUYHUM 3MILLEHHAM

Y aesmozeHepamopax RC-komipka aemomMamu4HO20 3MileHHs1 CmeopHoe 3cye ¢ha3u KosueaHb, Wyo rnpu3eodums 00 3cysy 2eHepo8aHol yacmomu.
Y eunadky nepepueyacmoi 2eHepauii (npu Aocumb eenukili cmaniii Yacy RC-komipku) npu eionoeioHux napamempax RC-KOMipku ma eenuyuHi
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8eJIuU4UHYy 8UHUKHEHHs1 4ep208020 iMnynbcy 2eHepauil.
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HEKOTOPbIE CBOUCTBA ABTOFEHEPATOPOB C ABTOMATUYECKMM CMELLEHUEM

B aemozeHepamopax RC-siyelika asmomamuyecko20 cMmeuwjeHusi co3daem cosu2 ¢hasbl KosnebaHul, 4mo npueodum K CMeWeHUlo 2eHepupyemol
Yacmomsl. B criyyae npepbieucmoli 2eHepayuu (npu docmamoyHo 6onbwoli mocmosiHHol epemeHu RC-syeliku) npu coomeemcmeyowjux napamempax
RC-sayeliku u senuyuHe obpamHoli cesi3u NepuodUYHOCMb UMIY/IbCO8 CIMaHo8UMCsl Hepe2ynsipHol. 3mo npoucxodum 3acyem eHYymMpeHHUX WyMoe,
obycnaenuearouux MOMEHM U 8eJIU4MUHY 803HUKHOBEHUST 04epedHO020 UMITYJIbCca 2eHepayuu.
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DYNAMICS OF ELECTRON BUNCH
IN THE EXTERNAL MAGNETIC FIELD: COMPUTER SIMULATION

Influence of the longitudinal magnetic field on the electron bunch expansion in vacuum was studied. Analytic estimation of the
spatial dependence of the bunch radius is compared with the simulation results via PIC method. Results obtained from simulation
correlate satisfactory with theoretical estimations for the large magnetic field and low bunch density. Dynamics of the relativistic

bunches was also studied.

Keywords: electron bunch expansion, longitudinal magnetic field, simulation via PIC method.

Introduction Problem of dynamics of electron beams
and bunches is important for a wide range of branches [2],
including inertial thermonuclear fusion and creation of the
high frequency vacuum tubes [3], various types of
spectrometry, electronic and ionic mycroscopy. In most
cases top forming, focusing the bunch, and preventing of it's
swelling due to the space charge are the priority tasks [2].
One of the most common ways to prevent swelling is the
longitudinal magnetic field imposing to the system. Other
methods use the external electric field and the spatial charge
of residual plasma (for electron beams). Analytic solution of
problem of the dynamics of electron bunch is rough [1].
Therefore the aim of this work is to carry out the computer
simulation of the dynamics of electron bunch in a vacuum
system with the longitudinal magnetic field.

Analytic estimation The simplest model of the
homogeneous cylindrical electron beam of infinite length is
treated. From the Gauss theorem one can obtain the
electric field on its boundary:

E =—2ane:—%, (1)

where R is the current cylinder radius, n and N =nR’n
are spatial and linear electron densities, respectively. Note
that linear density N remains constant during the beam
electrons' transversal oscillations. The motion equations for
the electrons at the cylinder boundary have a form:
mdv’ =—-eE —gv B; mdv(p :Ev B; mdvZ
dt e a ¢’ o/ §

where B =é,B is the external magnetic field.

=0, (2)

From the last equation (2) it is clear that v, = const = v, .

One can obtain the following equations for the
transversal velocity components from (1)—(2):

dv, Codv, o,
okt 0; dtzp +ofy, =——F, (R(t), ()
2 2
Where o, = é, o= dnne . QP =a; +oR
mc m 2
(note that v, = dR/dt ). Initial conditions have a form:
R(t=0)=Ry v, (t=0)=v,(t=0)=0. 4)

© Shcherbinin M., Anisimov |., 2013
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For the strong magnetic field one can put

R=R,+Ar(t) (|ar(t)|<<Ry),

E, (R(t))~ E, (R,)+(dE, /dR)

Then solution of the set (3) with the initial conditions (4)
have a form:

2
_(DP

v(P(t) = 207 R, (1-cosQt),

Ar .

R=R,

(DZ
v, (t)= 2—0;’2R0 sinQt. (5)
Consequently one can obtain the following formula for
the beam radius oscillations' amplitude Ar,,:
2
Ary, = 0)7!’2 . (6)
Ry, 20

Expression (6) is valid for o? <<’ .

Simulation results for different bunch densities The
electromagnetic 2.5D code was used valid for simulation of
axially symmetric systems [4]. The simulation results are
the spatial distributions of the charge density, radial
component of electrical and azimuthal component of
magnetic field, which are recorded every 1.10™"s.

The first series of simulations was carried out for
bunches with various electron density (Fig. 1). From Fig. 1
a one can get the frequency and the amplitude of the
bunch oscillations: in particular, for the bunch’s density of
5.10'2 m™ maximal difference from the initial radius is 0,85
cm, and the bunch oscillation period is 34 ns.
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Fig. 1: a - beam radius dependence on time;
b - time dependence of the beam length. Density n (m’3 )
is indicated on the figure, vo =3-10" m/s, Bo=1-10°T

For comparison, estimated values are 0,51 cm and 35,7
ns, respectively. The oscillation period coincides with the
period of cyclotron rotation with sufficient accuracy.
Calculated amplitudes are related to the first swing,
eventually they decrease (see Fig.2) because of the
longitudinal spread of the beam (Fig. 1 b). The rate of the
spread increases with the beam density n. From Fig. 3
one can see that difference between simulation results and
formula (6) is minimal for small values of the bunch density
and increases for large values.
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Fig. 2. Time dependence of the beam radius:
n=5-10°m>, Vv, :1~1O7m/s, B=1.10"°T

1,17 Ar/ ®  Theoretical
R estimation

0,9: m Simulation
1 results

0 0,2 0,4 0,6 0,8 1,0 1,2

Fig. 3. Simulation and theoretical dependencies
of Ar/R on mi/2m§ .(beam density is varied)

Simulation results for different values of external
magnetic field Another series of simulation was carried out
for bunches with equal concentration of electrons — 510" m
®and different values of longitudinal magnetic field (Fig. 4).

From the graph one can see that increase of the field
reduces the amplitude fluctuation and increases the
frequency of radius fluctuations.

It is considered that swelling of the bunch is stopped if

the expression Ar/R <<1 is correct. That means that the
inequality g << o,

=./4nne?/m is Langmuir frequency for the bunch density.

Obviously, the field By = 0,25-10'3 T is not suitable to
focus the bunch, but for By = 4:10° T the bunch radius
fluctuations are small and in a certain approximation the
bunch is focused.

must be satisfied where ;=
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Radius(m) _m-B=1e-3 without an external magnetic field. Law of motion for
_ —e-B=de-3 particles with such velocities differs from Newton’s law,
0.08 ~4—B8=0,25¢-3 pulses increase in account of relativistic factor. This can
0,07 move to deceleration of the bunch expansion. Simulation
was carried out for the system with length of 13 5m, without
0,06 external field, bunch density was 5- 10"m’® , velocity —
2,7-10° m/s (v/c=0,9) therefore
0,05 - y= 1 _~ 23
0,04 ~(v/e)
Fig.4 shows a half section of the bunch density
0,03 distribution at the beginning and at the end of the passage
through the system. One can see that during 19 ns the
0,02 1 bunch radius expanded only on 1,34 sm. For non-
r ——T——7T—— 7717 relativistic bunch this value would be 1,5 sm. So for v/c=0,9

5 10 15 20 25 30 35 40 45 influence of relativistic effect is not substantial.

At the forefront the bunch radius is increased and its

Ti
fme (1) density is decreased relatively to the bunch bulk. Front and
Fig. 4. Time dependence of the bunch radius for different back edges of the bunch are slightly blurred.
values of external magnetic field (indicated on the figure in T)
Vo =3:10"m/s,n=5-10"m" S

From Fig. 5 one can see that difference between ‘
theoretical estimation and simulation results decreases
with the growth of magnetic field.

Fig. 6. Half section of the bunch den5|ty distribution
at time of 0,6 ns(1) and 19 ns (2). v—2 7 10® m/s (v/c=0,9),

1,1 % e Theoretical L=13,5m, n=5-10"
estimation

(1,,9 Simulation Conclusion The results obtained from simulation,
] B results correlate satisfactory with theoretical estimations: variation
08 J of the bunch is proportional to it's density, the pulse
07 | frequency is equal to the cyclotron frequency for the given
06 " magnetic field with the sufficient accuracy. Eventually
oscilation of the bunch radius decreases because of the
05 7 longitudinal spread. For low values of magnetic field bunch
04 can not be focused in given system. Increase of the
03 forefront radius of the relativistic bunch can be caused by
0.2 the following effect: motion of the beam particles forms the
] o azimuthal magnetic field, which focuses the beam. The
0.1 /ar spreading of the bunch forefront can be caused by the

0 . . . . . . lower magnetic field in this area.

0,2 04 0,6 038 1,0 1,2
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AOWHAMIKA ENEKTPOHHOIO 3ryCTKY B 30BHILUHbOMY MAIHITHOMY MOII.
KOMM'IOTEPHE MOEJTIOBAHHA

HocnidxeHo ennue no3006HLO20 Maz2HIMHO20 rMossi Ha Po36yxaHHS eNIeKIMPOHHO20 32yCMKy y eaKyymi. AHanmimuyHa ouiHka npocmopoegol
3anexHocmi padiyca 32ycmKy nopieHIOEMbCS1 3 pe3ysibmamamu MoOes1H08aHHs1 MEMOAOM MaKpOYacmMUHOK y KoMipkax. [Tpu eestukux MagHimHux nossix ma
Marnux 2ycmuHax 32ycmkie pesynibmamu aHanimu4yHo20 po3paxyHKy ma modestoeaHHs1 dobpe y3200)KyrombCsi Mk coboro. [JocnidkeHo makox OuHaMiKy
pensimueicmcbKux 32ycmekie.

Knroyoei crioea: po36yxaHHs1 e/1IeKmpPOHHO20 32yCMKY, N03008)KHE Ma2HimHe nosie, Modes1ro8aHHsI MemodOM MaKpOYacmMUHOK y KOMipKax.

M. LLlep6uHuH, cTya., |. AHucumoB, A-p ¢us.-mat. Hayk, kadbeapa HPU3N4ECKON INEKTPOHUKM,
Papunodmsnyeckun dakynbret, KnueBckuin HaumoHanbHbI yHuBepcuteT umeHu Tapaca LLleByeHko

ONHAMUKA 3SNTEKTPOHHOI'O CryCTKA BO BHELLULHEM MATHUTHOM MMOIJIE.
KOMMbOTEPHOE MOAEJINPOBAHUE.

Bbino uccnedosaHo enusiHue NPodosIbHO20 Ma2HUMHO20 oSl Ha pa3byxaHue 37IeKMPOHHO20 C2yCMmKa € eaKyyme. AHalumuyveckasl OUeHKa
npocmpaHcmeeHHolU 3asucumocmu paduyca ceycmka CpagHL 51 C pe3ysib I ModenupoeaHusi MemodoM Makpoyacmuy, e siyelikax. [pu
60/1bWUX Ma2HUMHBIX MOJISIX U MasbIX MIIOMHOCMSX C2YCMKO8 pe3ysibmambl aHaIuUMuYecKko2o pacyéma ma mMoOesuposaHUsi Xopowlo COOMHOCAMCs
MexAy coboli. Bbina uccnedoeaHa makxe QUHaMUKa pPesIimueuCMCKUX C2)CIMKO8.

Knroyeenle crioea: po36yxaHue 351eKmMpPOHHO20 c2yCcmKa, MPodosibHoe Ma2HUMHoe roJie, ModeslupogaHue MemoooM MaKpoYacmuy, 8 sidelikax.
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