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SPACECRAFT RELATIVE ON-OFF CONTROL VIA REINFORCEMENT LEARNING

The article investigates the task of spacecraft relative control using reactive actuators, the output of which has two states, “on” or “off”.
For cases where the resolution of the thrusters does not provide an accurate approximation of linear control laws using a pulse-width
thrust modulator, the possibility of applying reinforcement learning methods for direct finding of control laws that map the state vector
and the on-off thruster commands has been investigated. To implement such an approach, a model of controlled relative motion of two
satellites in the form of a Markov decision process was obtained. The intelligent agent is presented in the form of “actor” and “critic”
neural networks, and the architecture of these modules is defined. It is proposed to use a cost function with variable weights of control
actions, which allows for optimizing the number of thruster firings explicitly. To improve the control performance, it is proposed to use
an extended input vector for the “actor” and “critic” neural networks of the intelligent agent, which, in addition to the state vector,
also includes information about the control action on the previous control step and the control step number. 1o reduce the training
time, the agent was pre-trained on the data obtained using conventional control algorithms. Numerical results demonstrate that the
reinforcement learning methodology allows the agent to outperform the results provided by the linear controller with the pulse-width
modulator in terms of control accuracy, response time, and number of thruster firings.

Keywords: on-off control, reinforcement learning, spacecraft relative control, actor, critic, neural network, thruster firing.

1. INTRODUCTION ject (SO), solving the tasks of relative guidance and
control [13]. Thrusters (TH) are usually used to con-

Recently, on-orbit servicing missions [19] have at- | trol the SSC relative motion. Unlike other actuators,

tracted significant attention in the space community.
For example, such missions can be used to replace or
repair faulty spacecraft components, refuel in orbit,
and remove space debris [1, 9]. To implement such
operations, the service spacecraft (SSC) needs to per-
form maneuvers in close proximity to a servicing ob-

such as reaction wheels, the output of a TH has two
values: on or off. This mode of operation is explained
by the fact that precise adjustment of thrust is diffi-
cult to implement, mainly because of dirt particles,
which prevent the small valve from being completely
closed. This, in turn, leads to leakage of the propellant

LuryBanns: Khoroshylov S. V., Wang C. Spacecraft relative on-off control via reinforcement learning. Space Science and
Technology. 2024. 30, Ne 2 (147). P. 3—14. https://doi.org/10.15407 /knit2024.02.003
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and the engagements of the THs, pointed in opposite
directions. A TH operating in this mode is a signifi-
cantly nonlinear actuator, which complicates the di-
rect synthesis of control laws [3, 16].

Some of the first control algorithms using on-off
actuators [25] were based on the Lyapunov stability
theory, where the TH firing is selected by minimizing
the derivative of the Lyapunov function. However,
such control algorithms do not minimize a practi-
cally meaningful performance criterion, such as pro-
pellant consumption and control error.

To overcome the issue, it is often necessary to syn-
thesize a linear control law that minimizes a selected
performance criterion. After that, modulators are
used to approximate the linear control by generating
a sequence of thrust pulses with the required width,
as mentioned in references [2, 17]. For this task,
pulse-width (PWM) and pulse-width pulse-frequen-
cy (PWFM) modulators are used [28]. The control
system design is easier with PWM than with PWFM
since the first one only introduces additional damp-
ing, and the second one changes the bandwidth and
phase characteristics of the system closed-loop.

Control performance within the PWM approach
largely depends on the approximation accuracy of
the linear control by the sequence of pulses after the
modulator. Ref. [11] investigates the optimal time
delay of the pulse, expressed as the error between the
output states without and with PWM. The results of
this work suggest to center the pulse within the sam-
ple period. In addition to pulse centering, the authors
of the article [5] suggest dividing the pulse into sev-
eral smaller pulses, which are uniformly distributed
over the sampling period. However, this gives only
a marginal improvement but requires THs with a
much longer operational lifetime. Such insignificant
improvements do not justify the qualification of the
THs for a significantly greater number of work cycles.

To provide precise control, it is recommended
that the PWM must have a resolution that is 50—100
times greater than the sampling period. If the mod-
ulator has an insufficient resolution, then control
performance degrades. In addition to the issue, the
above approach does not allow designers to explicitly
optimize the number of TH firings.

The impressive results obtained using deep learn-
ing (DL) techniques [4] recently boosted interest in

4

artificial intelligence methods [6] among researchers
and practitioners in the world. DL is rapidly develop-
ing and demonstrating promising capabilities in solv-
ing complex tasks and finding non-trivial solutions to
existing problems [27].

Machine learning is a subset of artificial intelli-
gence methods that are used to develop algorithms
capable of solving a problem based on the search
for regularities in various input data [20]. Machine
learning methods based on artificial neural networks
(NN5s) are called deep learning. Recent advances in
DL are largely achieved due to the development of
new NN architectures.

Not so long ago, these methods were begun to be
used to solve space-related tasks [12, 15]. In Ref.
[22], the policy for performing docking maneuvers
with six degrees of freedom was developed based on
reinforcement learning (RL) and implemented in
the form of the feedback control law. The simulation
results of the approach and docking maneuvers for
the Apollo mission demonstrate that the capabilities
of the resulting policy can be compared with the al-
gorithms obtained by conventional optimal control
methods.

The article [14] presents an approximation of the
optimal relative control for the underactuated space-
craft using the RL and the study of the influence of
various factors on the performance of such a solution.
This approach allows finding close to optimal control
algorithms as a result of the interaction of the control
system with the plant using the reinforcement signal
to estimate the performance of the control actions.

A new approach called deep guidance is investi-
gated in Ref. [10]. The authors use deep RL to learn
guidance policies instead of handcrafting them. The
results show that such a system can be fully simulated
and transferred into real-world conditions with an
acceptable loss of performance without any addition-
al tuning. Ref. [7] proposes a new adaptive guidance
system developed using meta-RL. The recurrent NN
allows the obtained algorithms to adapt in real time
to environmental disturbances acting on the SC. In
Ref. [8], an adaptive integrated guidance, navigation,
and control system was developed for maneuvering
in the proximity of asteroids with unknown environ-
mental dynamics, with initial conditions covering
large launch areas, and without knowing the model

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2024. T. 30. No 2
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of the asteroid shape. The system is implemented as a
policy optimized using meta-RL.

Unfortunately, at present, there are no results dem-
onstrating the successful application of RL methods
for on-off SSC relative control. At the same time,
this approach may provide the following benefits:

1. A better control performance compared to the
conventional PWM-based approach.

2. To optimize the frequency of the TH firings.

Such an RL-based approach is investigated in this
article, for the implementation of which the follow-
ing tasks are solved:

1. To build a model of the plant dynamics in a form
that allows an RL-based algorithm to be applied.

2. To select the structure and parameters of the in-
telligent agent (Al).

3. To train the intelligent agent.

4. To analyze the performance of the RL-based
controller for SSC relative control.

2. MODEL OF SPACECRAFT RELATIVE DYNAMICS

An orbital reference frame (ORF) Oxyz is used for the
mathematical description of the SSC motion relative
to the SO. The origin of the ORF coincides with the
center of mass of the SSC. The axis Ox coincides with
the direction of the position vector, which determines
the SSC center of mass relative to the Earth center
of mass, the Oz axis coincides with the normal to the
plane passing through the axis Ox and the vector of the
SSC orbital velocity, and points towards the positive
values of the orbital angular momentum. The axis Oy
complements the reference frame to the right one.

The position of the SO relative to the ORF is de-
termined by the position vector L. The relative dy-
namics of the “SSC — SO” system can be described
using the following linearized system of equations
[29]:

d s
k—mzx—Zooj/—day—kxzf—’;—f—xs, (1)
m® m
d fs
j}—cozy+2035c+(bx+ky=m—yd—m—ys, (2)
d s
ot I o

m® m
where x, y, are the projections of the vector L on the
ORF axes; m*, m? are the mass of SSC and SO, re-

spectively; fj , f}‘f , fzd are the ORF projections of
the total force vector F¢, acting on the SO; f;, f; ,
f; are the ORF projections of the total vector F5,
acting on the SSC.

The total force vector F* includes control thrust
and external disturbances acting on the SSC. The
forces F¥ and F* may also include J2-disturbances,
the gravity of the Sun and the Moon, atmospheric
drag, and solar radiation pressure.

The parameters o, mand k in Eq. (1)—(3) are de-
termined as follows:

= %(l-l-SCOSV),
\JP
o=-2¢ f%sinv(1+8cosv)m,
p

p=a(l-g%),

n
k=1,
7’3

B a(1-¢?)
1+gcosv’

where p is the Earth’s gravitational constant, ¢ is the
orbit eccentricity, v is the true anomaly, a is the semi-
major axis, r is the orbital radius.

Equations (1) and (2) describe the dynamics of the
system in the orbital plane, and (3) describes its mo-
tion out of the orbital plane.

Neglecting the influence of external disturbances
and considering the state vectors

. .T T
Xil’l :[x’y’x’y:l s Xout = [Z’Z] )
and control .
Uin = |:ux’uy:| ’ Uout =u,,
model (1) can be represented in the state space form
as

Xin = AinXin +B,U;

. m-in? (4)
Xout = Aouthut + BoutUout ’
where
0 0 1 0
0 0 0 1
n ot 42k ® 0 220
-0 o'-k 20 0
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- ]
0
1
By=|-— 0 |
m
1
0o —-—
L m* |

0 1 0
Agur = x ol Byy=| 1 |

N

The magnitudes of various components of the state
vector are significantly different. This can complicate
the training of the NNs. To eliminate this issue, the
state vector is normalized as follows:

.. ... T
X, =[x/xm,y/ym, x/xm,y/ym] ,
. 6
Xy =[2/2,212,] .
where X, ¥,,52,,5 %5 Vs> Zm » ar€ the maximum val-
ues of the corresponding states. For the normalized
state vector, the dynamic model has the following
form: .
X"=A"X"+B"U, (6)
where
A"=NT'AN,
B"=N"'B,
N = diag(xm’ym’zm’)‘cm’ym’z.m) :
Since the modern controller of the spacecraft is
implemented as a discrete computer system, the fol-

lowing discrete form of the model (6) is used:

where A, =(I+A"T),B, =B"T,T is the sampling
time, k is the sample number.

We also assume that the full state vector is measur-
able and that these measurements are not corrupted
by noise.

3. DISCRETE LINEAR QUADRATIC
REGULATOR WITH PWM

For comparison reasons, we consider one of the con-
ventional approaches for spacecraft relative control,
namely the combination of a linear-quadratic regu-
lator (LQR) with PWM. Methods of synthesis of the
optimal linear-quadratic controller with discrete

6

time (DLQR) [26] are a widely used methodology
for designing control systems (SC). The goal of the
DLQR synthesis is to find a constant gain matrix K
for the full feedback law that minimizes the quadratic
cost function:

J=min} " (Q"X,Q+R'UR),  (8)
where O, R are the weight matrices that penalize sys-
tem states X, and control U,, respectively.

The impressive robust stability properties of
DLQR allow developers to use it for systems whose
real parameters differ significantly from the nominal
ones. DLQR implements the control law with full
feedback for SSC in the following form:

u, =K(X"-X,),
where X" is the reference value of the state vector,
which determines the necessary relative position be-
tween the SSC and SO.

The matrix of the optimal feedback gain is deter-
mined as follows

K=(R+B"PB)'B"PA,
where A, B are the matrices of the state space repre-
sentation of the dynamic model, P is a unique semi-
definite solution of the discrete-time Riccati equa-
tion
P=Q+ATPA—ATPB(R+B"PB)"VBTPA.

When the output of the actuators has only two
states, on and off, the DLQR is used in conjunc-
tion with PWM, which approximates the output of
DLQR by a sequence of pulses of variable width. The
pulse width on each sample period is determined as
follows:

tp="KT,1,<T,
u
f
where ufis the nominal thrust of a TH.

4. REINFORCEMENT LEARNING BASED CONTROL

The RL-based control setup assumes that the con-
trol system learns by analyzing the results of its ac-
tions [27]. These results are evaluated by a scalar
signal (reinforcement), which is received from the
plant with which the control system interacts. The
reinforcement signal can be interpreted as a criterion
allowing the intelligent control system to change its
control algorithms, taking into account the achieve-
ment of the long-term goal.

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2024. T. 30. No 2
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A general RL algorithm includes the following
steps:

1) at a time 7,, the plant is in a state X}

2) in this state, the control system selects one of
the possible control actions U, ;

3) the control system applies this action, which
leads to the transition of the plant to a new state X, ,
and the control system receives the reinforcement
signal C, ;

4) the algorithm continues being applied from step
2, taking into account the received reinforcement, or
the algorithm stops if the new state is final.

We denote y as a set of states and A as a set of
control actions. Then, reinforcement C, is a conse-
quence of the action U, selected in the state X,. The
reinforcement signal is a function that depends on a
vector defined in the space y x A.

The control system selects actions in such a way
as to minimize the total cost, which is determined as
follows:

G = Ce +YCh +¥ g+ = Z,.onleﬂ' ’
0<y<l1.

The discount factor y determines the importance
of the predicted cost values during the selection of
the control actions.

One of the key elements of the RL is the value
function. Suppose that in each state X, the SC ap-
ply a control action according to a certain algorithm,
which is called a policy :

U =n(X;),
then the value function determines the total cost that
is paid by moving from the initial state X, selecting
control actions according to the policy r. This func-
tion can be represented as:

VT (Xk) - Z;ioykckﬂ‘ (Xk+i’Uk+i) =

= Ci (XU )+ 7V (X)) -

Reinforcement learning can be implemented us-
ing actor-critic architecture. In this case, the critic
provides predictions of the value function for each
state, and the actor maps the state vector to the con-
trol actions.

According to the methodology of deep RL, the ac-
tor and critic are implemented in the form of feed-
forward multilayer neural networks, which approxi-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 2

mate the control law and cost function, respectively:
Ve (Xk,d)),n(Xk,d)), where 0, ¢ are the vectors of
critic and actor parameters, respectively.

There are many different RL algorithms. In this
study, the Proximal policy optimization (PPO) algo-
rithm is used [26]. This algorithm is implemented as
follows:

1. To find the total cost of G,, which is the sum of
the cost for this time step and the discounted future
cost [21]

ts+m

G =), (yk_tCk)+byN_t+1V(XtS+N,6),
k=t

where bis 0if X, \ isthe final state and 1 otherwise.
That is, if X, , is not the final state, the discount-
ed future value includes a function of the discounted
state value calculated using the critic neural net V.

2. To find the advantage function D,

D, =G,-V(X,.0).
3. To update the critic parameters by minimizing

the loss function L for all received mini-batch
data

critic

M 2
Lyitic (6) = ﬁZ(Gi - V(Xi’e)) .
i=1
4. Update the actor parameters by minimizing the
actor loss function L of all received mini-batch
data as follows

Lactor(¢):
LS (min(s(6)- Do (8)- D, 74 (0.5,

i=1
B Tc(U,- |Xl.,¢)
7}(4’)— W(Ui |Xi’¢old) ’

o ((I)) = max(min(ri ((I)),1+8),1—8) ,

where D;and G, are the advantage and total cost func-
tion for the i-th element of the mini-batch, respec-
tively; n(U,- |X,-,¢) is the probability of performing
the action U, in the state X;, given the updated poli-
cy parameters ¢; n(Ul. | Xi,d)old) is the probability of
performing action U, in state X, given the previous
policy parameters ¢,,, before the current learning ep-
och; g is the clip factor; H; (O,Xi) is the loss entropy;
w is the loss entropy weight.
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The agent uses the following entropy value

PN
H(6,X,)==>n(Ur | X;,0)Inn(Uy | X,.0).
k=1
where PN is the number of possible discrete actions;
(Ui |Xi,(|)) is the probability of action U in state X;
according to the current policy.

We propose to use the following cost function:

C, =Q'X,Q+L,"R'UL,R. 9)

This function is similar to criterion (8), but the ad-
ditional variable weight L, allows us to optimize the
control law more flexibly, for example, to encourage
the agent to use wider pulses.

We studied four intellectual agents (IA), which use
different input information as follows:

1) IA-1 receives an ordinary state vector X, as an
input, the dimensions of the input vectors for the
in-plane and out-of-plane cases are n,, =4 and
Ny = 2, Tespectively;

2) In addition to the state vector X, , [A-2 also re-
ceives information about the control action on the
previous control step as follows

T
[Xk,uk_1] , n,=5,and n,, =3;

3) In addition to the state vector X;, IA-3 also re-

ceives information about the normalized number 7 of

the TH pulses within the LQR sample period as fol-
lows

T
{Xk,;} ,n,=5,and n,, =3;

m

4) IA-4 receives the following input information

. T
i
{Xk’i_’”k_l} » My =6, and n,, =4.

m

Table 1. Structure of neural networks

Number of neurons
Layer actor critic

. . out-of- . . out-of-

in-plain plain in-plain plain
Inpl’n nin nout nin nom
1-st hidden 10nm 10n0m IOnin 10n0m
2-st hidden

J900m,, | \[300n,,,, | \/100n,, | \[100m,,,

3-st hidden 90 30 10 10
Output 9 3 1 1

8

The agent can apply three control actions
—Us ,0,u, | in each control channel, so the total
number of possible different states of the actuators is
32 =9 for the in-plane case and 3! = 3 for the out-of-
plane case. These values specify the number of out-
puts of the categorical actors, which determine the
relationship between the input vector and the corre-
sponding state of the actuators.

For z-channel, the outputs of the actor direct-
ly specify the probability of the following actions
—Ug ,0, u = For channels x and y, at first, the deci-
mal integer number corresponding to the state of the
actuators at the actor’s output is converted to its ter-
nary representation, and then, the control vector is
determined as follows

1
u u 1
u, Uy, 1

where uiy ,uﬁy , are the first and second digits of the ter-
nary representation of the actor’s output, respectively.
Actors and critics of these agents are implemented
in the form of NNs, the structure of which is shown
in Table 1. Almost all NN layers use the Relu activa-
tion function. The only actor’s output uses the Soft-

Max activation function.

5. NUMERICAL RESULTS

The following system data were used for the train-
ing and studying the intelligent agent: @ = 7017 km,
m®= 500 kg, m?= 1575 kg, T =200 sec, 7}= 10 sec,
U = 16 N, Q =0.001xdiag(0.01,0.01,0.01,1,L,1),
R'=50xdiag(111).

The state vector has the following maximum
component values: x,, = 800 m, y,, = 800 m, x,, =
=2m/s, ¥,, =2 m/s.

To speed up the learning process, all actors were
pre-trained using supervised learning at the first stage
on data obtained using DLQR with PWM.

The AI-1 and AI-2 are characterized by a signifi-
cant steady error (Fig. 1, a). The Al-1 uses a large
number of short pulses, and AI-2 uses a smaller num-
ber of long pulses (Fig. 1, ¢). The control accuracy of
AI-3 and Al-4 is similar to that of the DLQR with
PWM (Fig. 1, b, d), while it is assumed that the in-
formation about the control action on the previous
control step as part of the input vector will make it
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Figure 1. Normalized in-plane relative position for the supervise-trained agents (¢ — [A-2, b — 1A-4) and TH thrust in

x-direction for the supervise-trained agents (¢ — 1A-2, d — IA-4)

Table2. Performance metrics for AI-2 in case of RL with constant action weights

N Error, 103
No L Number of TH firings Mon Total momentum, s

X y mean
0 PWM 27 61.6 1664 19 19 19
1 0.0009 10 377.6 3776 120 60 90
2 0.0006 17 256.0 4352 62 39 50.5
3 0.0003 12 304.0 3648 88 35 61.5
4 0.00001 76 89.6 6816 18 14 16

possible to optimize the frequency of the TH firings
using RL.

At the second stage the pre-trained agents were
trained using RL with the following hyperparam-
eters:

experience horizon —1500,

clip factor € = 0.015,

loss entropy weight w = 0.005,

mini batch size —1024,

discount factor y = 0.9994.

The learning rates of the actor and critic were le-4
and 5e-3, respectively.

We used both constant weighting coefficients of
actions L%c = L and variables ones formed as follows:
Lk2 =L, if u, #u,_, and Lk2 =L, ifu=u_,.

Fig. 2 show the dependence of the normalized in-
plane state vector and the TH thrust for AI-2 after
being trained using RL with constant action weights.
Performance metrics for these cases are presented in
Table 2. In these cases, Al-2 exhibits similar behavior
to the supervise-trained agent, namely a tendency to
use too long control pulses. This, in most cases, does
not allow AlI-2 to outperform a PWM controller in
terms of control accuracy. To estimate the agents’ ef-
ficiency in terms of the TH firing, we use the ratio of
the total momentum to the number of TH firings for
the episode. This metric is denoted as Mon.

Fig. 3 show the variations of the normalized in-
plane state vector and the TH thrust for Al-4 after
being RL-trained with constant action weights. Per-

ISSN 1561-8889. Kocmiuna nayka i mexunonoeia. 2024. T. 30. Ne 2 9



S. V. Khoroshylov, C. Wang

Normalized state

a
2r i y
E— Upwrm
L i et )
. || 1]
- | | L[]
: | I ‘
<
= —1F L
_2 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 0 200 400 600 800 1000
c Time, s d

Figure 2. Normalized in-plane relative position for the RL-trained IA-2 (¢ — with L= 0.0009, » — with £ = 0.00001) and TH
thrust in y-direction for the RL-trained IA-2 (¢ — with L= 0.0009, d — with L= 0.00001)
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Figure 3. Normalized in-plane relative position for the RL-trained IA-4 (¢ — with L= 0.0006, » — with = 0.0001) and TH
thrust in y-direction for the RL-trained IA-4 (¢ — with L= 0.0006, d — with L= 0.0001)
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Figure 4. Normalized in-plane relative position for the RL trained 1A-4 (a — Li 0.0009, L2: 0; b L =0.0001, L 0) and
TH thrust in y-direction for the RL-trained AI-4 (¢ — L, = 0.0009, L 0;d— L, =0.0001, L,=0)
Table 3. Performance metrics for AI-4 in case of RL with constant action weights
3 Numb Error, 103
No L umpber Mon Total momentum, s
of TH firings
X y mean
0 PWM 27 61.6 1664 19 19 19
1 0.0009 20 143.2 2864 17 19 18
2 0.0006 18 121.7 2192 15 7.6 11.3
3 0.0003 25 129.9 3248 13 12 12.5
4 0.0001 89 46.2 4112 6.7 4 5.35
5 0.00001 166 39.8 6608 9.8 2.5 6.15
Table 4. Performance metrics for AI-4 in case of RL with varying action weights
o Numb Error, 103
No L/L, ofT%Htlir?rrlgs Mon Total momentum, s
X y mean
0 PWM 27 61.6 1664 19 19 19
1 0.0009/0 17 186.3 3168 15 15 15
2 0.0006/0 21 155.4 3264 15 7.3 11.2
3 0.0003/0 18 183.1 3296 13 6.5 9.75
4 0.0001/0 53 73.3 3888 4.9 6.1 5.5
5 0.00001/0 134 42.0 5632 5.6 11 8.3
ISSN 1561-8889. Kocmiuna nayka i mexwonoeis. 2024. T. 30. Ne 2 11
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formance metrics for these cases are presented in
Table 3. These cases demonstrate that adding to the
state vector X, additional information about the con-
trol action on the previous control step and the con-
trol cycle number allows the agent to outperform the
PWM-based controller in terms of control accuracy
and the number of TH firings.

Fig. 4 show the variation of the normalized in-
plane state vector and the TH thrust for Al-4 after
being trained by RL with variable action weights. In
these cases, control actions are only penalized if a
new TH firing happens. This feature of the cost func-
tion encourages the agent to limit the number of TH
firings. Performance metrics for these cases are pre-
sented in Table 4. These cases demonstrate that the
variable action weights allow the agent to improve
control performance in terms of numbers of the TH
firing.

Comparing all four Als, we can conclude that ad-
ditional input information about sample ordering al-
lows the agent to improve control accuracy while the
information about the control actions on the previ-
ous control step in conjunction with the cost func-
tion with time-varying weights makes the agent more
efficient in terms of TH firings.

This section presents results only for in-plane
control because this case is more complex than out-
of-plane control. In the case of in-plane control, we
deal with a coupled multi-input — multi-output sys-
tem, but in out-of-plane case, we just have a single-
input — single-output system. Moreover, RL-trained
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'THCTHTYT TexHiuHOT MexaHiku HauioHanbHoT akagemii Hayk Ykpainu Ta JlepXaBHOro KOCMi4HOTO areHTCTBa YKpaiHu
ByJ1. Jlemko-Tlonens 15, Ininpo, Ykpaina, 49005

2 T1iBHIYHO-3aXiTHWIl NOMITEXHIYHUI YHIBEPCUTET
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PEJIEMHE KEPYBAHHS BIJHOCHUM PYXOM KOCMIYHUX ATTAPATIB
3 BUKOPUCTAHHAM HABYAHHA 3 INIAKPITIJIEHHAM

PosrnsimaeThcst 3amaua KepyBaHHS BiTHOCHUM PyXOM KOCMIYHMX aItapaTiB 3a JOTIOMOTOI0 PEaKTMBHUX YCTAHOBOK, BUXiI
SIKAX Ma€ JBa CTaHU: «yBIMKHEHO» Ta «BUMKHEHO». [IJIs1 BUIIaAKiB, KOJIW PO3MIilIbHA 3MaTHICTh PEaKTUBHUX ABUTYHIB HE
3a0e31evye SKiCHY anpoKCUMallilo JiHIMHUX 3aKOHIB KepyBaHHSI 3 BUKOPUCTAHHSIM ILIMPOTHO-IMITYJIbCHOIO MOAYJISITOpa
TSITU, AOCJIIIXKEHO MOXJIMBICTb 3aCTOCYBaHHSI HAaBYAHHS 3 MiAKPIrUIEHHSIM IS TIPSIMOTO TIOLIYKY 3aKOHIB KepyBaHHSI, 110
BCTaHOBJIIOIOTh 3B’S1I30K MiXX BEKTOPOM CTaHY i KOMaHIaMU BMUKAHHsI-BUMUKAHHSI PEaKTUBHMX OBUTYHiB. [Lis peanizauii
TAKOTO MiIXOIy OTPUMAaHO MOJIEJIb KEPOBAHOTO BiTHOCHOTO PYXY JABOX CYITYTHUKIB Y (pOopMi MapKiBChKOTO TIPOIIECY TPUITHSITTS
pileHb. [HTeNeKTyaTbHMIT areHT TIPEACTaBICHO Y BUIIISINI HEMPOMEPEKEBOTO «BUKOHABIIST» Ta «KPUTHKA» Ta BU3HAYCHO
apXiTEKTypU LIMX MOIYJiB. 3alpONIOHOBAHO BUKOPMCTOBYBATH (PYHKIIFO BApPTOCTi 3i 3MiHHMMHU BaroBUMM KoedilieHTaMu
KepiBHMX BIUIMBIB, 1110 JO3BOJISIE ONTHUMI3yBaTH KiIbKICTh YBIMKHEHb PEaKTUBHUX JIBUTYHIB SBHUM YMHOM. [IJ151 IiABUILEHHS
SIKOCTi KepyBaHHS 3allpONIOHOBAHO BUKOPUCTOBYBATH PO3IIMPEHUI BEKTOP BXOMY UISI HEIPOMEpPEexkeBOro BMKOHABLIS Ta
KPUTUKA iHTEJIEKTYaJIbHOTO areHTa, SIKiil KpiM BeKTopa CTaHy 1lie MiCTUTb iH(popMallito Ipo KepiBHY J1it0 HAa MOTNEPEIHbOMY
TaKTi KEpyBaHHS Ta HOMEP TaKTy KepyBaHHsI. /{151 3MeHIIIeHHST Yacy HaBYaHHST BUKOPUCTAHO TTOTIepeTHE HaBUaHHS areHTa
Ha JaHUX, OTPMMAHMUX 3a JOIMOMOTIOI0 TPAaIUIiHMX aJTOPUTMIB KepyBaHHS. YucenbHI pe3yabraTé JeMOHCTPYIOTh, IO
BUKOPUCTAHHS METOOJIOTii HABYAHHS 3 MTiAKPITIEHHSIM J03BOJISIE IEPEBEPILINTH PE3YJIBTaTH, 1110 3a0€3MeUY0ThCS JIIHIHHUM
KOHTPOJIEPOM i3 IIUPOTHO-IMITYJICHUM MOAYJISITOPOM, 3 TOUKU 30pY TOYHOCTI KEpYBaHHSI, IIBUAKO/i1 Ta KiJIbKOCTI BKIIOYEHb
peaKTUBHUX JIBUTYHIB.

Karouoei caosa: peneiine kepyBaHHS, HABUaHHS 3 MiIKPITUIEHHSM, BiITHOCHE KepyBaHHS KOCMIYHUM arapaToM, BUKOHABELLb,
KPUTHK, HEHPOHHA Mepeka, BKITIOUEHHST peaKTUBHOTO IBUTYHA.
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OPTIMIZING THE DESIGN

KocMmivHi eHepreTuka i IBUryHH
Space Energy, Power and Propulsions

OF A SUPERSONIC PLANAR DUAL BELL NOZZLE

Dual bell nozzles present a promising solution for maximizing propulsion efficiency at high altitudes, while also mitigating dangerous
side loads at lower altitudes. Such nozzles are comprised of two distinct contours, with the first optimized for low altitude operation,
and the second tailored for high altitude conditions. These contours are interconnected at an inflexion point. The present study focuses
on optimizing the contour design of a planar dual bell nozzle. Leveraging the commercial ANSYS- Fluent software, we conducted an
investigation into the influence of the inflection angle on the transition between the two operating modes, examined the flow behavior

inside the nozzle, and assessed the impact of the inflection angle on the thrust coefficient.

Keywords: dual bell nozzles, the inflection angle, optimization.

1. INTRODUCTION

When it comes to supersonic nozzles and altitude,
there are indeed adaptation issues related to changes
in atmospheric pressure at different altitudes. Noz-
zles are devices designed to optimize the efficiency
of jet engines by converting the energy of gases into
propulsion. Supersonic jet engines typically use con-
vergent-divergent nozzles, also known as De Laval
nozzles, to achieve supersonic exhaust velocities [2].

At low altitudes, where atmospheric pressure is
high, convergent-divergent nozzles work well in ac-

celerating the exhaust gases to supersonic speeds [8].
However, as altitude increases, atmospheric pressure
decreases, which can lead to adaptation problems.

At high altitudes, the low atmospheric pressure
reduces the confinement pressure inside the nozzle,
which can result in excessive expansion of the exhaust
gases. This can cause efficiency losses and a decrease
in thrust. The excessive expansion can also lead to
operational instabilities, such as nozzle flow separa-
tion, where the gas flows are no longer attached to
the internal walls of the nozzle, resulting in thrust
loss and propulsion instability [3, 11].

HutyBanHsg: Abada O., Kbab H., Haif S. Optimizing the Design of a Supersonic Planar Dual Bell Nozzle. Space Science and
Technology. 2024. 30, Ne 2 (147). P. 15—27. https://doi.org/10.15407 /knit2024.02.015
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Figure 1. Nozzle geometry: a — plug nozzle, b — E-D nozzle

To overcome these adaptation issues, some super-
sonic nozzles are designed with variable geometry
adjustment systems, such as variable geometry noz-
zles [4].

The dual bell nozzle is one such design that uti-
lizes nozzle wall inflection to achieve altitude adapta-
tion. At low altitudes, the dual bell nozzle achieves a
controlled and symmetrical separation of flow at the
wall inflection, resulting in a less effective expansion
ratio. As the altitude increases, the flow remains at-
tached to the nozzle wall until the full geometrical ex-
pansion ratio is utilized. This design allows for better
performance and efficiency across different altitudes,
addressing the challenges faced by fixed geometry
nozzles. In 1949, Cowles and Foster first introduced
the concept of a dual bell nozzle, and the design was
patented by Rocketdyne in the 1960s [1, 6, 10]. Many
researchers have been interested in the study of these
nozzles. These studies have focused on contour design
[5, 16]. Among these studies, there are experimental
studies [17, 18] and numerical studies [7, 13].

Another type of nozzle that addresses altitude
compensation is the expansion-deflection (E-D)
nozzle. This nozzle achieves altitude compensation
through the interaction of exhaust gas with the sur-
rounding atmosphere [15]. The E-D nozzle controls
its area ratio based on the ambient pressure, allow-
ing it to achieve altitude compensation up to the
design pressure [14]. This feature ensures that the
nozzle performs optimally across different altitudes
by adjusting the expansion area according to the sur-
rounding atmospheric conditions, enhancing overall
rocket performance and efficiency.

In summary, the problem of adapting supersonic
nozzles with altitude lies in the need to optimize the
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nozzle geometry to maintain efficient and stable per-
formance at different altitudes. Jet engine designers
are working on solutions such as variable geometry
nozzles to overcome these challenges.

The present study focuses on optimizing the con-
tour design of a planar dual bell nozzle (PDBN). Le-
veraging the commercial ANSYS-Fluent software,
we conducted an investigation into the influence of
the inflection angle on the transition between the two
operating modes, examined the flow behavior inside
the nozzle, and assessed the impact of the thrust co-
efficient (Cf).

2. METHODOLOGY

This section aims to describe the method employed
in designing the PDBN, which is carried out in two
parts.

1. Design of the first contour. The first divergent is a
contour of an E-D supersonic nozzle that gives uni-
form parallel flow at the exit. For the design of the
first nozzle profile, we have developed a program in
FORTRAN. This program is inspired by the program
that designs the contour of the Plug nozzle [19] with
changes in parameters and principle (see Fig. 1). The
design method is based on the function of Prandtl
Meyer.

oo -

—tan™! (M2 - 1); .

N | =

o))

The number of Mach M =1.00 at the throat and it
accelerates to the Mach number M at the exit sec-
tion. v is the angle between the velocity vector of the
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throat and the x-axis. The lines shown in Fig. 2 rep-
resent the Mach waves, they are inclined with angle
u (Angle of Mach), and the flow properties are con-
stant along each line of Mach exits from point A.

Between the line AB and AE, there is an infinity
of Mach waves, exit of point A, centered. Each line
gives a Mach number, from these lines which we can
easily deduct a point on the wall (the flow properties
are constant along each line of Mach). As the gas is
perfect, the velocity vector is tangent with a stream
line, which will be regarded as the contour of Plug
wall to require (The main idea of this method). To
have a Mach number required at the exit, the flow to
the throat must be tilted at an angle 0, (Flow devia-
tion compared to the horizontal).

05 =v(Mg). ()

Figure 3 presents the parameters of an interme-
diate Mach line connecting the point A and point i.
The determination of wall points is made explicitly.

The lines are iso-Mach curves, so the number of
Mach in the center of expansion A equals also the
number of Mach on the wall. The number of Mach
in point  is given by:

M, =1+(i-1)[ (M -1)/(N-1)] (i=1,23,...N), (3)

where N is the selected point number.
Once the number of Mach M; in point / is known.
In this case we can write:

u, =sin"! [LJ , (4)
M;
v, = V(Mi) s (5
0, =0¢;—u;. (6)
And for the point i+1 we have:
Xit1 }\‘i+1
—= =] = [cosQ,_, , 7
7\43 ( }LB J (PH—I ( )
Vil Aia |
il =\ o sing, 8
7\13 ( )\‘B J (p1+1 ( )
A is the polar ray of a Mach wave with:
ﬂ = L Si'na , 9)
Mg Ag )sinf
U=T—@; +Vp—V;, (10)

(11)

B=¢, —vp+v;.
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Figure 4. Centered expansion at junction J
[12]

o and B (angles respectively at tops A and 7 of the
triangle connecting the points A4, i and i+1 of the
Fig. 3). ¢ is the polar angle of Mach.

2. Design of the second contour. The contour of
the nozzle extension (second bell) is designed to give
a constant wall Mach number M,. This is done by
applying the characteristics method to the Prandtl-
Meyer expansion around junction point J with equal
intensity M,/ M, (see Fig. 4) for the inviscid fluid hy-
pothesis.
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3. INVISCID CALCULATIONS

In this study, we performed inviscid calculations to
analyze the flow through the nozzle. The simulation
aims to study the flow in a specific nozzle, shown in
Figure 5, a. This figure illustrates the profile of the
type E-D nozzle, with a radius of 0.6 cm and an exit
area of 0.0218 m2. The geometry of the nozzle was
produced using our computer code developed in
FORTRAN. Y* represent throat radius. Figure 5, b
represent the evolution of the Mach number along

Y/ v+
1.8

1.2 |

0.6 -

Py/Py
0.4 r
0.2 r
1
2
0 ] ] ] ]
0 1 2 Xy

Cc

Figure 5. Profile of the E-D nozzle for Mach = 2.00 (a), wall
Mach number evolution (b), wall pressure ratio evolution (c):
1 — ANSYS-fluent, 2— FORTRAN
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the wall of the E-D nozzle. It is noted that the flow
increases from M = 1.0 in the col until M = de-
sign Mach. Figure 5, ¢ show the wall pressure ratio
comparison between the numerical method (FOR-
TRAN) and the simulation (ANSYS-Fluent). The
results show a good similarity.

Figure 6, a shows the Iso-Mach contours for an
E-D nozzle that works in the design Mach number
obtained by our simulation. We note that in the diver-
gent part, the number of Mach increases until reach-
ing the value of the nozzle designing Mach number
at the exit. We notice that the number of Mach at the
exit of E-D nozzle is M = 1.9. Figure 6, b shows the
Iso-pressure ratio contours for an E-D nozzle that
works in the design Mach number obtained by our
simulation. The figure shows the Prandtl — Meyer
expansion fan around the lip. In addition, there are
no pressure fluctuations or turbulence corresponding
to a typical flow along the nozzle.

4. VISCOUS CALCULATIONS

In this part, a numerical analysis is performed on
the flow through E-D nozzle. Flow analysis is per-
formed. Numerical analysis is performed on 2D pla-
nar models using the commercial ANSYS-Fluent
software. The k- SST model was used as the tur-
bulence model. The baseline solver was selected as a
double-precision density-based coupled solver with
Implicit Time Integration. Least-square cell-based
gradient is used for spatial discretization in which the
solution was assumed to vary linearly was used and a
second-order upwind scheme was used for interpo-
lating the values of pressure, momentum, turbulent
kinetic energy, specific dissipation rate and energy.
The computational analysis was conducted under
steady conditions. The initialization for steady-state
problem was done using full multigrid (FMG) ini-
tialization to get the initial solution, and the inlet
boundary was provided to give the reference value.
Sutherland equation is used for calculating the vis-
cosity of air. Figure 7 represent the evolution of the
Iso-Mach of the E-D nozzle for different nozzle
pressure ratio (NPR = 10, 36.7 and 50). For NPR =
=10 (overexpansion), it is noted that the flow re-
mains attached to the walls of the E-D nozzle.

To study the interaction of the flow of the E-D
nozzle with the ambient outside, we made a com-
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Figure 6. Iso-Mach contours (a) and iso-pressure ratio contours (b)
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Figure 7. Mach number distribution: a — at NPR = 10
(sea-level mode), b — at NPR = 36.7, ¢ — at NPR = 50

e c o (high-altitude mode)
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PV/PO

0 | | | | | |
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12 X/Y*

Figure 8. Wall pressure ratio distribution for different values of
NPR (7, 2, 3— at NPR = 10, 36.7, 50 respectively)

Y/ Y*

0 | | | | | | | |
0 2 4 6 8§ 10 12 14 16X/r
Figure 9. E-D (I) and CN (2) nozzle profile
Table 1. Boundary conditions values
Parameter E-D and CN
Total pressure, Pa 200000
Static pressure, Pa 105656
Ambient pressure, Pa 26666.66 and 5000
Design Mach Number 3.0
Table 2. Thrust of the two nozzles (CN and E-D)
NPR CN E-D Thrust gain (%)
07.0 1779.502 1995.667 10.83
40.0 2871.406 2879.632 00.29
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parison of the pressure of the wall for different modes
of operation (NPR). Figure 8 represents the pressure
distribution on the walls of the nozzle for different
pressure ratio (NPR = 10, 36.7 and 50). For NPR =
36.7 and 50 we notice that the pressure on the walls is
not affected by the external environment. The main
property of an E-D nozzle is its interaction with the
outside environment allowing it to eliminate flow
separation.

5. COMPARISON BETWEEN E-D AND CN

A flow analysis is conducted on the E-D nozzle using
numerical methods. To validate the performance of
this nozzle, we compare it with a conventional nozzle
(CN) under similar boundary conditions (Table 1).
The contour of the conventional nozzle is generated
by the method of characteristic [9]. The study involves
2D planar models analyzed using the ANSYS-Fluent
software, and the simulation employs the Fluent
solver to solve the Reynolds-averaged Navier-Stokes
equations with a k-o SST turbulence model.

After comparing the profiles of the E-D nozzle and
CN (shown in Fig. 9), it is observed that the length of
the E-D nozzle is 11.97717 units, while the length
of the CN is 4.2293 units, both having the same sec-
tion ratio A, /A, =4.234. This indicates a decrease
in length of 27.12 % for the E-D nozzle compared to
the CN. Consequently, the E-D nozzle offers a more
streamlined design, leading to greater fuel savings for
the E-D. In this context, A, and A, represent the
throat area and exit area of the nozzle, respectively.

Figure 10 represent the evolution of the Iso-Mach
of the E-D nozzle and CN for NPR = 7.5 and 40.0.
For NPR = 7.5 (overexpansion), it is noted that the
flow remains attached to the walls of the E-D nozzle,
unlike the conventional nozzle in which there is a
separation of the flow in the walls. This leads to the
appearance of the side loads, which in turn reduces
the efficiency of the nozzle.

The E-D’s nozzle operates without the need for
controlled flow separation mechanisms, enabling it
to adapt to different altitudes. In the open wake mode
(Fig. 10, a), the nozzle’s exit region is regulated by
the ambient pressure, which results in the exhaust
gas not completely filling the nozzle. However, in the
closed wake mode (Fig. 10, ¢), the entire exit area of
the nozzle is filled by the exhaust gases. The transition
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Figure 10. Iso-Mach E-D nozzle for NPR = 7.5 (a), iso-Mach CN nozzle for NPR = 7.5 (), iso-Mach E-D nozzle for NPR =

=40 (c), iso-Mach C nozzle for NPR = 40 (d)

from the open to closed wake modes occurs at a spe-
cific ambient pressure known as the design pressure.
If the ambient pressure is further decreased beyond
this design pressure, the remaining expansion would
occur outside the nozzle, resembling the behavior of
a bell nozzle. In such a scenario, the altitude com-
pensation benefits of the E-D’s nozzle would not be
applicable.

The note highlights the thrust characteristics of
the E-D nozzle compared to the conventional nozzle
at different pressure ratios (Table 2). When NPR is
equal to 7.5, the E-D nozzle demonstrates a consid-
erable increase in thrust compared to the conven-
tional nozzle. At NPR 40, both the E-D nozzle and
the conventional nozzle exhibit nearly equal thrust
performance. This similarity in thrust is attributed to
the fact that both nozzles have the same effective sec-
tion. The advantage of the E-D nozzle over the con-
ventional nozzle lies in its ability to generate higher
thrust at lower pressure ratios than the design pres-
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Figure 11. Planar dual bell nozzle profile

sure ratio. However, as the pressure ratio approaches
and exceeds the design pressure ratio, the thrust ad-
vantage diminishes, eventually leading to compara-
ble performance between the two nozzles.
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6. PLANAR DUAL BELLL NOZZLE (PDBN)

Figure 11 represents the PDBN profile obtained
by our FORTRAN program. The junction point
coordinates J (where the two profiles meet) are
given by X; = 13.48 and Y, = 3.31. The total nozzle
length is L= 13.48. The exit radius of the nozzle is
R;=35.55.

Mach Number
2.46

0.0175 0.053

Mach Number
3.66
3.30
2.93
2.57
2.20
1.83
1.47
1.10
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0.37
0.00

0.0175 0.053

Mach Number
4.05
3.64
3.24
2.84
2.43
2.03
1.63
1.23
0.82
0.42
0.02

0.0175

0.053
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A series of computations were initiated to inves-
tigate how the variation in nozzle pressure ratios
(NPR) affects the dual bell nozzle operating mode,
with particular attention to the fluid behavior near the
nozzle wall. The simulations considered the NPR be-
ing linearly increased from 05.0 to 100. To accurately
replicate the physics of the studied problem, the total

Mach Number
2.35
2.12
1.88
1.65
1.42
1.18
0.95
0.72
0.48
0.25
0.01

0.0175

Mach Number
3.83

345
3.07
2.68
2.30
1.92
1.54
1.16
0.78
0.40
0.02

0.0175

0.053

Figure 12. 1so-Mach number at NPR = 5 (a), 7 (b), 10 (¢),
30 (d), 100 (e)
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feeding pressure was maintained at a constant level,
while the ambient pressure was deliberately altered.
These simulations allowed us to highlight all operat-
ing modes of this nozzle while passing from sea level
Mode (Fig. 12, a), transition Mode (Fig. 12, d) until
the high altitude Mode (Fig. 12, e). The wall pressure
variation according to NPR is shown in Figures 13.

For NPR = 5and 7 the PDBN operatesin the open
wake mode. The flow in the second contour remains
close to the wall of the nozzle, this explains the fluc-
tuation in wall pressure ratio (curves in red and black
from Fig. 13). For NPR = 10 a brutal increase in wall
pressure after the inflection point. It can be seen that
the separation point remains stable at the inflection
point of the nozzle. This reduces the side load in low
altitude mode. In the case of NPR between 10 and
90, it is noted that the separation point ramps along
the extension wall of the nozzle. Consequently, the
nozzle operates during this phase in transition mode.
We note that for NPR = 100, the nozzle operates in
high altitude mode.

In order to study the effect of geometric variables
on the PDBN, and in particular on the behavior of
the flow inside it, we have studied the effect of the
inflection angle a (Fig. 14, a). Two PDBN with dif-
ferent inflection angle (21° and 7°) have been consid-
ered for this study. In addition to the previous PDBN
(oo = 14°). The inflection angle of the PDBN is var-
ied, keeping the exit section constant. In the study
of nozzle performance at various NPR (Nozzle Pres-
sure Ratios), three different PDBN configurations,
namely o = 7°, oo = 14°, and oo = 21°, were analyzed.
The schematic diagram of 3 nozzles are provided in
Fig. 14, b.

For NPR = 5, the PDBN with o = 7° and o =
= 21° both operated in the open wake mode, similar
to the PDBN with o = 14°. However, a notable con-
trast arose with PDBN (o = 21°), where flow sepa-
ration occurred precisely at the inflection point, as
depicted in Fig. 15, a. Upon reaching NPR = 7, the
PDBN featuring o = 7° operated differently, utilizing
a closed wake mode. In contrast, both PDBN with
o = 14° and a. = 21° remained in an open wake mode.
Advancing to NPR = 10, both PDBN (a = 7° and
o = 21°) operated in a closed wake mode, demon-
strating their similarity in performance at this NPR.
However, a significant difference became apparent at
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Figure 14. Schematic diagram of nozzle contour (a) and
configuration of the 3 nozzles (b)
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Figure 15. Iso-Mach number for o = 7° (left) and o = 21° (right) at NPR =5 (a), 7 (b), 10 (¢),
30 (d), 100 (e)
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Figure 16. Wall pressure ratio distribution for different values of NPR (NPR = 5, 7, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100)

NPR = 30. While flow separation was completely
eliminated in the PDBN with o = 7°, the PDBN
with o = 21° still experienced some separation, par-
ticularly near the inflection point. This intriguing
observation occurred despite both nozzles operating
at the same altitude (NPR). Finally, when reaching
NPR =100, it was found that both PDBN configura-
tions, oo = 7° and o = 21°, achieved complete elimi-
nation of flow separation, signifying their enhanced
performance at higher NPR values. These findings
indicate that the behavior of PDBN configurations
is influenced by NPR, with certain configurations
exhibiting improved flow characteristics and reduced
separation at specific NPR values.

Figure 16 show Wall pressure ratio changes for dif-
ferent NPRs for PDBN (a0 = 7°) and PDBN (a =
= 21°), respectively.

To investigate the impact of the inflection angle
on the thrust coefficient (Cf), Fig. 17 illustrates the
relationship between the two parameters for differ-
ent nozzle pressure ratios (NPR). During the launch
phase of the space rocket, the nozzle with a deflection
angle of 21° (PDBN o = 21°) exhibits 11.19 % higher
thrust compared to both PDBN a = 7° and PDBN
o = 14° when NPR is set to 7°. Throughout the rest
of the space flight, PDBN o = 7° demonstrates supe-
rior performance in comparison to the other nozzles.
Notably, it achieves a remarkable 10.89 % increase
in thrust force for NPR = 20. Additionally, PDBN
o = 7° attains its maximum thrust at lower altitudes
compared to the other nozzle designs.

o
of o
1.4 14°
21°
1.2
1.0
0.8
1 1 1 1 1
20 40 60 80 NPR

Figure 17. Comparison of thrust coefficient for different
values of inflection angle

7. CONCLUSION

At the beginning of our study, we undertook an
in-depth investigation of the field of propulsion
nozzle design to explore the various flow behaviors
through these devices. Our focus was particularly
on examining two types of supersonic nozzles: the
expansion-deflection nozzle and the planar dual
bell nozzle (PDBN), as these configurations are still
under study. The evolution of flow parameters Mach
number and pressure was studied and analyzed using
the simulation software ANSYS-Fluent. To carry
out our study successfully, we employed a numerical
simulation approach using a two-dimensional model
to represent the propulsion nozzles. We assumed
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a perfect gas in our calculations, allowing us to
consider the primary flow characteristics.

Our study was structured into three distinct parts,
each aimed at examining different aspects of propul-
sion nozzles based on variations in the NPR. Here is
a detailed description of each of these parts:

¢ Simulation of the Expansion-Deflection Nozzle
(E-D): In this part, we conducted simulations for
both viscous and inviscid cases of the E-D nozzle.
The objective was to analyze the flow characteristics
through this nozzle in these two regimes. By utilizing
the ANSYS-Fluent simulation code, we were able
to study and compare flow behaviors, particularly
in terms of Mach number, pressure, and generated
thrust.

e Comparison between E-D and Convergent-
Divergent Nozzles (CN): In this part, we conducted

REFERENCES

a detailed comparison between the E-D nozzles
and the CN nozzles, examining parameters such as
Mach number, pressure, and thrust. This comparison
allowed us to gain a better understanding of the
differences and relative advantages of these two types
of supersonic nozzles.

* Simulation of Planar double bell Nozzle: We also
focused on the PDBN and conducted simulations
for a viscous flow, varying the inflection angle of the
nozzle. The objective was to evaluate the impact of
the geometric parameter on the performance of the
PDBN and compare the obtained results.

During the design of a nozzle, it is crucial to con-
sider the influence of the radius of the inflection an-
gle on the flow behavior inside the nozzle. This will
enable us to design a nozzle that best meets our spe-
cific performance requirements.

1. Davis K., Fortner E., Heard M., McCallum H., Putzke H. (2015). Experimental and computational investigation of a dual-
bell nozzle. 53rd AIAA Aerospace Sciences Meeting (5—9 Jan., 2015, Florida).
2. Durif O. (2022). Design of de Laval nozzles for gas-phase molecular studies in uniform supersonic flow. Phys. of Fluids, Issue

34.

(98]

Hadjadj A., Onofri M. (2009). Nozzle flow separation. Shock Waves, Issue 19, 163—169.

4. Hagemann G., Immich H., Van Nguyen T., Dumnov G. E. (1998). Advanced rocket nozzles. J. Propulsion and Power, Issue

14, 620—634.

5. Hakim K., Haif S., Abada O. (2023). Design process and flow field analysis of a double divergent supersonic nozzle:
Enhancing efficiency and performance. Int. Conf. on Pioneer and Innovative Studies (5—7 June 2023, Konya).
6. Horn M., Fisher S. (1993). Dual-bell altitude compensating nozzles. Pennsylvania State Univ., NASA Propulsion Engineering

Research Center, 2.

7. Kbab H., Abada O., Haif S. (2023). Numerical Investigation of Supersonic Flows on Innovative Nozzles (Dual Bell Nozzle).

J. Applied Fluid Mechanics, Issue 16, 819—829.

8. Khan S. A., Ibrahim O. M. Aabid A. (2021). CFD analysis of compressible flows in a convergent-divergent nozzle. Materials

Today. Proceedings, Issue 46, 2835—2842.

9. Micbael R., Goldman L. Computer program for design of two-dimensional supersonic nozzle with sharp-edged throat.

NASA TM X-1502.

10. Niirnberger-Génin C., Stark R. (2010). Experimental study on flow transition in dual bell nozzles. J. Propulsion and Power,

Issue 26, 497—502.

11. Ostlund J., Muhammad-Klingmann B. (2005). Supersonic flow separation with application to rocket engine nozzles. App!.

Mech. Rev., Issue 58, 143—177.

12. Reijasse P., Coponet D., LuyssenJ. M., Bar V., Palerm S., Oswald J., Kuszla P. (2011). Wall pressure and thrust of a dual bell
nozzle in a cold gas facility. Progress in Propulsion Phys., Issue 2, 655—674.
13. Schneider D., Génin C. (2016). Numerical investigation of flow transition behavior in cold flow dual-bell rocket nozzles. J.

Propulsion and Power, Issue 32, 1212—1219.

14. Schomberg K. A., Doig G., Olsen J., Neely A. J. (2014). Geometric analysis of the linear expansion-deflection nozzle at
highly overexpanded flow conditions. 50th AIAA/ASME/SAE/ASEE Joint Propulsion Conf. (28—30 July, 2014, Cleveland).

15. Schomberg K., Olsen J., Neely A., Doig G. (2014). Experimental analysis of a linear expansion-deflection nozzle at highly
overexpanded conditions. 19th Australasian Fluid Mechanics Conf. (8—11 December, 2014, Melbourne).

16. Shrivastava K., Das A. K., Saha U. K. (2023). A neural network based design of a planar double divergent nozzle. 25th AIAA
Int. Space Planes and Hypersonic Systems and Technologies Conf. (May 28 — June 1, 2023, Karnataka).

26

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2024. T. 30. No 2



Optimizing the Design of a Supersonic Planar Dual Bell Nozzle

17. Verma S., Hadjadj A., Haidn O. (2015). Unsteady flow conditions during dual-bell sneak transition. J. Propulsion and
Power, Issue 31, 1175—1183.

18. Verma S., Stark R., Haidn O. (2013). Reynolds number influence on dual-bell transition phenomena. J. Propulsion and
Power, Issue 29, 602—609.

19. Zebbiche T. (2005). Supersonic plug nozzle design. 41st AIAA/ASME/SAE/ASEE Joint Propulsion Conf. & Exhibit (10—13
July, 2005, Arizona).

Cmamms nadiiwna do pedaruii 10.10.2023 Received 10.10.2023
ITicasn doonpaurosanns 10.01.2024 Revised 10.01.2024
Tpuiinsamo do dpyky 16.01.2024 Accepted 16.01.2024

0. Abada, ipod.

E-mail: abadaomar@ymail.com

X. Kbab6, npod.

E-mail: k71hakim@gmail.com

C. Xaiigh, Doctoral degree

ORCID 0000-0002-9810-761X
E-mail: haif sidali@etu.univ-blida.dz

Aeronautical Sciences Laboratory (LSA)
Aeronautics and Space Studies Institute
Blida 1 University BP270 Soumaa street, Blida, Algeria

OMNTUMIBALISA KOHCTPYKLII HAI3BYKOBOI'O MJIAHAPHOI'O JIBOKOHTYPHOI'O COINJIA

JIBOKOHTYpHi (POPCYHKM € MEPCIIEKTUBHUM DillIEHHSM [IJIsI MaKcUMi3allii e(heKTUBHOCTI PyXy Ha BEJIMKMX BUCOTaX, a TAKOX
MOM’SIKIIEHHST He0e3MeyHUX OiYHUX HaBaHTaXeHb Ha HU3bKUX BUcOTaX. Taki POPCYHKM CKIIaatoThCs 3 IBOX PiI3HUX KOHTY-
PiB, MPUYOMY IMEPIINi ONTUMI30BaHO /IS pOOOTU Ha HU3bKIil BUCOTI, a IPYTruii — JJ1s1 pOOOTH Ha BeJiuKiit Bucoti. Lli koHTypu
3’€MHaHI MixX cO00I0 B TOYIIli TieperuHy. JlaHe mociimKeHHs 30CepeKeHO Ha ONTUMIi3allii KOHCTPYKIIii KOHTYpPY IIOCKOTO
MOJBIITHOTO PO3TPYOHOTO coIlia. 3 BUKOPUCTAHHIM KOMepLiiiHOro mporpamHoro 3adesrneueHHss ANSYS-Fluent nocmimkeHo
BIUIMB KyTa MEPEeTrMHy Ha Mepexia MixX ABOMa pexXrMaMK poOOTH, BUBYEHO MOBEIiHKY MOTOKY BCEPENMHI cOIia Ta OL[iHEHO
BIUIMB KyTa MEePeruHy Ha KOeMilliEHT TATH.

Karouogi caoea: nBOKOHTYpPHI (DOPCYHKHU, KYT MEPETUHY, ONITUMIi3allisl.
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TECHNOLOGY FOR WATER MINING ON THE MOON
WITHOUT ICE PHASE CHANGE

An analytical study into technologies developed for mining water on the Moon has been carried out, and its results demonstrate that
methods without the ice phase change are energy efficient. Based on an analysis of temperature distribution over the regolith depth at
the lunar poles, it was found that water in the form of ice can be present at depths less than 11 cm. According to their properties, ice
regoliths are not loose rocks like dry regoliths but rather hard. With this in mind, a two-phase technology has been proposed to extract
water from ice regolith without the ice phase change: the extracted raw material is first crushed and then separated by screening. The
regolith hardness rapidly increases as water content increases. Since the equipment mass and power increase as the material hardness
increases, in the first phase of the Moon exploration, it is advisable to mine and process ice regoliths with an ice content of ~1.6 %,
which are relatively soft rocks with a hardness of 2. Small mobile excavators, already developed and tested, can be used for digging
such materials, and impact crushers with low weight and power can be used for processing the raw materials.

The concept of an integrated system for separating ice from regolith without the ice phase change has been developed based on a
selective impact crusher, which combines the operations of crushing the extracted raw materials and separating individual components
in one device. Selective impact crushers are the most energy-efficient pieces of equipment for crushing and separating raw materials.
The power consumption of the proposed integrated selective crushing system to separate ice from regolith for mining 100 kg of ice
per hour is 118 W, which is comparable with the Aqua Factorem system (100 W) and significantly less than the power consumption
required for the thermal method, i.e., 800 kW.

Keywords: water mining, Moon, ice regoliths, without ice phase change.

INTRODUCTION

In recent years, research and exploration of the Moon
have again attracted the attention of space agencies
around the world. There are currently scientific
and potentially commercial reasons for humanity’s
return to the Moon. Today, the main competitors in
the Moon race are the United States, the People’s

Republic of China, Europe, India, Japan, and the
number of these countries is increasing.

The driving force that makes the major powers to
strive for the Moon exploration is lunar resources,
which can solve the approaching global energy crisis,
as well as contribute to further technological prog-
ress and colonization of not only the Moon but also

HuryBanHus: Husarova I. O., Osinovyy G. G., Potapovych L. P. Technology for water mining on the Moon without ice phase
change. Space Science and Technology. 2024. 30, Ne 2 (147). P. 28—37. https://doi.org/10.15407 /knit2024.02.028
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Figure 1. In-situ surface-heating thermal mining technologies

Mars. Using local natural resources will support the
stable lunar base infrastructure on the lunar surface.

Potentially, the main resource of the lunar base
is ice, which is necessary for life support systems
(growing plants, manufacturing propellants, extract-
ing oxygen for breathing, etc.). NASA’s return to the
Moon, the Artemis Program, is targeting future as-
tronaut landings in 2024 near the lunar South Pole,
where ice may be present. This ice will be a key re-
source for long-duration lunar missions and will also
be able to support deep space exploration.

There are three methods formining water from raw
materials: thermal, mechanical, and chemical, i.e.,
by hydrogen reduction of lunar soil oxides.

During the thermal process, the regolith, which
contains free or bound water, is heated to remove va-
por. In the case of regolith-ice mixtures, the addition
of heat directly converts ice into a vapor phase that
can be removed.

In the case of water bound within regolith particles,
the addition of heat will first break any bonds between
the water molecules and other compounds (e.g., hy-
drated water attached to another molecule), i.e.:

M(xH,0) - M + xH,0.

The evaporation process in ice regolith occurs at
a lower temperature than in the extraction of bound
water, which usually requires a higher temperature to
break the hydration bonds [4].

The technologies of thermal extraction of water
from the original lunar raw material (regolith or ice)
can be grouped into two classes:
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e Extraction based on the removal of icy regolith
from the subsoil with subsequent transportation to
the processing site. Excavation of the surface using
rovers equipped with shovels, bucket ladders, or
bucket wheels is typical. Excavation methods require
excavating, transporting, and processing large
volumes of regolith.

e Thermal extraction based on the sublimation of
ice directly from the surface using directed energy,
such as sunlight, microwave, or radiant heaters
(Figure 1). It is an effective method of ice mining,
requiring equipment with less weight and fewer
moving parts compared to the excavation methods,
and it is a real alternative to excavation [2, 5].

Today, under NASA programs, a significant num-
ber of technologies and equipment are developed
for extracting water from regolith by various phase-
change-based thermal methods: injecting energy into
the regolith to sublimate ice into vapor, then capture
the vapor, refreeze it and transport the solid ice for
storage or further processing. A system for thermal
water production, which will be launched to the
Moon on board the RESOLVE module, has been
manufactured and tested. The equipment package
includes an RVC regolith volatile chamber oven that
uses a unique fluidization technique and microwaves
to penetrate the regolith, which provides more uni-
form heating (Figure 2) [12].

Thermal water extraction technologies require a
lot of power during the heating of the entire mass of
the regolith for further ice sublimation. The methods
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Table 1. The minimum, average, and maximum temperature as a function of depth for the eight polar regions [6]
T, K (Min/Avg/Max)
Rol
Surface 2.25cm I1cm 185cm
SP — central 23.35/184.18/339.07 23.59/187.39/261.20 23.91/187.82/203.66 27.91/191.66/191.77
SP — Haworth 23.35/182.85/320.82 23.59/193.80/253.88 23.91/194.81/206.88 27.91/198.62/198.65
SP — Cabeus 23.35/188.70/330.89 23.59/200.97/262.02 23.91/202.10/212.77 27.91/205.89/205.92
SP — Shoemaker 23.35/184.10/338.26 23.59/188.02/260.89 23.91/189.06/203.24 27.91/192.89/192.93
NP — central 23.35/189.35/330.46 23.59/192.38/255.71 23.91/192.86/204.20 27.91/196.70/196.88
NP — Peary 23.35/180.48/327.22 23.59/192.38/256.75 23.91/193.44/204.43 27.91/197.25/197.32
NP — Fibiger 23.35/183.54/333.72 23.59/195.18/260.61 23.91/196.30/206.47 27.91/200.08/200.13
NP — Whipple 23.35/189.34/330.94 23.59/192.38/256.63 23.91/192.86/204.20 27.91/196.69/196.88
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of separating water ice from regolith without chang-
ing the water ice phase, i.e., mechanical separation
of the mixture, are considered more energy efficient.
Let’s discuss them.

STATEMENT OF RESEARCH PROBLEM

The purpose of the research is to develop a technology
and equipment concept for water extraction by
mechanical method to meet NASA requirements
regarding the water ice separation from regolith
without the phase change [13].

Today, we know about the only concept of water
mining by mechanical method, which was proposed
by the scientists of the University of Central Florida:
Aqua Factorem, ultra-low-energy lunar water mining
[9]. This technology will use the effects of meteoroid
bombardment of the lunar surface, which has broken
up most of the solid material, including ice, into fine
grains in the upper churn zone of the lunar regolith.
Ice will be separated from a mixture of minerals with-
out the phase change by a size sorting process with
ultra-low power consumption. According to ex-
perts, using the new method can reduce the power of
800 kW to less than 100 W.

The Aqua Factorem technology can be used to ex-
tract ice from the surface layer of regolith, crushed
naturally. Let’s estimate the amount of ice that can
be mined using this method.

The exploration of the Moon will start from the
South Pole region, so it is at the poles where the pres-
ence of water has been investigated. The Lunar Ex-
ploration Neutron Detector (LEND) on board the
Lunar Reconnaissance Orbiter (LRO) has mapped
the Iunar polar regions for their abundance of hydro-
gen, which possibly exists there in the form of water
ice (Figure 3). The LEND has detected the presence
of hydrogen in the upper ~1 meter of the regolith,
which allowed identifying several areas at the North
and South Poles where there is much more water ice
than elsewhere (marked by squares on the map).

The extremes of the minimum, average, and maxi-
mum surface and subsurface temperatures were cal-
culated for these locations (Table 1) [6].

Asseen in Table 1, the distribution of the maximum
temperatures as a function of depth was analyzed in
eight Polar Regions (Figure 4), and it was established
that the temperatures are very close in all the sites. The
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Figure 4. Maximal temperature vs. depth in eight lunar regions
(see Table 3)

maximum temperatures reach 320—340 K on the sur-
face and 253—262 K at 2.25 cm depth. According to
the water pressure vs. temperature profile, sublimation
of ice happens at these temperatures in the extremely
rarefied lunar atmosphere (Figure 5). There is prob-
ably no ice in the regolith top layers. At 11 cm depth,
the temperature is 203—207 K, so these top layers and
soft soil layers can contain ice that can be mined.

Ice exists in many modifications (I...XVIII), which
differ in their physical characteristics, namely, in terms
of strength, density, etc. (Figure 5). The pressure on
the Moon is approximately 10 nPa. In these condi-
tions, at above 170 K, the ice is in the Ih modification.
The Ih Ice is a regular hexagonal crystalline ice. Al-
most all the ice on Earth belongs to this modification,
and its properties have been carefully studied.

The regolith density in the top layer is 800—
1000 kg/m3, but it increases rapidly with depth, and
its greatest changes occur at 10—30 cm depth, where
it reaches 1500—1700 kg/m? (Figure 6). The data re-
fer to the density of dry regolith. Tests into the effect
of water ice concentration in the 0—11 % mass range
showed that the compacted and frozen simulant be-
haves more like a rock than a granular soil [1].

PROBLEM SOLUTION

Excavation of ice regolith deposits from a depth of
more than 15—30 cm will be technologically more
difficult than from the top layers, the raw material
may be in the form of frozen lumps of regolith with
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ice. To solve the problem of effective water extraction
by mechanical method, it is proposed to extract ice
from a depth of more than 11 cm in two phases: first,
the frozen lumps of ice regolith need to be crushed,
and then the ice needs to be mechanically separated
from the regolith.

The method of raw material crushing is selected
depending on the physical and mechanical proper-
ties and the particle size of the initial material and
the final product. The parameter used when select-
ing the crushing method is the rock hardness: a gen-
eral conventional concept that characterizes a set of
mechanical properties of rocks, which is manifested
in various processes during mineral extraction and
processing. The rock hardness ranges from 20 for the
strongest rocks (quartzites, basalts) to 0.3 for floating
rocks (swamps, marshy soil). Dry regolith is a loose
rock with a hardness of 0.5. Frozen soils have a hard-
ness of 2.0 and belong to fairly soft rocks [14].

Experimental studies with the simulant found that
ice regolith behaves as follows with the indicated ice
content:

— 0.6to 1.5 %, like weak shale or mudstone (hard-
ness of 2.0, fairly soft rocks)
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— ~8.4 %, like moderate-strength lime stones,
sandstones, and shales (hardness of 4.0, medium-
strength rocks)

— ~10.6 %, strong limestone or sandstone (hard-
ness of 8—10, hard rocks) [8].

Jaw crushers and cone crushers, designed for
crushing high- and medium-strength abrasive
materials, can be used for crushing regolith with
~10.6 % ice content; roll crushers can be used for
~8.4 % ice content, which corresponds to medi-
um-strength materials, and impact crushers, used
for low- and medium-strength materials with low
abrasiveness, can be used for the ice content of 0.6—
1.5 %. The advantages and disadvantages of each
crusher type are shown in Table. 2.

The analysis established that impact crushers have
a simple, compact, and reliable design and low power
consumption. Their disadvantage is the rapid wear of
the hammers, which can be solved by choosing mod-
ern materials.

Since the requirements for the Moon exploration
equipment are very rigorous: low weight, low power
consumption, resistance to the abrasive lunar dust,
vacuum, low temperatures, and radiation, in the initial
phase of the Moon exploration, it is advisable to use in-
tegrated selective-crushing systems based on an impact
crusher for regolith with a small amount of ice. Small
mobile excavators, which have already been developed
and tested, can be used to excavate such regolith.

The technology of separating ice from a mixture
of minerals without phase change by sorting with a
combination of pneumatic, magnetic, and electro-
static separation was developed by scientists of the

Table 2. Crusher design and performance

1 L

Concentrate

Figure 7. Integrated selective crushing system for separating
ice from regolith (/ — conical screen, 2 — shaft, 3 —
hammers, 4 — concentrate collector)

University of Central Florida: Ultra-Low-Energy
Lunar Ice Mining “Aqua Factorem” [9].

The disadvantage of this technology is its com-
plexity and the need to use a significant amount of
equipment. An alternative can be sieving the prod-
uct of selective crushing of the ice regolith through
a sieve.

The advantage of impact crushers is the combina-
tion of crushing and screening (sorting) in one de-
vice, which is implemented in the terrestrial tech-
nology of selective crushing and selective grinding
for crushing and separation of the components with
different strengths.

The integrated selective crushing system based on
an impact crusher for separating ice from regolith on
the Moon is a conical sizing screen with a shaft with
hammers installed in the center (Figure 7). The rego-
lith, which is not crushed, goes into the over-screen

Crusher

Advantages

Disadvantages

Jaw crushers with a simple jaw
movement

Jaw crushers with a complex jaw
movement

Simple design
Cone crushers
crushing

Roll crushers

Impact crushers (hammer and rotary)

Simple design, low height

Designed for coarse, medium, and fine
Simple compact design, reliability

Simple compact design, reliability. High
output, low specific power consumption

Hard rocks crushing into large and
medium lumps

Material heating with friction during
abrasion; water loss

Heavy weight (heavier than jaw
crushers), complex

Low output, high specific power
consumption

Crusher hammers wear out quickly
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Table 3. Ice and regolith characteristics

Parameter Ice Regolith
Density, kg/m? 760—950 1150—1800
Breaking strength, MPa 0.92—0.36
Compressive strength, MPa 1.11 75—100
Shear strength, MPa 0.58
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product, and the crushed ice into the under-screen
product.

The crusher is installed horizontally, and ice rego-
lith moves because of the inclination of the conical
surface of the sizing screen.

For sieving the product of selective crushing of the
ice regolith through a sieve, preliminary estimates
have been given using the properties of frozen soils
on Earth because it is quite uncertain if there is wa-
ter ice on the Moon and in which form water on the
Moon exists.

Ice in frozen soils on Earth can be in the form of
ice cement, ice inclusions, and massive deposits of
ground ice. Ice cement is small crystals of various
sizes embedded in the soil skeleton and cementing
the minerals. The ice inclusions are various lenses,
veins, and layers with a thickness from fractions of
a millimeter to tens of centimeters [7]. After the ice
is separated by crushing the ice regolith, its particles
will have dimensions of the order of 0.25—0.2 mm.

Cone crushers for fine crushing have a degree of
crushing of 10—135, so the size of raw material lumps
must be of the order of 2—2.5 cm. Extraction of raw
materials will be carried out by compact excavators
with little effort, so probably the size of lumps of fro-
zen regolith will be exactly this.

The structure of ice regolith can be considered
as a composite material with chaotic reinforce-
ment, where the soil is the reinforcing phase and
the ice is the binder. The destruction occurs in the
less strong phase, that is, in the layers of ice, which
has a strength almost an order of magnitude less (see
Table 3). Regolith is an unsorted sandy siltstone soil
that varies in the upper soil layer from medium sand
to fine silt: on average, 95 % of the soil is smaller than
1.37 mm by mass; and 5 % is smaller than 0.01 mm
(Figure 8) [11].

The change in the granulometric composition
of the regolith with depth has not been sufficiently
studied. There are reasons to believe that the degree
of shock-explosive processing of the regolith mate-
rial decreases with depth. The results of drilling in the
area of the A-15 landing (Figure 9) and geological
and morphological observations on Luna-2 confirm
this assumption [15].

In the regolith surface layer, the content of par-
ticles with D> 1 mm is about 10 %, D> 5 mm, 20 %,
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and at a depth of 1.5 m, their number increases ap-
proximately three times, and they account for the
bulk of the regolith. Therefore, it is likely that when
using a working sieving surface with a hole diameter
of 0.2—0.25 mm, the ice crushed to the size of the
smaller size of the holes of the sieving surface of the
screen is released into the under-sieve product.

Since the ice particles are very small (0.2 mm), and
the gravitational force on the Moon is six times lower
than on Earth, it is necessary to impart the particles
with a velocity sufficient for them to pass through the
holes in the sieve. For this, the centrifugal force cre-
ated by the rotation of the crusher body can be used.
In the field of centrifugal forces, the ice particles will
be thrown out through the sieve holes, and the rego-
lith particles will settle on the drum walls, cut with a
knife on the way and discharged from the installation.

The speed of particle deposition, at which the ice
will pass through the sieve and the regolith will settle
on its surface without disturbing the process of siev-
ing the target product, is regulated by the rotation
speed of the case.

To develop a perfect technology for sieving the
product of selective crushing of the ice regolith, de-
velopment testing is required using lunar regolith or
its simulants. Such testing will be planned subject to
the involvement of foreign partners.

The over-sieve product is unloaded at the exit from
the conical screen.

The efficiency of existing single-rotor hammer
crushers was analyzed to estimate the power con-
sumption of separating 100 kg/h of ice from regolith
(see Table 4) [15].

The crusher efficiency (E) is estimated by the
amount of crushed (ground) product per 1 kWh of

Table 4. Single-rotor hammer crusher efficiency

consumed power. The inverse of the efficiency is
called the specific power consumption. It is very
close to the analyzed systems and ranges from 1.14 to
1.21 W h/kg. The estimated specific power consump-
tion of the selective crushing system for separating
ice from regolith with an output of 100 kg/h, calcu-
lated from the average value for existing crushers, is
1.18 W h/kg, and the power consumption for the pro-
duction of 100 kg of ice per hour is 118 W. The esti-
mate is made for Earth’s conditions. On the Moon, in
a vacuum with no air resistance, the power consump-
tion will be lower and will approach the power con-
sumption of the Aqua Factorem method, i.e., 100 kW.

SCIENTIFIC NOVELTY

For the first time, based on the analysis of existing
data on the distribution of maximum temperatures
by depth in the eight lunar regions at the South and
North poles, it was demonstrated that the maximum
temperatures throughout the polar plane are similar
and reach 320—340 K on the surface and 253—
262 K at 2.25 cm depth. At these temperatures, ice
sublimates in the lunar environment, so there is
probably no ice in the top layers.

For the first time, the concept of extracting water
by the mechanical method has been further devel-
oped in terms of the use of ice regolith from a depth
of more than 11 cm, where the temperature is 203—
207 K, and there is no ice sublimation. It is proposed
to extract ice in two phases: crushing frozen lumps of
ice regolith and then separating ice with mechanical
equipment. For the first time, the dependence of the
ice regolith hardness on the frozen water content was
estimated, the strength increasing from 2 to 10 as wa-
ter content increased from 1.5 to 10.6 %.

Unidirectional crushers
Parameter Notes
M6-4b M13-16B M?20-30T
1 2 3 4 5
Output, kg/h 14000 175000 1050000 Output 0.1 t/h for the Moon,
according to NASA data [11]
Electric motor power, kW 17 200 1250
Specific power consumption, 1.21 1.14 1.19 We take the average value of
W-h/kg Columns 2—4, i.e. 1.18
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CONCLUSIONS

Based on the analysis of lunar water extraction
methods, it is shown that water vapor extraction from
the lunar regolith by the thermal method requires
high levels of thermal power. Therefore, methods
of mechanical separation of water ice from regolith
without the phase change are of interest.

Taking into account the temperature distribution
by the regolith depth at the lunar poles, it was estab-
lished that water in the form of ice is probably present
at depths of less than 11 cm. It has been shown that
the ice regoliths are quite hard, so it is necessary to
first crush the extracted raw materials and then sepa-
rate them by screening or other methods of benefi-
ciation.

Since the equipment mass and power increase as
the material hardness increases, in the first phase of
the Moon exploration, it is advisable to use selective
impact crushers, as they are the most energy-efficient
pieces of equipment for crushing and separating raw
materials. Such equipment can be used for icy rego-
lith with a nice content of ~1.6 % and hardness of 2,
with small mobile excavators, already developed and
tested, used for regolith excavation.

The integrated selective crushing system is pro-
posed to separate ice from regolith. The power con-
sumption of the proposed system for mining 100 kg
ofice per houris 118 W, which is comparable with the
Aqua Factorem system (100 W) and significantly less
than the power consumption required for the thermal
method, i.e., 800 kW.
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ByJ1. KpuBopisbka 3, [IHinpo, Ykpaina, 49008

TEXHOJIOTIA BUAOBYTKY BOAU HA MICALI BE3 3MIHU ®A3U JILOAY

[TpoBeaeHo aHaITUUHE TOCHIIXKEHHST BiTOMUX TEXHOJIOTII BUAOOYTKY BOJAM Ha Micsli Ta JOBEAEHO, 1110 eHeproedeKTuB-
HUMU € METOIM, 10 He TTOTpeOyIoTh 3MiHM (ha3u Jpoay. Ha ocHOBI aHasizy po3Iomiay TeMrepaTrypy 1o IMOWHI perojiTy
Ha MiCSIYHUMX TOJIIOCAaX BCTAHOBJIEHO, 1110 Boja y (popMi 1boy MOKe OyTHM HasiBHA Ha mIMOMHax MeHI Hix 11 cm. Kpukani
PEroJIiTh 3a CBOIMU BJIACTUBOCTSIMU HE € CUITYYMMHU MOPOAAMM, SIK CYXUI PETOJIIT, a TOCUTh TPUBKi. ToMy [UTs BUTOOYTKY BOIU
3 KPMXKAHOTO PEroJjiiTy 6e3 3MiHU (ha3u JIbOIY 3alpOITOHOBAHO JIBOCTAliiHY TEXHOJIOTIIO: CITIOYaTKy MOAPiIOHEHHS BUIOOYTO1
CUPOBUHHU, a MOTIM PO3AUIEHHS 11 rpoXoyeHHsIM. CTyMiHb TPUBKOCTI PErOJIiTy CTPIMKO 3pOCTA€E MPpHU 301IbILIEHHI BMICTY BOAM.
OCKIiJTbKM Maca Ta TIOTYKHICTh 00 1aMiHaHHSI 301TbIITYETHCS TIPY 30LTBIICHHI CTYTICHSI TPMBKOCTI MaTepiaiy, Ha TIepIIoMy eTarri
OCBO€EHHST Micsiiish TOLIBHO BUAOOYBATH Ta OOPOOJISATU KPUKaHi peroiti 3 BMicToM jiboay 1.6 %, 1110 HajiexaTh 10 JOCUTh
M’SIKMX MOPiJl i MAIOTh CTYITiHb TPUBKOCTI 2. {7151 BUKOIYBaHHS TAKMX MaTepialiB MOKHA BUKOPUCTOBYBATH HEBEJIMKi MOOiIb-
Hi eKCKaBaTOpH, 110 BXe PO3pO0JIeHI i MpOTeCTOBaHi, a 1isi 00pOOKM CMPOBUHM 3aCTOCOBYBATH IpOOApKKU yIapHOI Ail, 1110
MaloTh MaJly Macy Ta IMOTY>XHiCTb.

Ormpaiib0BaHO KOHIIEIIiI0 KOMIUIEKCHOI CUCTEMHU BiIOKpPEMJICHHST JIbOMY Bill peromity 6e3 3MiHUu (asu JIbomy Ha OCHO-
Bi ApoOapku yaapHoi 1ii BUOipKOBOro ApoOJIeHHs, 1110 MOEAHYE onepallii MoApiOHeHHS BUA0OYTOI CUPOBUHU 1 PO3IiIEHHS
OKPEeMUX KOMITOHEHTIB B OHOMY MpUCTPoi. JIpobapku ynapHoi Aii BUOipKOBOTo ApoOICHHS € HalOiIbII eHeproeeKTUBHUM
o0samHAHHAM JIs MOAPIOHEHHST Ta PO3AiIEHHS CUPOBMHU. BUTpaTh MOTYXHOCTI 3alpOIOHOBAHOI KOMIUIEKCHOI CUCTEMU
BUOIPKOBOTO IPOOJICHHS ISl BiIOKPEMJIEHHS JIbOY Bifl perojiity Ha BumooyTok 100 Kr 1bomy Ha roguHy CTaHOBJATH 118 BT,
110 GJIM3bKO 0 BUTpAT cuctemu «Aqua Factorem» (100 BT) i 3HauHO MeHIe Bin BUTpat TepmiuHoro metony (800 kBr).

Karouogi caoea: BunodyTok Boau, Micsub, KpyxKaHi peroyiiT, (asu Jboy.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. Ne 2 37



Cmocoeno pykonucy cmammi
L. Iycapoeoi, I. Ocinosoeo, JI. [lomanosuy

KomenTapi
Comments

«Texnoaoeia eudobysanns 6odu na Micsaui 6e3 3minu ghazu 1600y»

Ckaxy BiIBepToO, 1110 MPOXaHHS aKaJaeMiKa-ceKpe-
taps Binminenns nayk npo 3emmo O. M. ITonoma-
peHKa HaJaTy BiIYK Ha PYKOIUC CTAaTTi CTOCOBHO
BUIOOYTKY Bomy Ha Micslii 3acTajio MeHe 3HeHa-
1IbKa. AJie OCKiJIbKM B Liei yac s roTyBaB 1is1 Teo-
(izyHOrO KypHajy BIiIT'YyK Ha PYKOIIMC CTaTTi
B. B. TopnieHka, nmpucBsaueHoi (popMyBaHHIO 3eM-
HOI KOpHU Ta IOSIBi BoaM Ha 3eMili, TO s IaB 3roay
O03HAOMUTHUCH i BUCJIOBUTU CBOIO TyMKY.

Paniie no iHgopMauiiiHUX MOBiIOMIEHb ILIOI0
HasiBHOCTI BoIM Ha Micsilli s BITHOCUBCSI CKeNTUY-
HO, a IIPO PO3POOKM TEXHOJIOTII ii BUAZOOYTKY HaBiTh
He 31oraayBaBcsi. ToMmy HaBeleHe y PyKOIUCY aHa-
JIITUYHE IOCTiIXKeHHST TEXHOJIOTIN 11 BUAOOYTKY
BoaOM Ha Micsii i MpoaeMOHCTPOBaHI aBTOPCHKi
pPO3pO0OKK eHeproeeKTUBHUX METOMIIB s Biampa-
BUB Ha pelieHsito B. C. bineibkoMy, ocKilnbKu 1mo-
CWJIaHHS Ha HaBYaJIbHUI MOCIOHMK i MOHOrpadiio
aBTOPCHKMX KOJIEKTUBIB 3a 10ro y4acTi HaBeJIeHO y
nepeJsliky BUKOPUCTAHUX JIKEPe.

Memne, 5K reodizuka, OUTbIN 3alliKaBUB BUKOHA-
HUI aBTOpaMU aHali3 PO3IOAiLY TeMIlepaTypu II0
IIMOMHI PEroJIiTy Ha Imojtocax Micsiist, a Takox (i-
3WYHI BJIACTUBOCTI KPMXKAHUX PETOJITIB SIK MoJaT-
KOBOro MaTepiany mjisi po3poOKM KOHIEMLil iHTe-
rPOBaHOI CUCTEMU BinaijieHHs 3 HUX Jiboay. CTHUCIIO
BUCJIOBJIIO CBOI MipKyBaHHS 3 LIOTI'O IIPUBOLY.

B ocranHi poku s Bce yacTillle IMoTpaIuisB Ha Ha-
YKOBI CTaTTi IIOJAO MOKAa3iB iCHYBaHHS BOAY Ha Cy-
nyTHUKY 3emi. [TpunyiieHHs npo te, 1110 BOASIHUI
JIi MOXe OyTU YB’SI3HEHUM y MIiCSIUYHUX XOJOTHUX
MOJIIPHUX KpaTepax, MOHa/ MiBCTOJITTSI TOMY BU-
cyHyB BatcoH Ta iH. [Watson, K., Murray, B., &
Brown, H. (1961). On the possible presence of ice
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on the Moon. Journal of Geophysical Research, 66,
1598—1600]. OmHak TiTbKY 3 3aCTOCYBAaHHSIM HU3-
KM OUCTAaHLiMHUX METOMIIB Oy OTpUMaHi pe3yJib-
TaTU 110J0 BUSBJIEHHS Ta KiUJIbKICHOI OLIHKU TO-
TeHLIMHUX CKyMYeHb, SIKi He MOXHa OJHO3HAYHO
TOB’SI3aTH 3 HAassBHICTIO BOMISTHOTO JTIOTY, aJle MOXKHA
MOSICHUTU TMPUCYTHICTIO MiHEpaJibHOI PEUYOBUHMU,
sika mictuts rigpokcut (OH) Tomro.

[TpsiMi ToKa31 HAsSTBHOCTI BOASTHOTO JIbOAY Ha 10~
BepxHi Micsist Oyau oTpuMaHi B OCTaHHI POKH i3
3aCTOCYBaHHSIM JBOX TEXHOJIOTIM AMCTaHLIIHOTO
30HJYBaHHS.

Ilepiie minTBepmxeHHs Bindynocs B 2008 porii,
KOJIA JaHi iHaii1ChKOTo KOCMiuHOro Kopabis «YaH-
npasiaH-1» BUSBWIM O3HAKU MOMIOHUX OO BOIU
MOJIEKYJl Ha TiBIeHHOMY MoJjtoci Micsus. Tlotim
NASA 3anycTuio KOCMiuHUI Kopadeb ITiJ1 Ha3BOIO
LCROSS, skuit BnaB Ha Micsup y 2009 poui, mia-
HSIBIIM MaTepiall i MiATBEepAMBILY HasIBHICTb BOAU Y
neBHii popmi. A B 2018 polii 1OCTiZHUKN, BAKOPHC-
TOBYIOUM CaMi Ti JaHi, 3HAWIUINA MPsIMi JOKa3u BO-
NISTHOTO JIboy Ha noJitocax [Li, S., Lucey, P. G., Mil-
liken, R. E., Hayne, P. O., Fisher, E., Williams, J.-P.,
et al. (2018). Direct evidence of surface exposed wa-
ter ice in the lunar polar regions. Proceedings of the
National Academy of Science of the Unites States of
America, 115(36), 8907—8912].

Bnpyre, 3aBasgku CrpaTtocdepHili obcepBaro-
pii iHdpauepBoHOi acTtpoHoMii (SOFIA), Bmanocs
3adikcyBaTu crneuu@iuyHy YHiKaabHY XBUJIIO ST
MOJIEKYJI BOAU B OMHOMY 3 HalOLIBLIMX KpaTepiB y
IliBmennii miBKyni Micsusg [Honniball C. 1., Lu-
cey P. G., Li S., Shenoy S., Orlando T. M., Hib-
bitts C. A., et al. (2020). Molecular water detected
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on the sunlit Moon by SOFIA. Nature Astron., 5,
121—127]. o uporo o3HaKu HAsSIBHOCTI BOAY BIa-
BaJIOCS BUSIBUTH JIMIIE HA HEOCBITJIEHUX YaCTUHAX
cynytHHKa 3emii. OmHaK, MOIPU BaKJIMBICTh LIMX
BiIKPUTTIB, OCTATOYHOTO PO3YMiHHSI IPUPOIN BOJI-
HUX HaKoW4YeHb Ha Mics1li 1oci HeMae.

3rigHo 3 gocaimkeHHIMU NASA, y KpaTepax Ha
nomocax Micsisd, Kyayd MpakTUYHO HE MOTparlisie
COHSIYHE CBITJIO i e TeMIlepaTypa gocsirae Minyc 120
rpanayciB 3a LleabcieM, Moxe OyTH JOCTaTHHO BOJIU Y
KpMXKaHOMY CTaHi. AJie HaBiTh SIKIIIO BOACTBHCS MiI-
TBEPAUTU HASIBHICTh 3HAYHUX OOCSTiB Jiboay Ha Mi-
CsI1Ii, TOJIOBHOIO TTPO0JIEMOIO 3aJIMIIAETHCS BUIOOY-
TOK 3 HUX BOJIU, sIKa HE MOXe iCHYBaTH Ha MOBEPXHi
Micsis B piIKoMy cTaHi, 00 BOHa MOMEHTaJIbHO
BurapyeTbcst. Crin MaTu Ha yBasi, 1110 KpaTepu Ha
MiBAeHHOMY noJitoci Micsiig HeOe3MeyHOo XOJIOAHI
3a 3eMHUMU MipKaMU, 110 IMTPAKTUYHO YHEMOXJIUB-
JII0€E JOOYBAaHHS KPUKAHOTO JILOAY 3a JOIIOMOIOI0
CydJacHHUX TexHouoTiil. Tomy OuTbII TPUBAOIMBUMU
BUJIAIOTHCS PE3YJIBTATU JOCTIIKEeHb, OMy0JlikoBaHi
B XypHaJii «Nature», CTOCOBHO BUSIBJIEHHS SIK 0€3-
nocepeaHbO MOJIEKYJ BOAWM Ha AisiHKax Micsis
ocBiTieHux CoHLEeM, TaK i MPUITYIIEHHS 11100 Ha-
SIBHOCTi BOASTHOTO JIbOJY B IXHiX KpaTepax.

OnHak aBTOpU CKOHIEHTPYBaJIM OCHOBHY yBary
Ha 3ano3udeHux y pobori [Gliser P., Sanin A., Wil-
liams J.-P., Mitrofanov I., Oberst J. (2021). Tem-
peratures near the lunar poles and their correlation
with hydrogen predicted by LEND. J. Geophys.
Res.: Planets, 126, ¢2020JE006598] pe3ynsraTax
TIOCHIIKEHHS MICSIUHMX TMOJSIPHUX PETiOHIB Ha Ha-
SIBHICTh Y HUX BOJHIO Y BEpXHbOMY IPOIIAPKY pe-
royity. 3a3HayeHi MOOCIIOTHUKM imeHTUdiKyBaau
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KiJIbKa aHOMaJIbHUX MOCTIiHO 3aTiHeHUX 00JIacTei,
sKi 30iralotbcsl 3 0OJIACTSIMU TIPUTHIYEHHST HeE-
TpOHiB (00JacTi HaAMIpPHOI KOHILIEHTpAaILii BOIHIO)
Ha [liBHiuHOMy Ta [liBAeHHOMY ToJitOCax, B SKUX
MOXJIMBE iCHYBaHHS BOJY Y KpMxKaHOMY cTaHi. s
X BOCbMM aHOMAaJIbHUX O0JlacTeil OyJu BUKOHA-
Hi pO3paxyHK! MiHiIMaJbHUX, CEPEIHIX Ta MaKCH-
MaJIbHUX TEMIIEPATyp Ha MOBEPXHi Ta Ha TPbOX pe-
nepHux rauomHax. OTpuMaHi pe3yabTaTh MiCTSITh
X0U 1 Ay>ke MMOBIpHI, ajie BCe 3K OPi€HTOBHI OLIiHKM.
OcTaHHE MOXe CJYTYBaTU BUIIPABAAHHSM OKPEMUX
TBEp/XKEHb aBTOPiB PYKOIMMCY, 30KpeMa BUCHOBKY,
10 TeMIlepaTypy MO BCiX JOCTIIKEHUX MOJSIPHUX
IUIoIIaxX Ha IJIMOMHax 10 2 M ogHakoBi (puc. 4). 3
LIUM HE MOXY TOroJWTUCh, yepe3 Te 110 Ha Takii
3HAYHI TUTOI, 16 ¥ Ha ABOX mostocax Micsig,
MOCTIiHY TeMMepaTypy BEPXHBOTO Iapy BaXKO
YSBUTH.

3a3Hauy, 10 SKIIO BOAY 3 KPMXKAHOIO PEroJjIiTy
MOXHa Oyne BuaoOyBaTu Ha Micslii, 3aMiCTb TOro
1100 BiAIIpaBIsATH 11 TyaM i3 3eMJli, TO Halll IPUPOI-
HUI CYNyTHUK LIIJIKOM MOXe CTaTu MNPUIATHUM Me-
peBaJIOUHUM ITYHKTOM JIJIs HACTYITHUX MiCiii Ha iHIIi
IUtaHeTy. TakyM 4MHOM, NparHeHHs1 (axiBuiB Jep-
>KaBHOro minnpueMcTBa «KOHCTpPYKTOpPChbKE OOpO
«IliBnenne» im. M. K. fHrenst», 3acTocyBat HaKo-
NWYEHUI JOCBIM y TipHMYilA cripaBi Ha 3eMJIi U151 BU-
JIOOYTKY BoaM Ha Micsilii 3aC/IyroBy€e Ha yBary.

Tonosruii Haykoeuii cniepobimHux
Inemumymy eeogpizuxu im. C. 1. Cybbomina
Hauyionanvnoi akademii nayk Ykpainu,
dokmop eeonoeiunux Hayk, npogecop,
unen-kopecnondenm HAH Yxpainu,
Boaodumup Kobones
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EJJEMEHTHU TEXHOJIOTTI EXEKTPOHHO-ITPOMEHEBOI'O
3BAPIOBAHHA ATIOMIHIEBHUX CILVIABIB 1T MOHTAKHUX
I PEMOHTHO-BITHOBJIIOBAHUX POBIT HA IIOBEPXHI MICALA

Ipu oceocnni Micays cmeoprosamumymucs dogeompueani micsiuni 6azu (JIIMB), a maxoxc inwi 06’ckmu, wjo 3a6e3ne4yroms iHcum-
medisavHicms ma pobomy excneduuiii. Lle moxcyms 6ymu MOHMANCHO-CKAAODANbHI Onepayii nio 4ac cmeopeHHs KOCMIUHUX KOMN-
JNeKcié abo peMoOHmMHO-npogirakmu4ri pobomu, noé’13aHi iz 3a6e3neueHHam mpuearocmi excnayamayii dirouux cucmem.

HuryBanusg: Jlobanos JI. M., Jlaukin 0. M., Teprosuii €. I, [Tickyn H. B., [nymaxk C. O., Conosiios B. I'., Cemikin B. ®.,
®enopuyk B. €., CrarkeBuu I. I. EnemeHTH TexHOJOTIi €JIeKTPOHHO-TIPOMEHEBOTO 3BapIOBAHHS aTIOMiHIEBUX CIUIABIB IS
MOHTaXXHMX i PEMOHTHO-BiTHOBIIOBAaHUX POOIT Ha moBepxHi Micaust. Kocmiuna nayka i mexnonoeis. 2024. 30, No 2 (147).
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Enemenmu mexnonoeii EI13 anrrominiesux cniaeie 0ns MOHMANCHUX | peMOHMHO-8I0H08AH08aHUX poOim Ha nogepxri Micauys

Excnepumenmu 3i 36aproeants y Kocmoci, nposederi Ha asmomamuyHomy 001aonanti « Byakan», a maxodic 36aprosanus pyunum
eneKkmpoHHo-npomenesum incmpymenmom YPI 'y gioxpumomy kocmoci nokasanu, wo erekmponHo-npomenege 3eaprosanis (EI13)
€ ONMUMANbHUM MEXHON02IUHUM NPOUEeCOM 0151 BUKOHAHHS 36apI08anbHUX pobim y kocmiunux ymosax. llpu yvomy npoueci eghex-
muenuil koeghiyienm Kopuchoi 0ii cmanosums 85...90 %, wjo € makcumanrvHum ceped inuux cnocobie 3eaprosanns. EI13 é ymosax
3eMHOI epasimauyii 0036045¢€ 3a0e3neuumu MexaHiuHi ma XiMivHi 61acmMuU8oCmi 36apHUX 3’ €OHAHb, A MAKONC IXHIO WIAbHICIb Mallice
Ha PIBHI OCHOBHO20 Memany KOHCMPYKUYIT, W0 € HEMONICAUBUM NPU IHUWUX cnocobax 3eaproeanis. Tak, KoegiyiecHm miunocmi memany
wea 36aprux 3’€0nHanb i3 antominiesux cnaagie, ompumanux EI13, cmanoeums 0.85...0.93, a npu dyeoeux i naasmo-dy2o8ux cno-
cobax ein cmarosums 0.7...0.8. Boonouac ompumanus makux eaacmueocmetl 36apHux 3’ €0HAHb Y KOCMIYHUX YMOBAX € CKAAOHUM.
Sk 8idomo, 3HUMNCEHA epagimayis, HU3LKI memMnepamypu ma HA08UCOKULL 8AKYYM, AKI € NPUPOOHUM cepedoguilem Ha MICSUHIl no-
8epXHI, CNPUAIOMb YMBOPEHHI0 HYMPIWHIX HeuwjinbHocmell y eueaadi nop y 3éapuux wieax (3111). Lle y neputy uepey npoaeasicmocs
NpU 36aPIOBAHHI ANOMIHIEBUX CNAABIB, AKI GBUKOPUCMOBYIOMbCA K OCHOBHULL Mamepian 8 KOHCMPYKYISIX KOCMIYHUX anapamie.

s ompumanus saKicHux 36apuux 3’eOnans i suxniovens @ 311 maxux degpexmis, sik nopu, mpiugunu ma HecnAAeAeHHs KPAUKI6
Y KopeHi wiea, 6y10 po3po6aeHo i U20mMogaAeHo cucmemy anapamypu nepio0u4Ho2o 8i0XuieHHs eneKmpPOHHO20 NYYKA 3 NpO2PamMo8a-
HOW IHMEHCUBHICIMIO HA2PIBAHHS N0 3A0AHIil MPAEKMOPpIi.

B pe3yavmami npoeedenux mexuonoeiunux pobim 3 GUKOPUCMAHHAM KOMNAEKCY anapamypu nepioOuuHo2o @i0XuneHHs eneKkmpo-
HHO020 nyuKa 6yn0 ompumano 3eaphi 3’ eonanns (33) 3i cnaasie AM26, A1570 ma 1201 moswunoro 6io 2 do 8 mm. Ompumani 33 nio-
N52aU BI3YANBHOMY 02150y, DEHM2EHIBCOKOMY KOHMPOI0 HA BUHAYEHHS 306HIUHIX | 6HympiwHix deghexmis y weax. Takoxc 6ya0
npogedeHo mexaniuHi UnpoOYS8anHs HA MIUHICIb ONOPY PO3PUBOM, GUIHAUEHO eAeMeHMHUL CKAa0 ma 8UKOHAHO Memanoepagiuni
docaioxcenns 33, ompumanux 3anponoHo8arum cnocobom. Pesyremamu sunpodysans noxasaau eucoxy sxicme 33 i3 a1omMiHicgux
cnaasig, ompumanux EI13 3a donomoeoro cucmemu nepiooutro2o gioxunenHs eaeKkmpoHH020 NYUKaA 3 RPOePAMOBAHOI0 IHMEHCUBHIC-
mio Haepisy no 3a0atiii mpaekmopii.

Memoro danoi pobomu Oyau ananiz cnocobie deeazayii po3naasaeHo2o Memany 36apr8aibHOi 6aHHU, 4 MAKOXIC po3podKa i eu-
npodysanus enemenmie mextonoeiunozo npoyecy EII3 arrominiesux cnaagié 3a 0onomozorw cmeoperoi anapamypu, ki npu eUKo-
HAHHI MOHMAXNCHUX MA PEMOHMHO-BIOH08AH8ANbHUX POOIM Ha nosepxHi Micsauys 00360a3mb ompumyseamu axicHi 33, wjo eionosioa-
10mo 8UMO2AM 00 KOHCMPYKUIll KOCMIUHO20 NPUHAHEHHS.

Karouosi caosa: doseompueani micauni 6a3u, HA0BUCOKULL 8AKYYM, HU3LKI MeMNepamypu, eaeKmpoHHO-NPOMeHe8e 36APO6atHs,
anoMIHIES cnaasu, 36apHi 3’ €OHAHHSA, deheKmu y Weax, HewjinbHoCmi, Nopu, cucmema nepioOuuHo20 6i0OXUNCHHS eNeKMPOHHO-
20 NyuKa, po3eopmKa, peHMeeHiecbKka 0e(eKmocKonis, MexXaHiuti 61acmueocmi, efeMeHmHUl CKAad, MaKpoCcmpyKmypa, MiKpo-
CMpYKmypa, 0CHOBHULL Meman, Mema.n wWea, 30Ha MmepmiuH020 6NAUEBY.

Oco0ymBi yMOBU Ha moBepxHi Micsis ycKJ1agHIO-
I0Th MPOBEIEHHS TEXHOJIOTIYHUX MPOILIECIB i BUMa-
raloTh CTBOPEHHS CIeliajli3oBaHOTO 00JIaTHAHHS
Ta Cy4aCHUX i HaZilfHUX TEXHOJIOTIN JIJ1sT BUKOHAH-
HS$I 3BaploBaJIbHUX poOiT [9, 11]. A Taki pakTopu, SIK
3HIKEHA IpaBiTallis, HU3bKa TeMIlepaTypa Ta Haj-
BUCOKMI BakKyyM, IO € OCHOBHUMHU (Pi3MUYHUMU
YMOBaMM MiCSIYHOI ITOBEPXHi, CIIPUSIIOTh YTBOPEH-
HIO AedeKTiB y 3BapHuX 3’egHaHHIX (33) [3].

3HUKeHa rpaBiTallisi MOXe CIPUSITU BUHUKHEH-
HIO HeILUJIbHOCTEN Yy BUIJISIAI MOPUCTOCTI y IIBaX,
siKa TIOB’s13aHa 3 TUM, 1110 B HU3bKUX rpaBiTalliiHUX
MOJISIX He BiIOyBa€ETbCS MPUPOJHOIO CILIMBAHHS
MyXUPIIB ITApX YU rasy 3i 3BaploBajbHOl BaHHU [6].
Ile ocoba1BO MPOSIBASIETHCS TIPU 3BapIOBaHHI alio-
MiHi€EBUX Ta iHILKX MaTepiajiB 3 MiABUILEHUM BMiC-
TOM PO3YMHEHUX Ta3iB (B OCHOBHOMY BOJIHIO), a Ta-
KOX B HasIBHOCTI €JIEMEHTIB 3 BUCOKOIO IIPYKHICTIO
Mmapu y MeTaJli 3BapHOi KOHCTPYKIIIT [2].
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JlocmimKeHHSIMM TaKOXK BCTAHOBJICHO, 1110 OJHIEI0
i3 IpUYMH YTBOPEHHSI IIOP MPK 3BapIOBaHHI aIioMi-
HiIO Ta I0TO CIIJIaBiB € BOJIEHbB, I1T0 MiCTUTHCI B OKIC-
Hill TUTIBLI Ha KpaiikaX 3BaproBaHOro Metaiy [7].

Bigomo, 1110 0gHUM i3 MeTomiB OOPOTHOM 3 Mia-
BUILEHUM yTBOpeHHsIM mop npu EI13-3BaproBaHHi
aJIIOMiHIEBUX CILJIaBiB € BUKOPUCTAHHSI MOYJIbOBa-
HOI IMOTY>KHOCTI [5]. Ajie Tpu IbOMY METO/1i yTBOPIO-
IOTHCSI BUIUIECKH 3i 3BaplOBaJIbHOI BAaHHU Y BUTJISIIL
OpM30K PO3ILIABICHOTO METAILY, 1110 HETIPUITYCTUMO
MpY IIPOBEACHHI TEXHOJOTIYHUX POOIT y KOCMIYHIX
ymoBax [12].

YV po0Gori [5] 3amportoHOBaHO METO/I 3BapIOBAHHS
3 PO3UICIJIEHHSIM €JICKTPOHHOTO My4yKa Ha KiJibKa
TEIUIOBUX JIKepeJI MpU CKaHYBaHHi OTo 1Mo 3a1aHii
TpaekTopii. Lleii MeTon 3acHOBaHWI Ha JTUHaAMIY-
HOMY ITO3UIIIOHYBaHHI My4yKa, SIKMiA 30iiCHIOEThCS
3a paXyHOK BMCOKOYAaCTOTHOIO KE€pyBaHHS MepeMi-
IIEHHSIM Ta BIIXWJICHHSIM IIPOMEHSI BiTHOCHO CTH-
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Puc. 1. Cxemu Tipoliecy eJIeKTpOHHO-TIPOMEHEBOTO 3BapIo-
BaHHS: @ — 3 TIOTEPEeIHIM MilirpiBoM Ta MigirpiBoM Micys
3BapioBaHHs (/ — CKaHYBaJIbHMII ITy4OK, 2 — 3BapHUI CTHK,
3 — nomnepeaHe MmimirpiBaHHs CKaHYBaJIbLHUM ITy4KOM, 4 —
TepMOOOpOOKa ITic/is 3BaploBaHHA, 5, 6, 7 — 3BaploBalbHi
BaHHU 1—3); 6 — npu nomnepeaHiit TepMooOpoOIL

Ky i ioro (hOKyCyBaHHSIM TaKUM YMHOM, IO ITy4OK
JIi€ OMHOYACHO B KiIbKOX Micusx (puc. 1, a) [5].
IIpu npomy BimOyBaeTbcsl (pOpMyBaHHS HEKiIbKOX
TEIUIOBUX JiKepes, sIKi 3a0e3MneuyloTh OfHOYacHe
BBEJICHHS TEILIA Y Pi3Hi JIISTHKU 3BapOBAHOI 3aro-
ToBKU. [Ipy 11bOMY 3BaproBajibHi BAHHU PO3TalllO-
BYIOTbCSI Ha AEsIKiid BicTaHi ogHa Bix omHoi. Take
poO3LIEIUIEHHS Ny4YKa J103BoJisie BUKoHyBaTu EIT3
y pi3HMX BapiallisX: 3BaploBaHHSI Biipa3y B KiJlb-
KOX 00poOJIIOBaHMX 30HAX 3 YTBOPEHHSIM JEKislb-
KOX 3BaploBaJlbHUX BaHH, 110 MIyThb OJHA 3a Of-
HO10, MOENHAHHS 3BaplOBaHHSI Ta TEPMOOOPOOKHU.
Ane nipu Takiii cxemi nipouecy EI13 3 yTBopeHHsIM
KiJIbKOX 3BaplOBaJIbHUX BaHH, 1110 MEPEeMilllylOThCs
TOCJIIIOBHO OJIHA 3a APYTOI0, € BEJIMKA BIPOTiAHICTh
YTBOPEHHSI iHTEpMETai[iB y MeTaji IIBa i y 30Hi
TEPMIYHOTO BIUIMBY, SIKi HETaTUBHO BILJIMBAIOTh HA
eKcIuTyaTauiiHi xapakrepuctuku 33 [1].

Takox Bigomo, 110 JjI9 3MEHIIEHHS iHTEHCHUB-
HOCTi YTBOPEHHSI MOp Ta YHUKHEHHSI CTBOPEHHS
TPILLIMH Mepe]] 3BaploBaHHSAM aJlOMiHIEBUX CIIaBiB
BUKOHYIOTb MOTEPENHIO TEPMOOOPOOKY BCHOTO BU-
poOy Oe3mocepeIHbO eISKTPOHHUM ITy4KOM, abo,
B 3aJIEXHOCTI Bil rabapuTiB BUPOOY, TUTbKHA 30HY
3BaproBaHHs j0 temneparypu 7, = 180...200 °C.
Lle n03BOJsIE BUKIIIOUMTHA YTBOPEHHS TPIlllMH, HE-
CIJIaBJIEHHsI KpalikiB, mopoxHuH y 3TB, MIII ta
KOpEHi 1IBa 3a paXyHOK YacCTKOBOI Jerasailii po3-
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YMHEHOTO BOJHIO Ha MOBEPXHi KpaliKiB OCHOBHOTO
metany (OM), a TakoX MiABUIIMTU IUIACTUYHICTh
MeTajy Iiepen 3BaproBaHHAM (puc. 1, 6). Oneparis
MonepenHboi TEPMOOOPOOKM MeTalliB MPOBAJAUTh-
cs1 Hec(hOKYCOBaHUM CKaHYBaJIbHUM €JIeKTPOHHUM
MYYKOM MaJjioi IIUIBHOCTI, a TMOTIM BMKOHYETHCS
3BaplOBaHHS 3 TOCTPUM C(HOKYCOBAHUM ITYYKOM.

AJie, SK TMOKa3aau pe3ybTaTu JOCHiIXKEeHb, IS
KepyBaHHSI IIPOLIECOM KpHUCTali3allil MeTaly i Oibli
IHTEeHCUBHOTI'O CIUIMBAHHS OYJIb0allloK 3 Ta3oM abo
3 IapamMy MeTajly, HeOoOXimHO TaKOX 3dilCHIOBATU
TepMOOOPOOKY i ITic/is 3BaplOBaHHSI.

BpaxoBytouu 11i oOCTaBMHM, OyJIO 3alpOIOHO-
BaHO OOHOIPOXiAHUI MpOLIEC 3 OAHIEI 3Baplo-
BaJIbHOIO BAaHHOIO i TOMEpeaHbOI Ta HACTYITHOIO
TEpPMOOOPOOKOIO 1IBa, 3 MEepeMillyBaHHSIM pO3-
TUIABJIEHOTO METaJly BAaHHU PEBEPCHOI0 KPYTrOBOIO
PO3TrOPTKOIO €JIEKTPOHHOIO IMyyKa 3 MporpamMoBa-
HOIO TEIJIOBOIO iHTEHCUBHICTIO B KOXHilA 30Hi TeX-
HOJIOTiYHOTO IIpoiecy [8].

bynu npoBeneHi TeXHOJIOTiUHI eKCITepUMEHTH 3i
3BaplOBaHHS 3pa3KiB i3 aJlOMiHIEBUX CILJIaBiB 3a-
MpOITOHOBaHUM cItocoboM. Ha mouaTkoBiit cramii
JOCTIiIXKeHb 3BaproBaHHS 3pa3KiB i3 criaBiB A1570 i
AMTI6 BUKOHYBaJIM €JIEKTPOHHUM ITy4KOM Oe3 cKa-
HYBaHHS I10 3a/aHili TpaekTopii. Ha puc. 2 mokaza-
HO MOPU Ha OKPEeMUX MiJITHKAX 3BApHUX 3’€HaHb,
oTpUMaHUX UM criocodom. IlinBuieHy mnopuc-
TiCTh y IIBaX MOXHa MOSICHUTU TUM, 110 Y Iubo-
KOMY MaporazoBoMy KaHaJjli Oyib0alliku He BCTUTa-
I0Th BUMTH Ha MOBEPXHIO PO3IJIABIEHOTO MeTaly, a
MacooOMiH PO3IUIaBJIEHOTO MeETaly CIIpUSIE Tepe-
MiIlIEeHHIO iX Y XBOCTOBY YaCTMHY BaHHM, sIKa BXeE
KPUCTaJIi3y€EThCs, ¢ i BiAOYBa€eThCs IXHS (hiKcallist
y BUIJIsAai mop y MeTaji mBa (MII), B 30Hi yacTKo-
BOT'O OIUIABJICHHS HA KOPJOHI 3 JIIHIE€IO CIUIaBJICH-
HSI, a TAKOX B KOPEHi 111Ba. Y IMPOLIECi MOAaIbIIOrO
BUKOHAHHS TEXHOJIOTIYHMX POOIT OyI0 3acTOCOBa-
HO TpaguLiiHMI crocid aerasallili 3BaploBaJIbHOL
BaHHU TIepeMilllyBaHHSIM pO3IJIaBJIEHOTO MeTa-
Jly Oe3nepepBHUM OJHOCTOPOHHIM CKaHYBaHHSIM
€JIEKTPOHHOTO Ty4YKa 3 KPYyroBOK PO3rOpTKOO Aia-
MeTpoM 2 MM i yactortoro 180 Ii1. Ajre, sIK moka3zaiu
pe3yabTaTH, 1ei CrociO TaKoxX He 3aBXAW CIIPUSIE
MOBHI Aerasaiii 3BapioBaJibHOI BaHHU, OCOOJIMBO
IIpY 3BaplOBaHHI aJIOMiHIEBUX CIUIABiB CepedHiX i
BeJIMKMX TOBIIMH [10].
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Puc. 2. MikpoCTpyKTypu AiISHOK 3BapHUX CTMKOBUX 3’€IHaHb, OTPUMAHUX €JEKTPOHHO-IIPOMEHEBUM 3BaplOBaHHSIM 0e3
CKaHyBaHHSI €JIEKTPOHHUM Ty4KOM CTUKOBMX 3pa3KiB i3 crutaBiB A1570 (a, 6, 6) i AMT6 (2) TOBIIMHOIO BiMOBIIHO 8 i 6 MM:
a — TIpaBa BePXHS YaCTWHA METaJy IIBa, 6 — KOPIOH JIiHii CTIJIaBIEHHS 3 OCHOBHIM METaJIOM, 8 — KOPiHb I11Ba, ¢ — HeCIIaB-
JICHHS KpalKiB y JiBiii YaCTUHI KOpEeHS 11Ba

=Ll

Macwra6 31.5 nkn/c —~ 3 « Macwra6 26.1 nknic -

a 7]

Puc. 3. BapiaHTu po3ropTku: ¢ — 3 MOMEPEIHbOIO Ta MOJAIBIIOK TEPMiYHOI 00pOoOKOIO 11Ba (/ — TOMEpenHsl TepMiuyHa
00po0OKa, 2 — nojalibliia TepMiuyHa 00po0Ka; 6 — 3 MOIepeAHiM MilirpiBoM Ta HACTYITHOIO TEPMOOOPOOKOIO 3 PiI3HUMU TEIJIO-
BHMMU BIUIMBAMU 100 Jii aMIutiTyau (/ — ronepenHiii migirpiB, 2 — HaCTYIHa TEpMOOOpPOOKa)
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s gociigXeHHsT 3alpoIlOHOBAHOIO CIOCO-
Oy OyJIO MpPOBEAEHO MOJIEIIOBAHHS 3 BUKOPHCTaH-
HSIM TIPOLIECIB TEPMOOOPOOKM 3i 3BaplOBaHHSIM 3a
OJIUH MPOXiJl, SIKUM 3MiCHIOETHCS PO3LIETIEHHSIM
€JIEKTPOHHOI0 MMy4yKa Ha HEOOXiOHY KiJIbKiCTh 30H
BIUIMBY (JBi a00 TpW) MPU BEJMKill 4aCTOTi CKaHy-
BaHHSI, 10 JO3BOJISIE €JIEKTPOHHOMY MYYKY BILIM-
BaTW Ha Pi3Hi 30HU Ta BUKOHYBAaTU iIHTEHCHBHE Me-
pemiiryBaHHs y wmiBi (puc. 3, a). Ile Oyne copustu
CIUIMBaHHIO Oynbbaliox i3 cepenuHu MII Ha fioro
MOBEPXHIO Ta 3aJMIIATH 11 30BciM. Takox OyJo 3a-
IPOIIOHOBAHO MOOYAYBaTU MEPIOAUYHUI PO3IOLLIT
IHTEHCUBHOCTI MiAirpiBy nepes 3BapHUM IIIBOM i 3a
€JeKTPOHHUM ITy4YKOM TaKUM UYMHOM, 11100 3MEH-
IIUTU IIBUIKICTb OXOJoJkKeHHs1. Cxemy Tmpoliecy
3BaplOBaHHS, MiJ 4Yac SIKOro BigOyBa€eTbCs 3MiHA
(hpokyca myyka CUHXPOHHO 3 BiIXWUJIEHHSIM, [TOKa3a-
HO Ha puc. 3, a.

IIpu boMy OyJI0O BUKOPHUCTAaHO CUCTEMY ITPOEK-
TyBaHHSI SVscan, 3aBOSKU SIKili MOXHa CTBOPUTU
PUCYHOK TpAa€EKTOpii (ampOKCHMMYyBaTH) pPO3TOPT-
KM 3 BUKOPUCTAHHSIM Pi3HOI KiJIbKOCTi TOYOK (3
MOXJIMBICTIO IXHBOTO PO3LIMPEHHS), 110 TO3BOJISIE
CHUCTEeMi MEePiOAUYHOTO BiIXWJIEHHSI €JIeKTPOHHOTO
My4JKa peaaizyBaTu 4acTOTy ckaHyBaHHs Bia 100 1o
1000 Ti1. ¥ 1iei cucteMu € MOXJIUBICTb OLIIHIOBATH
IHTEHCHUBHICTh HarpiBaHHS y Oynb-sKiil TOYLl MO-
BepxHi Ta neperisinaty B 3D-300paXkeHHi ocTaTOY-
HUI PO3IOAiA IIIJIBHOCTI MOTYKHOCTI €JIeKTPOH-
HOIO MIy4YyKa B 30HI HarpiBaHHS B AWHAMIL IIpU
3MiHi YacTOTU CKaHyBaHHs. Taka cucTema 3HauHO
MOJIETUIYE MPOEKTYBAHHSI PO3TOPTOK €JIEKTPOHHO-
ro nyyka. Ha puc. 3, 6 npeacTtasieHo BapiaHT po3-
TOPTKU 3 MOMNEPEIHBOIO Ta MOJAJbILIOK TEPMiUHOIO
00pOoOKOIO 111BA.

AK mokaszanu pesysibTaTh MOJEIIOBaHHS i To-
nepeaHi eKCIepMMeHTH, HaOIbIl ONTUMaIbHUM
€ BapiaHTU PO3TOPTOK 3 MOMEPEAHIM i MOAATbIIUM
MiIirpiBoM Ta pi3HUMM TEILJIOBMM BILUIMBOM I1O Tpa-
€KTOpii po3ropTku. byno BurpooOyBaHo 47 «By31iB»
3 yactororo po3roptku 180 Ii1. ITpu nbomy giameTp
PeBEPCHOI KPYroBOi 3BaApHOI PO3TOPTKU CTAHOBUTH
2 MM, a miamMeTp c(POKyCOBaHOI IUISIMU €IEKTPOH-
Horo Imyuka — 0.8 MM. BimHocHa mIBUOKICTH IIepe-
MillleHHs1 30HU HarpiBy aopiBHIe 0.4 m/xB. lleit
BapiaHT pO3TrOPTKU 3 MOIEPEIHIM MiAirpiBOM Ta Ha-
CTYITHOIO TEPMOOOPOOKOIO 3 Pi3HUMMHU TEIIOBUMU
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BIUIMBaMU BiTHOCHO il aMIUTITyIM 3BaplOBaJIbHOIO
My4Ka IpeacTaBIeHO Ha puc. 3, 0.

Takum ymrHOM, OyIM po3poOJieHi BapiaHTU PO3-
TOPTOK JUIS1 BiITpalibOBYBaHHS €JIEMEHTIB TEXHOJIO-
rii ET13 anmtomiHieBUX CILUIaBiB 3 MepeMilllyBaHHSIM
3BapHOI BaHHM CKaHYBaJbHUM Ty4KOM i Mporpa-
MOBAHOIO MEPIOANYHOI0 IHTEHCUBHICTIO TETJIOBOL
Iii, sika T03BOJISIE KEPYBATU €JIEKTPOHHUM MYyYKOM
3 pi3HOI iIHTEHCUBHICTIO HarpiBy. 3a JIOIIOMOIOIO
€JIEKTPOHHOTO IIPOMEHS 3aJaHOI MOTYKHOCTI 3Miii-
CHIOBAJIOCSI TIOIIEPEIHE i IMOJaJIbIlle ITigirpiBaHHS
3pa3ka. Y mpolleci 3BaploBaHHSI 3a CIIelliaibHOIO
IporpaMol0 MpPOMiHb PO3ropTaBCs OO0 HEOOXimHOI
KoHdirypatii B OTHOMY Ta Ipyromy HampsiMKy. BiH
CKaHyBaB B3[I0BX BChOTO 11IBa i BUKOHYBaB 3Bapio-
BaHHS 3 IEPEMILIYBAHHAM PO3IJIaBJI€HOI BAHHU pe-
BEPCHOIO KPYTOBOIO PO3rOPTKOIO 1iaMETPOM 2 MM.
XBOCTOBa YaCTMHA BaHHU MPU LIbOMY MigirpiBajgach
BIIPOIOBXX BCHOTO IIPOIIeCy 3BapioBaHHs. bynboarii-
KM, SIKi YTBOPIOBAJINCS Y XBOCTOBIlA YaCTUHi, BCTHU-
rajii BUMTU Ha MOBEPXHIO i 3aUIIUTH ii. OcoOIMBO
BaXKJIMBO, 110 MPU LIbOMY 3HAUEHHS CTPyMY (POKY-
CYBaHHS 3JIMIIAIIOCS HE3MiHHUM TIPU BiIXUJIECHHI
My4yKa B peXXuMax IMonepeaHbol i HACTYITHOI TepMO-
00poOKH.

IToenHaHHS 3BapHOrO IIpOLIeCy, MOIEepPeaIHbOI Ta
HACTYIIHOI TEPMOOOPOOKM IPU3BOAUTH OO 30i/ib-
LLIEHHS Yacy LUKy poOOTU PO3rOPTKHU Ta 3MEHILIEH-
HSI YaCTOTU CKaHyBaHHS €JIEKTPOHHOTO MyyKa, 1110
HeoOXiIHO BpaxoBYyBaTW MpU MPOEKTYBaHHI pO3-
TOPTKH.

11 TeXHOJIOTIYHUX BUIPOOYBAaHb BUKOPUCTO-
BYBaJlMCsl 3pa3KM CTUKOBMX 3’€IHAHb 3 BiIOOPTY-
BaHHSIM KpaiiKiB i3 amioMmiHieBUX cruiaBiB AMr6,
A1570 i 1201, sgKi 3aCTOCOBYIOTbCSI SIK OCHOBHUIA
KOHCTPYKIIMHUI MaTepiajl KOCMiYHOI TeXHIKM [4].

TexHosoriuHi podOTH BUKOHYBaJU Y BaKyyMHO-
My cteHai OB1469m, B skoMy OyJIv 3MOHTOBaHI Ma-
HIMyJATOp 3 €JEKTPOHHO-TIPOMEHEBOIO TapMaTolo
T1J1104 [12], 3BaproBajibHUII MiTHMI CTiJ 3i 3pa3ka-
MU 1 OXOJIOIXKyBaHa MiTHa MillleHb JJIS1 ONTUMi3allii
peXxuMiB 3BapioBaHHs. 2KUBJIEHHS €JIEKTPOHHO-
IIPOMEHEBOI TapMaTH 3[IMCHIOBANIOCS Bif J1abopa-
TopHoro gxepesna MYH-5 3 npuckopeHoro Hampy-
roto 10 kB. 3BaproBaHHs 3pa3KiB BUKOHYBaJIOCS 3i
CKaHYBaHHSIM eJIEKTPOHHOTO MyYKa MO PeBEepCHilt
KpYTOBilf TpAa€KTOPIi, a TAKOXK 3 BIAXWJICHHSIMU ITyd-
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Ka 11 MOoIepeaHbol i MoJaliblIol TepMOoOpoOOK
MpY IBUIKOCTI 25 M/ron. Pexyumu 3BaploBaHHS,
pO3IOIi iHTEHCMBHOCTI HarpiBy i OoTpuMaHi Ma-
Kpolutichu IpuBeaeHO B Ta0I. 1.

3BaploBaHHSI BUKOHYBAJOCS ITy4KOM 0€3 cKa-
HyBaHHS (3pa3okK 1), 3a 1OMOMOTIOI0 TpaaAULIIItHOTO
Oe3repepBHOIO CKaHyBaHHS (3pa3oK 2), a TaKoxX
3a JIOMOMOTOI0 MEePiOAUYHOrO BiIXUJICHHS My4Ka 3
MoIepeIHiM Ta HACTYIHMM MHigirpiBoM HecdOKy-
COBaHUM ITy4KOM i 3 rocTpuM C(OKYCOBaHHUM 3Ba-
PIOBAJILHUM ITyYKOM, SIKUI CKaHyBaB I10 peBEPCHIit
KPYIOBili Tpa€KTOpIi iaMETPOM 2 MM 3 YacTOTOIO
180 Iir (ta6xa. 1, 3paskwm 3...7). 30BHIIIHI BUIJIS
OTpHUMAaHUX 3BapHUX 3’€IHAHb ITOKAa3aHO Ha puc. 4.

Bepu@ikaiiito SKocTi oTpuMaHNX 3’€IHAHD 3MIili-
CHIOBAJIM Bi3yaJlbHUM 1 PEHTT€HiBCBKMM KOHTPO-
JIeM, MeXaHiYHMMU BUIMPOOYBAaHHSIMU, BU3HAUYCH-
HsM ejieMeHTHoro ckiagy OM ta MII, a Ttakox
MeTajiorpadiyHUMU JOCTiIKEHHSIMU 3BapHUX 3’ €1~

HaHb, OTPUMMAHUX 3aIllPOIIOHOBAHUM CIIOCOOOM.
[Ipu perenbHOMY Bi3yadbHOMY OTJISIIi 3BapeHUX
3pa3KiB OYJ10 OLIiIHEHO IXHE TIPOTIJIaBJICHHS, a TAKOX
SIKICTb 30BHIIIIHHOTO BUIJISAY IIBIB 3 JMIIEBOTO Ta
3BOPOTHOI0 OOKiB. AHaJIi3 OIJIsIIY 3BapHUX 3pa3KiB
TIOKa3aB, 10 HANSIKICHIIITNMU € CTUKOBI 3’ € THaHHS,
OTpUMaHi 3 BUKOPUCTAHHSIM NEPIOANYHOIO BiIXu-
JIGHHSI TTyyKa 3 peBEPCHOI0 KPYroBOI PO3TOPTKOIO
i TornepeaHbOI Ta MOBTOPHOI TEPMOOOPOOKOIO
(puc. 4). JIns BUBYEHHsI TeOMETpii MpPOILIaBJcHbD,
OTPUMAHHUX LIMM CIIOCOOOM 3BaploBaHHs, OyJu BU-
TrOTOBJIEHI MaKpolLIiu, MoKa3aHi B TadJI. 1.
PeHTreHiBcbkMii KOHTPOJb 3BapHUX 3’€IHAHb
MPOBaAWBCA Ha 3’€IHAHHSIX 13 cIUiaBiB AMr6,
A1570 ta 1201, mokazanux Ha puc. 5. KoHTpob
3/1iICHIOBABCSI 3 METOIO BUSIBJIEHHSI TIPUXOBAHUX JIE-
(bekTiB y 3’€THAHHSIX MO BCiil JOBXUHI (1TOpHU, pako-
BUHMU, TPilllMHU, HEMIPOBApU TOLIO) i BUKOHYBaBCS
Ha peHTreHiBcbkoMy amnapaTi PAIT-150/300 (¢oxkyc

Tabauys 1. Pexxumu 3BaproBaHHs 3pa3KiB i3 amoMiHieBux cmiiasiB AMré6, A1570 ta 1201
(ToBumwna d, crpym I, ctpym dokycysanus I, . 107151 3aTpayeHnX MOTYKHOCTEl HA monepeaHe

HarpiBaHHs, 3BapIOBAHHS i HACTYNHe HarpiBanug P_ . P, P

acp AMILTITYZIA @, 9acToTa f)

non® © 3pap’ ~ H
PexxumMu 3BaproBaHHs
Ne CraB d, MM a, MM f, T Maxkpouutichu
1’ MA [clmK’ MA Pnon./P3Bap/PHaCT, %

1 |Amr6, 6 135 262 — — —

BaHHS
2 |AMro6, 6 145 268 — 2 180

Oe3rnepepBHe

CKaHyBaHHS
3 |AMro6, 6 170 278 25/65/10 2 180

nepioguuHe

BiIXWJIEHHS
4 |-“- 4 155 252 15/70/15 2 180 =
S |- 2 125 248 15/75/10 2 180 =
6 [A1570 8 185 282 25/70/5 - 160
7 11201 5 185 282 25/70/5 1.5 160
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Puc. 4. 3oBHIITHIN BUATIA 3pa3KiB aIOMiHIEBUX CIUIABIB 3
BiIOOPTYBAaHHSIM i HACKPI3HUM TIPOTIABICHHSIM: @ — CTUIaB
AMTr6 TOBIIMHOIO 6 MM, 6 — crutaB A1570 TOBILMHOIO 8 MM,
6 — cruiaB 1201 toBmuHo S MM (I — nuuesuii 6ik, I —
3BOPOTHMI BiK)

1.2 MM, F=1.0 M, U= 100 kB, 7= 8.0 MA, ruriBka
PT-5). UymiuBicTh MeTOAY KOHTPOJIO CTaHOBMJIA
0.05 MmMm. OOpobKa pe3yabTaTiB KOHTPOJIIO IMpOBa-
IAJacs 3a JOTIOMOTOIO CIEeNiaTbHOTO MPUCTPOIO 10
KoMI’1oTepa i (ikcyBasacsl y BUIJISIII MO3UTUBHUX
300paxkeHb. 3BapHi 3’€QHAHHS, OTPMMAaHi eJIeK-
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Puc. 5. PeHTreHiBcbKi 300paXXeHHSI CTUKOBHMX 3BapHUX
3’€lHaHb, OTPMMAHUX EJIEeKTPOHHO-TIPOMEHEBUM 3BapIoO-
BaHHSIM: @ — cI1aB AMr6 ToBIIMHOIO 6 MM (6e3 CKaHyBaH-
Hs), 6 — cmaaB AMr6 TOBIIMHOK 6 MM (3 HelepepBHUM
CKaHYBaHHSIM KpPYroBOIO PO3TOPTKOI0), 6 — cruiaB AMr6
TOBLIMHOIO 6 MM (3 IIEPIONMYHUM BiIXUJIEHHSIM), 2 — CIUIaB
A1570 ToBImMHOO 8§ MM (3 IEPiIOAMYHUM BiIXUJIEHHSIM), 0 —
cruiaB 1201 TOBIIMHOIO 5 MM (3 MEPiOAMYHUM BiIXUIICHHSIM)

Tabauys 2. 3na9eHHs MILHOCTI PO3PHUBY G,

(inTepBasu Ta cepeHi) i KoedinienTa minHoOCTI 17
3BapHUX 3pa3KiB i3 amominieBux cmiiasisB AMr6, A1570
Ta 1201, orpumanux EI13 3 nepiogmunnm BigxuaeHHIM

G, , Mlla

d,
CrutaB — n

MM ,3 P OCHOBHUI1 MeTal

3’€THaHHS

AMT6 6 304...310 (306) | 335...340 (338) 0.9
Al1570 8 330...342 (338) | 362...374 (368) | 0.91
1201 5 368...377 (370) | 413...424 (417) | 0.89

TPOHHUM ITy4KOM 0e3 CKaHyBaHHSI (puc. 5, @) i He-
MPEepPBHUM CKaHYBaHHSIM 3 KPYTOBOIO OJTHOCTOPOH-
HBOIO PO3TOPTKOIO (pUC. 5, 6), TTOKA3aIU HasIBHICTh
nop po3mipom Binm 0.3 1o 1.0 MMm. A y 3’eTHaHHSIX,
OTPUMAHUX 3 TEPIONUYHUM BiIXWUJIEHHSIM, BHYT-
pilrHix gedeKTiB He BUsIBIIeHO (puc. 5, 6, d).
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Puc. 6. ToukoBi BU3HaUEHHS €JIEMEHTHOTO CKJIaly 3BapHUX
3’e/IHaHb i3 aJlloMiHieBUX criaBiB, orpumanux EI13 3 nepio-
TUYHUM BiIXWJICHHSIM €JIEKTPOHHOTO Iy4yKa: / — OCHOBHMI
MeTall, 2 — 30Ha TEPMiYHOTO BIUIUBY, 3 — JIiHisI CIIJIaBJICHHS,
4 — MeTan mBa B cepeIHiil YacTUHI Ha MeXi 3 JIIHi€0 CTUTaB-
JICHHSI, 5 — MeTaJl IlIBa B IICHTPaJIbHill YacTUHi, 6 — MeTal
1IBa B CepeNHiil BepXHiii YaCTUHI 111Ba, 7 — MeTaJ IIBa 10
oci 111Ba MiXK TOYKaMu 5 i 6, § — MeTaJ 11Ba 1o OCi IIBa MiX
ToYKaMM 51 9, 9 — MeTal B KOpEHEBiil YaCTUHI 1IBa

Tabauys 3. EneMeHTHHIA CKJIaJ] 3BAPHOTO 3’ €AHAHHA i3 pi3HUX ciuiaBiB, orpumannx ET13 3 nepioguynum BigxuieHHsIM

Homep EnementHuii cknan, %
CTIeKTPY Cu Mg Al Si Sc Mn Fe Zr
CruiaB A1570, ToBuiMHa 8 MM
S1 — 6.91 92.55 — 0.13 0.12 0.18 0.11
S3 — 6.98 92.35 — 0.19 0.17 0.21 0.10
S4 — 6.84 92.46 — 0.19 0.18 0.21 0.12
S5 — 6.93 92.46 — 0.12 0.14 0.19 0.16
S6 — 6.72 92.50 — 0.23 0.16 0.20 0.19
S9 — 6.78 92.63 — 0.13 0.13 0.19 0.14
CraB AMr6, ToBIHa 6 MM
S1 — 6.79 92.25 0.22 — 0.52 0.22 —
S3 — 6.88 92.35 0.09 — 0.48 0.20 —
S3 — 6.84 92.08 0.19 — 0.68 0.21 —
S4 — 6.89 92.77 0.10 — 0.00 0.24 —
S5 — 6.64 92.53 0.23 — 0.60 0.00 —
S6 — 6.78 93.09 0.13 — 0.00 0.00 —
S7 — 6.73 93.08 0.18 — 0.01 0.00 —
S8 — 6.72 92.41 0.19 — 0.68 0.00 —
S9 — 6.68 92.34 0.13 — 0.65 0.20 —
Crmnas 1201, ToBimnHa 6 MM
S1 7.59 — 91.99 0.13 — 0.29 0.00 —
S3 7.95 — 91.36 0.20 — 0.32 0.16 —
S4 7.14 — 92.18 0.05 — 0.35 0.27 —
S5 6.79 — 92.59 0.11 — 0.38 0.13 —
S6 7.05 — 92.36 0.10 — 0.29 0.20 —
S9 6.75 — 92.51 0.14 — 0.37 0.22 —

PesynbraTit MexaHiYHUX BUIIPOOYBaHb 33, OTpH-
MaHUX MepioOAUYHUM BiIXWISHHSIM JJIsl BCiX CILIa-
BiB, CBimuaTh IMpoO Te€, 110 BCi BOHU MalOTh BUCOKY
CTaOUIbHICTh IMOKA3HMKIB TMMYAaCOBOIO OIIOPY Ta
BUCOKIi MOKAa3HMKM KOeDillieHTIB MilTHOCTI (Ta01. 2).
BusHaueHHs 10KaabHOTO eJIeMEHTHOTO cKiamy 33
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i3 amomiHieBux criasiB, orpumanux EI13, mpoBa-
JIAJIUCS 32 IOTIOMOTOI0 PacTPOBOTO €JIEKTPOHHOTO
mikpockomna Tescan Mira3 LMU. OuiHka JioKaJIb-
HOTO €JIEMEHTHOTO CKJaly BUKOHYBajach HETEK-
topoMm EJIC Oxford X-max 80 mm, BCTaHOBIACHUM
Ha pacTpOBOMY €JIEKTPOHHOMY Mikpockori. Touku
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Puc. 7. MikpocTpyKTypa 3BapHOTO 3’€IHaHHSI CIJIaBy AMTr6 TOBIIMHOI 6 MM, OTPUMAHOTO €JIEKTPOHHO-TIPOMEHEBUM 3Ba-
PIOBaHHSIM 3 MIEPIOAMYHUM BiIXWJICHHSIM: @ — METaJl IIIBa y BEPXHili YaCTUHi, 6 — 30Ha CIIJIaBJCHHS MeTasy 111Ba 3 OCHOBHUM
METAaJIOM Y BEpXHill YaCTHHi, 6 — METaJ 111Ba B LICHTPAJIbHill YaCTHHI, 2 — 30HA CIUIABJICHHS METaJly IBa 3 OCHOBHUM METAJIOM
B CepelHiil YaCTHHi, 0 — MeTaJl 1lIBa B KOPEHEeBiil YaCTUHI, e — 30Ha CIUIaBJICHHS METAJTy 1IBa B KOPEHEBill YaCTUHI 3 OCHO-
BHUM METaJIOM

JIOKQJIbHOTO BU3HAYEHHSI €JIEeMEHTHOIO CKJamy Mmo-
Ka3aHi Ha puc. 6, a iXHi YMceTbHi 3HAaYeHHS MpUBe-
JieHi B Ta0J1. 3.

AHaJii3 eJeMeHTHOro ckjaaay B 33, OTpUMaHUX
EII3 3 nepiogMyHUM BiIXWJIEHHSIM, TMOKa3aB piB-
HOMIpHMIA PO3IOAiI BCiX €JIEMEHTIB Bill OCHOBHO-
ro MeTajy /10 MeTay 1IBa, 32 BUKJIIOUEHHS CKJIaLy
JIETKOTO eJIeMEHTY MarHifo y crmtaBax AMr6 i A1570,
SIKUI B CEpeHiil yacTUHi MeTaly IIBa BUSIBUBCS
3HMKEHUM Tpubau3Ho Ha 0.25 %. 3HuKeHHs Ha
0.25 % marHilo He BIUIMHYJIO HAa MEXaHiuHi BJIacTH-
BOCTI 3BapHUX 3’€IHAHb.

Metanorpadiuni JOCTIIKEHHS MaKpoO- Ta MiKpo-
CTPYKTYp BUKOHYBAJIM Ha IornepeyHux uutidax. s
BUSIBJIEHHsI MaKpocTpykTypu 33 Al-Mg-cuctem Jie-
ryBaHHSI 3aCTOCOBYBAJIM XiMiUHe TPpaBJIEHHS B PO3UU-
i kucnor: 0.5 cm® HE + 1.5 em3 HCI + 2.5 em? HNO,
+95.5 cm? H,0. s cucremu Al-Cu BUKOPUCTOBY-
BaJIM MOC/TiIOBHE TpaBjeHHs criodatky B 10 % Boa-
Homy po3urHi NaOH, rmorim y 30 % BomHOMY po34n-
Hi HNO;. JlocmikeHHS BUKOHYBAIIH Bi3yaJlbHO ITPU
30LIbIIEHHI O X5 sl BUSIBJIEHHST BETUMKUX Je(heK-
TiB. MakpocTpykTypu 33 moka3aHo y TaoiI. 1.
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JlociaKeHHsT OCOOJMBOCTE MiKpPOCTPYKTYpU
3MiMICHIOBAIN Ha MOMEPEYHUX MiATOTOBICHUX 3pa3-
Kax 33, 110 BKJIIOYAIM HiASHKA OCHOBHOIO MeTa-
ay, 3TB i mertany 1miBa, 3a IOIOMOIOI OITUYHOTO
Mikpockorma MMT-1600B 3 undpoBow kKamepoio
Webbers MYscope 300M. BusiBieHHsI MiKpOCTpyK-
Typu 33 BiOyBajocs y MpoLeci eIeKTPOTiTUIHOTO
NoJlipyBaHHA B PeakTUBi Takoro ckiamy: 930 cm?
CH,COOH, 70 cM3 HCIO,. Yac nonipyBanHs cra-
HoBUB 5...10 ¢ mpu Hanpy3i 100 B. BussneHi mikpo-
cTpykTypu 33 ToKa3aHo Ha puc. 7—9.

Ha puc. 7 npencraBieHO BUSIBI€HI MiKPOCTPYK-
typu 33 crutaBy AMr6, orpumani EII3 3 mepio-
IWYHUM BiIXwieHHSIM. BuaHo, 110 B OCHOBHOMY
MeTaJli CITOCTEPIra€ThCsl IBHO BUPaKeHa CTPiuyKOBa
TEeKCTypa TMpOKaTyBaHHSI. 3BaplOBaHHS BinOyBaJlo-
cs TIOTepeK HampsIMKY mpokaTyBaHHs1. CTpyKTypa
JIUTOTO MeTasly 1IBa ACHAPUTHA. Y LiJIOMy MeTas
IlIBa IIUIbHUIA, ajle B KOPEHi IIBa CIIOCTEPIra€ThCs
HeBeJMKa KiIbKICTh €BTEKTUYHUX BKIOUEeHb. [lo-
PUCTICTh y MeTaJli IIBa IpakTu4dHO BimcyTHs. Ilo-
OJIMHOKI MOPMU, 1110 CIIOCTEPIraloThCs y MeTalli 111Ba,
He nepeBulyloTh 30 MKM y nmiameTpi. Takox cro-
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Puc. 8. MixpocTpykTypa 3BapHOTO 3’€IHaHHS criaBy A1570 TOBIIMHOIO § MM, OTPUMAHOTO eJIeKTPOHHO-TIPOMEHEBUM
3BapIOBAHHSIM 3 MEPIOAMYHUM BiIXWJIEHHSIM: @ — 30HA CIUIABJICHHST METAJTy 111Ba 3 OCHOBHUM METaJIOM (BEPXHSI YacTH-
Ha), 6 — 30Ha CIUIaBJIeHHsI METaJly 11IBa 3 OCHOBHUM MeTaJoM (Cepe/iHs YaCTUHA), 8 — 30Ha CIUIaBJICHHsI MeTally 111Ba 3
OCHOBHUM MeTaJIOM (HMXXHS YaCcTHMHA), ¢ — KOPiHb IlIBa

Puc. 9. MikpocTpyKTypa MeTaJTy IITBa 3BapHOTO 3’ €MHaHHS cIIaBy 1570, OTpUMaHOTO eIeKTPOHHO-TTPOMEHEBUM 3BapIo-
BaHHSM 3 TIEPiONUYHUM BiIXUIEHHSIM: @ — JEHIPUTHA CTPYKTYpa, 6 — CyOIeHIPUTHA CTPYKTypa
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Puc. 10. MixpocTpykTypa 3BapHOro 3’€aqHaHHs cruiaBy 1201 TOBIIMHOIO 5 MM, OTPMMAHOTO eJeKTPOHHO-ITPOMEHEBUM 3Ba-
PIOBaHHSIM 3 MEPiOIUYHUM BiIXWJICHHSIM: @ — 30HA CIUIABJIEHHSI METaJly 1IIBa 3 OCHOBHUM METAJIOM (BEpXHsI YaCTHHA 3J1iBa),
0 — OCHOBHUII MeTasl (BEpXHs YaCTMHA TOCEPEeNMHi), 6 — 30HA CIUIABJIEHHSI MeTaly IIBa 3 OCHOBHUM METAJIOM (BEPXHS
YacTUHA CIIpaBa), ¢ — 30Ha CIUIABJICHHS METaJly IlIBa 3 OCHOBHMM MeTajJoM (HIKHSI YaCTWHA 371iBa), 0 — OCHOBHMII MeTasl
(HVKHST YacTUHA TIOCEPENHI), e — 30Ha CIUIaBJICHHS METaJTy 111Ba 3 OCHOBHUM METaJIoM (HUKHS YaCTHUHA CTIpaBa)

Puc. 11. MixpocTpyKTypa 30HH CIJIaBJI€HHSI Ta TEPMiYHOTO BILIUBY (@) i OCHOBHOTO MeTany (0)
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cTepiraloTbesl OKpeMi mopu po3mMipom 10 100 Mxm B
30Hi JIiHil crutaBiaeHHs. BinmoBimHo go cranmapTiB
i Je(peKTU TOMYCTHMI.

Ha puc. 8 mokazaHo BUSIBJIEHi MiKpOCTPYKTYpHU
33 cmaBy A1570, orpumanoro EII3 3 mepiognu-
HUM BigxuJieHHsIM. CTpyKTypa OCHOBHOTO MeTay
CBiTUMTb, 1110 3BAPIOBaHHSI BUKOHYBAJIM B3IOBXK Ha-
NpsSIMKY npokaTyBaHHs. I1o IIBY cIiocTepiraroThbCst
OKpeMi IopH, MepeBaXKHO Y HUKHiM YacTHHI IIBa.
Posmip nmop He nepeBuiye 100 mxm (puc. 8, 2).

CTpyKTypa MeTajy IIIBa TepeBakHO IEHAPUTHA
(puc. 9, a). Ane, ckaHiil, HasIBHUI y CIulaBi, Ipu-
3BOAUTH J0 (POpPMYBaHHSI Y MEBHUX MisSTHKaX I11Ba
crmiaBy 1570 cyOneHapuTHOI cTpyKTYpH (puc. 9, 6).
O3Hak pekpucTamizauii ocHoBHoro metaiay B 3TB
HE MOMIY€eHO.

Ha puc. 10 moka3zaHo BUSIBJIEHI MiKpPOCTPYKTY-
pu 33 crnaBy 1201. IlinbHa cTpyKTypa MeTally IBa
CIOCTEpIraeTbcsl B OCHOBHOMY 00’emi. CtpyKTypa
1IBa NEHAPUTHA, ACHIPUTHUI TTapaMmeTp IO BHCO-
Ti IIBa CYTTEBO HE 3MIiHIOETBCS. ToOTO, CTpyKTypa
MeTajy 1Ba cTabibHa Mo 00’eMy. CriocTepiratoThest
ONIMHUYHI TTOPU B KOPEHi 111Ba po3Mipom a0 100 MKM.
VY 30Hi criaBjeHHSI Ta TEPMIYHOTO BIUIMBY HasiBHi
nIpi6oHI mopu po3mipoM 10 40 mxm. ITopu cioctepira-
10ThCs1 Ha IbuHy 10 1000 MKM Bif JIiHil CIIaBaeH-
H¢ Y 3BapioBaHuil MeTasl. Taka KapTuHa XapakTepHa
171 Beix 33 criaBy 1201, oTpyMaHUX 3BaprOBaHHSIM
IUIABJICHHSIM, He3aJIe>KHO Bin ciocoOy. Kpim toro, y
3TB 6e3nocepenHbO OIS JIiHIl CIIJIaBJIEHHS CIIOCTE-
piraeTbcsi YaCTKOBE OILJIABJICHHST METAJTy 3 XapakTep-
HUM POCTOM MiX3epeHHUX MpoiuapkiB (puc. 11, a).
bivkye 10 OCHOBHOTO METasly CITIOCTEPIira€ThCsl sSIBHA
pekpucTanizauis metany (puc. 11, 6). ledekTiBy Bu-
IISIAI TPIIIAH HE BUSIBJICHO.

Pesynabratt MetanorpadiyHux AociimkeHb 33
criaBiB AMr6, A1570 i 1201, orpumaHux mepio-

JITEPATYPA

JIWYHUM CIIOCOOOM BIigXMJEHHS, IToKa3ajau, II0
CTPYKTypa MeTajly BCiX IIBiB AeHApPUTHA. ¥ 1IiJO-
My MeTaj mBa 33 IIUIbHUMI, MOPUCTICTb Y MeTali
1IBa mpakTU4HO BiacyTHs. IlooguHOKi mopu, IO
CIOCTEpIraloTbCs y METalli 1lBa, HE MEPEBUILYIOTh
30 MM B miameTpi. TaKoX CIOCTepiraloTbCs OKpeMmi
nopu po3mipoM J0 100 MKM B 30Hi JIiHi1 CIJIaB/eH-
Hs1. 3TiAHO i3 CTaHAapTaMM i 1e(PEKTH JOITYCTUMI.

BICHOBKHN

1. 3anponoHoBaHi BapiaHTU PO3IOJLITY MOTYKHOC-
Tei TEeIJI0BOI il eJIEKTPOHHOTO IMy4YKa J03BOJISIIOTh
CUHTE3YBaTU YMpPaBIiHHS €JEKTPOHHUM ITy4KOM
JIJISI CTBOPEHHSI 3aJaHOro TeMIIepaTypHOTO IOJIst
npu EI13 3 omHOYacHMUM IONEepeaHIM MigirpiBoM i
MOAAJbIIOI TEPMOOOPOOKOIO.

2. Po3pobiieni enemenTu texHosorii EI13 amtomi-
Hi€BUX CILIaBiB OMHOIIPOXiTHUM CIIOCOOOM 3 MOIIe-
PeIHIM ITiIirpiBoM Ta HACTYIIHOIO TEPMOOOPOOKOI0
1IBa 3 TMepeMilllyBaHHSIM PO3IUIABJIEHOTO MeTaly
BaHHU PEBEPCHOIO KPYroBOI PO3rOPTKOIO i mepio-
JUYHUM BiIXWJIEHHSIM €JIeKTPOHHOTrO IMy4yKa Haja-
FOTb HOBi MOKJIMBOCTI JUISI CTBOPEHHST KOHCTPYKILiIA
B YMOBaXx IToBepxHi Micsis.

3. BumpoOyBaHHSI MeXaHiYHUX BJIACTUBOCTEHA,
MeTanorpadiyHi JOCTiIKEHHS i eIeMEHTHUI CKJIa
33 mokazajau BUCOKY SIKiCTb 3’€IHaHb, OTPUMAaHMX
CIIOCOOOM MEPIOAWYHOIO BIIXWJICHHSI Iy4YKa IIpU
3BapIOBaHHI 3 MOIEPEeIHIM IMiZirpiBOM Ta I1OJaJIb-
1LI00 TEPMOOOPOOKOIO.

Pezynrvmamu docaioxncenn, eukopucmaui 04 cmeo-
PeHHs uiei cmammi, 0yau ompumati 6 pamkax Linvo-
6oi npoepamu HAH Ykpainu 3 Haykosux KOCMiYHUX
docaiducenv Ha 2018—2022 pp. Lli pesyrvmamu mo-
acymo Oymu eukopucmari npu 0yoieHUYmMei ma exc-
nayamauii cmayioHapHux cnopyo i 001a0HaHHs Ha NO-
eepxui Micauys 6 pamxax npoepamu «Apmemioa».
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ELEMENTS OF TECHNOLOGY OF ELECTRON BEAM WELDING OF ALUMINUM ALLOYS FOR
INSTALLATION AND REPAIR AND RESTORATION WORK ON THE SURFACE OF THE MOON

The exploration of the Moon cannot be carried out without the creationof long-term lunar bases (LB), as well as other objects
that ensure the livelihoods and work of expeditions. These can be assembly and assembly operations during the creation of space
complexes or repair and maintenance work related to ensuring the duration of operation of existing systems. Experiments on au-
tomatic welding in space, which were carried out on the “Vulkan” equipment, as well as welding with the manual electron beam
tool «URI» in outer space, showed that electron beam welding (EBW) is the optimal technological process for performing welding
work in space conditions. In this process, the effective efficiency is 85—90 %, which is the maximum compared to other welding
methods. EBW in the conditions of terrestrial gravity allows us to ensure the mechanical and chemical properties of welded joints,
as well as their density almost at the level of the base metal of the structure, which is impossible with other welding methods. Thus,
the strength coefficient of the weld metal of welded joints from aluminum alloys obtained by EBW is 0.85...0.93, and with arc and
plasma-arc methods, it is 0.7...0.8. At the same time, obtaining such properties of welded joints in space conditions is difficult.
Of course, reduced gravity, low temperatures, and ultra-high vacuum, which are the natural environment on the lunar surface,
contribute to the formation of internal leaks in the form of pores in welds (PW). This is primarily manifested in the welding of alu-
minum alloys, which are used as the main material in spacecraft structures.To obtain high-quality welded joints and exclude such
defects as pores, cracks, and non-fusion of edges in the weld roots to be welded, a system of equipment for periodic deflection of the
electron beam with a programmable heating intensity along a given trajectory was developed and manufactured.

As a result of technological work carried out using a complex of equipment with a discrete deviation of the electron beam,
welded joints (WJ) were obtained from alloys AMg6, A1570, and 1201 with a thickness of 2 to 8 mm. The obtained PW was subject
to visual inspection and X-ray control to determine external and internal defects in the WJ. Also, mechanical tests for the strength
of resistance by tearing were carried out, the chemical composition was determined, and metallographic studies of PW obtained
by the proposed method were performed. The results of the tests and studies showed the high quality of PP from aluminum alloys
obtained by EBW using a discrete deflection of an electron beam with a programmable heating intensity along a given trajectory.

The purpose of this work was to analyze the methods of degassing the molten metal of the weld pool, as well as the development

and testing of the elements of the technological process of the EBW of aluminum alloys using the created equipment, which,
when performing installation and repair and restoration work on the surface of the moon, will allow us to obtain high-quality WJ
that meets the requirements for space designs.
Keywords: long-term lunar bases (LB), ultra-high vacuum, low temperatures, electron beam welding (EBW), aluminum alloys,
welded joints, defects in seams, leaks, pores, discrete electron beam deflection, scan, combined focusing, X-ray flaw detection,
mechanical properties, spectral analysis, chemical composition, macrostructure, microstructure, base metal, weld metal,
thermal exposure zone (ZTE), microhardness.
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MOJEJTIOBAHHA B3AEMO/II ITOJIMEPIB KOCMIYHMX ATIAPATIB
3 ATOMAPHUM KNCHEM HA HU3bKNX HABKOJIOSEMHUX OPBITAX

Po3pobaerno npoyedypu modearogarnis 83acmo0ii noaimepie — KOHCMPYKYIUHUX Mamepianie KOCMIYHUX anapamis — 3 2inepmenno-
8UMU NOMOKAMU amomapro2o Kuctio (AK) na dysce nuzokux opbimax i3z 3acmocy@aHHsM NOMoKi 8UCOKOeHepeemUuuHUX iOHi6 po3-
pidiceroi naaszmu. 3a pezysbmamamu cmeHO08UX | CYnymMHUKOBUX eKchepumenmis (opoimarvra cmanuyis «Mup», MKC, KA «Spot-
1, -2, -4», «Space Shuttle») susnaueno napamempu, ki xapakmepusyloms QDi3UK0-XIMIYHY ma OUHAMIUHY 63AEMO0IH0 NOMOKI8
amomapHo20 KUCHIO 3 KOHCMPYKYIUHUMU NOAIMEPAMU KOCMIMHUX anapamie, maki sk Koegiyienmu epo3ii, NoeAuHAHHSA COHAYHO20
BUNPOMIHIOBAHHSL, aKomodayii iMnyavcy i enepeii, a maxodc eaubuna eposii i wopcmricms nogepxui noaimeproi naieku. Ompumano
3anexcHocmi napamempie 63aemodii 6 cucmemi «AK — noaimep» 6io enepeii i paroency ionie AK. Ilokaszaro, wjo 3acmocyeants no-
mokie ionie AK 3 enepeismu 30... 100 e B 00360415€ modearoeamu 83aemodiro einepmennogux nomokie AK 3 norimepamu Ha ucomax
170...300 km npu eucokux ¢gharoencax AK ¢ ammocgepi 3emai.

Karouoei caoea: nonimep, garoenc, enubuna eposii, wopcmiicms, ROMIK amomMapHo20 KUCHI0, Koepiyichmu nepedaui imnyavcy ma
eHepeii.

HuryBanusg: Lllysanos B. O., [Tucemennuii M. 1., Tokmak M. A., Kynaria C. M., Pizanuernko M. I1. MoxentoBaHHS B3a-
€MOJIi1 MoJTiMepiB KOCMiIYHMX artapaTiB 3 aTOMapHUM KHCHEM Ha HU3bKUX HABKOJIO3eMHUX opbiTax. Kocmiuna Hayka i mexHo-
noeis. 2024. 30, Ne 2 (147). C. 54—68. https://doi.org/10.15407 /knit2024.02.054
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Modentosanns 63aemo0ii nosimepie KOCMIYHUX anapamis 3 AMOMAPHUM KUCHeM HA HU3bKUX HABKOA03eMHUX opOimax

IToniMepu MIMPOKO BUKOPUCTOBYIOTHCS SIK KOHCT-
PyKuUiitHi MaTepiaan KocMiyHuX anapartiB (KA): ms
MMOKPUTTSI 30BHIIIIHIX ITOBEPXOHb, OOIIMBKI COHSIY-
HUX OaTapeii, IK KOMIOHEHTU eKpaHHO-BaKyyMHOI
Terutoizosauii Tomo. HaBkojocymyTHUKOBE cepe-
nouile Ha BucoTax 200...700 KM € arpeCUBHUM J0
noaimepiB KA. Ha HaBkoJjio3eMHUX opbOiTax 3MiHa
Gi3uyHNX, XiMIYHUX, TEPMOONTUYHUX i MeXaHiy-
HUX BJIaCTMBOCTEI MaTepialliB 3yMOBJICHA BILIMBOM
YacTKOBO iOHiI30BaHOI IJIa3MM aTOMapHO-MOJIEKY-
JIsIpHOTO KHCHIO. EKcrno3uiiiss moixiMepHUX MaTepi-
ajiB Ha opOitanbHuxX ctaHuisx MKC, «Mup», KA
«Space Shuttle», «Spot-1», «Spot-2», «Spot-4» Ta iH.
[1, 18, 20, 32] nokazaja, Mo KoeilliEHTN pO3IH-
JICHHSI MaTepiajly Ta MIMOWHA epo3ii MpomopIiiiHi
dmoency AK. 3’ssBUBCSI TEpMiH «IOJIiiMiTHUI €KBi-
BasieHTHUH pimoeHc AK», 1K eTaJIOH IPUIAHSTO 0~
Jiimin kapton-H.

Ha Bucorax 200...700 xm AK cTtyninp ioHizarii
3miHeThest Bin 1074 mo 10! [16]. ®i3uko-ximiu-
Huit BB AK Ha mosimepn B armocdepi 3emiti
XapakTepU3ylOTh B3aEMO3aJIeKHI MpoLecu OOMiHYy
€HEpTi€lo Ta 3apsIoM MiX 4YacTKaMW HaBKOJIMUIII-
HBOTO CepeJOBHUIIA i TIOBEPXHEIO MaTepiany, 30Kpe-
Ma XiMiuHi peakilii B aicopOoBaHOMY i IIOBEPXHEBO-
My mapax. IlosutusHi ionun AK 3 enepriero 5...10 eB
BUKOHYIOTb POJIb pamiallifHOTO XiMiYHOTO aKTHBa-
TOpa TOBepxHi MnojiiMmepHoro Marepiany. [Ipupona
TaKOTO BIUIMBY IOB’sI3aHa 3 HEUTpaTi3alli€lo ioHiB,
IO TIPU3BOJUTD JIO MOPYIIEHb €JIeKTPOHHO-IipOy-
HUX Tap y HaIiBIPOBIAHUKAX 1 TieJIeKTpUKax, sIKi
30epiraroThCsl JOCUTH JOBIO y TMOBEPXHEBOMY LIapi
TOBIIMHOIO TTOPsAAKY 10 aToMapHUX MOHOIIIAPiB.

JlocmimKeHHsT KiIHETUKU TPOLeCy B3aEMOIII I1a3-
MU aTOMapHO-MOJIEKYJISIPHOTO KMCHIO 3 IOJIiiMiaToM
kapton-H [16] cBiguath mIpo Te, 10 MOJIEKYJISIPHUIA
KWCeHb iHEPTHUI, i yJacTi y XiMiYHMX peakllisix He
Oepe. Bu3HaYaIlbHUM € MPOLEC OKMCHOI JECTPYKIILil
noJrimepiB 3a ydactio AK. CriBBiZHOIIEHHS IIBW/I-
KOCTEl ra30BUIUICHHSI MPOIYKTIB XiMIYHOIO TpaB-
nenns CO, CO,, H,0 i H, sanumaerbes nocTiinumM,
iB aiama3oni 290...400 K He 3a1eXXuUTh Big TeMIIeparTy-
pu MaTepiaiy i mapaMeTpiB TUIa3MU: CKJ1aJl YaCTUHOK,
SIKi XiIMiYHO B3a€EMOJIIIOTH i3 ITOJIIMEPHOIO ILTiBKOIO,
HE 3MIHIOEThCS. MexaHi3M pyiHyBaHHS TMOJTiMe-
piB KA noB’s13aHuit, IK MiHiMyM, i3 JBOMa BUAaMU
BIUIMBY: (Di3UYHUM PO3MMWJICHHSM i XiMiYHUM TpaB-
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JneHHsM. Hacninkom BruiuBy AK Ha riosnimep €: po3-
OWJICHHS MaTtepialy, 3MiHa pejbedy, TepMOONTHUY-
HUX i (pi3MKO-MeXaHIYHUX BIACTUBOCTEI MOBEPXHi.
3MiHU pebedy, CTYIEeHsT IOPCTKOCTI TOBEPXHi MO~
JIiMEpYy BIUIMBAIOTh i HA TTPOLIECH TIepeaadi iMITyJIbCy
Ta eHeprii ra3oBMX KOMITOHEHTIB atMocdepu 3emti
MarepiajlaM 30BHIIIIHiX TOBEPXOHb i MOKPUTTIB KA.

IIpoGiema 3abe3rnedyeHHs TpUBaJIOi EKCILJTyaTa-
mii KA 06e3nocepeHbo TOB’s13aHa i3 MpoOJIEeMOI0
3a0e3IeUYeHHsI CTIMKOCTI MoJIiMepiB A0 BIUIMBY MO-
TokiB AK 3 eHepriero nopsaky 5 eB B atmocdepi
3emui. Indopmanito mpo 3MiHy BIaCTUBOCTEM ITOJTi-
mepiB KA nipu TpuBajiii ekcriyaraiiii B atmocdepi
3emJli MOXXHA OTPUMATHU TiJIbKU eKCIIEPUMEHTaIbHO
— 3a pesyJikTaTaMM JJbOTHUX a00 CTEHIOBUX BUITPO-
OyBaHb. OJHMM i3 LIJISIXiB PO3B’sI3aHHS 3aJa4i MTPo-
THO3yBaHHS Jerpanauii nmoaiMepiB KA npu Brmsi
AK B atmocdepi 3emsi € (iznyHe MOJETIOBAHHS
abo imiTalisl B3aemomii rmorokiB AK 3 momimepHu-
MU MaTepiajgaMu Ha crelianrizoBaHux crennax. [1pu
PO3pOo01Ii 3aXMCHUX MOKPUTTIB, SKi 3MILIHIOIOTH I10-
nimepu KA, npu TecTyBaHHi i Binbopi MakcuMab-
HO CTiMKUX 10 BIUIUBY TilepTeruioBuX MOTOKiB AK
noJjiiMepiB (B SIKUX EHEPrisl CIPSIMOBAHOTO PYXY
YacTOK MEPEBEPIIYE TEIIOBY CKJIaIOBY €HEPTii; 115
aToOMapHOTo KUCHIO B atrMocdepi 3eMJli TeruioBa
eHeprist ctaHoBuTh 0.12 €B, eHeprist cipsiMoBaHO-
ro pyxXy aTOMapHOro KMCHIO BiZTHOCHO KOCMIUYHUX
anapartiB — 4.5 eB) 5K eTanoHHMIT MaTepiaja BUKO-
puctoByeTbes noniimia kapton-H Tta itforo anano-
ru. ToyHicTh iHTeprpeTallii JbOTHUX i CTEHIOBUX
BUIPOOyBaHb moJiiMepiB KA 3HayHOIO Mipolo 3a-
JISKUTDH BiJl TTOBHOTH iH(OpMalii Ipo Aerpagaiito
BJIACTUBOCTEI €TaJIOHHOro IIOJIiiMiny Ipu BIJIU-
Bi moTokiB AK, a mjist yMOB JyXXe HU3BKUX OpOiT
(VLEO) — npu Bucokux ¢aoeHcax AK.

VYMmoBaMm ekcrutyaraiii moiiMepiB Ha BMCOTax
200...700 kM 1IpM cepeIHbOMY PiBHiI COHSIYHOI aK-
TUBHOCTI BillIOBiJarOTh TaKi 3HAYEHHs ITapaMeTpiB
AK [9, 20]:

* €HEeprig HamnpsAMJIEHOTO PyXy YaCTUHOK E,, =
= 4.7...5.0 eB (Ha kpyrosiii opOiTi mBUaKicTH KA
Up,=7.5..7.8 xm/c);

* TerioBa eHepris atomiB KucHio (.12 eB;

* KoHUeHTpauig atomiB N, = 10°...4-10% cm~3;

* noTik wactuHok @, =N, xU,= 8101
3-1015 aTomiBO/(cMmZc);
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* pmoenc F, =N, U, -t = 2.5-101..9-10?
atomiBO/cMm? (f = 1 pik — uac ekcruryartauii KA).

Ha cremianmizoBanux creHmax reHeparopu AK
(J1azepHa JeTOHallisl, €IEKTPOHHO-LIMKIOTPOHHUM
pe30HaHC, BUCOKOYACTOTHUIA PO3PSI/I TOIO) CUHTE-
3yI0Th IMITYJIbCHI 1 CTallioHapHi ITOTOKM aTOMiB 3
eHepriero yactuHok E, = 5..10 eB i @, =
=10'5...10'¢ atomiBO/(cM?%c) [ 14, 22, 26, 30]. Haryp-
Hi mociimkenns [1, 10, 12, 15, 18, 20, 32] mokazanmu,
110 XiMiYHa IEeCTPYKILisI MOJIIMEPiB TPUBAE MPOTITOM
ycboro yacy nepedysaHHs1 KA Ha op0OiTi. LIIBUaKicTb
nerpanailii HoCUTh HeJIIHIHHUIA xapakTep.

CTeHIO0BI JOCHIIKEHHST Jerpajalii moaimMepiB
npu TpuBaiii B3aeMojii 3 AK rmoBuHHI BiaoBigaTu
yacy ekcruyaraiii i Bucokum ¢uoeHcam AK, Ha-
NpUKJIAL, Ha 1yxe Hu3bkux opbitax (VLEO) F,, =
= 1021...103 aromiBO/cm2. Peanizalis Takux yMoB
B IMITyJbCHUX 1 cTalioHapHux mnorokax AK mpu
E,. = 5 eB na creuiamizoBaHux CTeHIaX CTUKa-
€TbCS 3 YCKJIaAHeHHSIMU. [l po3B’si3aHHS 3amadi
Gi3MYHOro MOAEIIOBaHHSI TPUBAIOI B3aEMO/IiI MO-
nimepiB 3 AK B atMocdepi 3emiti i MpuCKOpeHHSs
CTeHIOBUX PECYPCHUX BUIPOOYBaHb IIOJIMEPHUX
matepianiB KA aBTopm BUBYMIM OCOOJMBOCTI 3a-
CTOCYBaHHSI PEXUMiB OMPOMiHIOBaHHS TOJiMEpiB
MOTOKaMU TJIa3MU aTOMapHO-MOJIEKYJISIPHOTO KHUC-
Hio i3 KoHUeHTpauieilo N, = 10°...10' ionO/cm3
npu eHepriax E,,. = 5 eB i morokamu 1utasmu 3
eHeprieio E,,, =30...80eBi @, >10" ionO/cm’c,
a Takox nosiiiMminy kapton-H sk erajoHHuit Mate-
pian.

OnpomiHioBaHHs noimiimimy kapton-H Bucoxo-
eHepriiHuMu ioHamMu AK BuMarae mocmimKeHHS
3aJIeXKHOCTI KoedillieHTa epo3ii moiimMiay Rek (E.x)
Bim eHeprii ioHiB AK, a TakoX BHECKY KiHETMYHOIL
i XiMiYHOIT CKJIaoBUX BIUIMBY ioHiB AK Ha pyiiHy-
BaHHS ToJiiMepy. 3TiIHo 3 JTaHUMU [2, 5] ripu onpo-
MiHEHHI BYTJIELIO i ByIJICLIbBMICHUX MOJIiMepiB (Ha-
npukan, nomiiminy kapton-H C,,H,,OsN, i itoro
anasoris) ionamu AK 3 enepricio E,, < 200 e¢B
JIOMiHY€ MeXaHi3M XiMiUHOTO TpaBJieHHsI, 1110 (op-
MYE CTPYKTYpy MOBepxHi Matepiaiy. Lleit MexaHi3M i
BU3HAYa€ BUOIp BiIOMHUX i IIMPOKO 3aCTOCOBYBAHUX
napaMeTpiB, SIKi XapaKTepu3yloTh Jerpajallilo Mo-
nimepiB KA mig BrmmmBoM AK B atMocdepi 3emui:
rbuna eposii Ax,, , 06’eMHUI KoedillieHT eposil
(peakuiiiHa epekTuBHICTL) R, i pmroeHc F,

iAK *
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3acrocyBaHHs nofiiMiay kapton-H sik eTajoHHO-
ro MaTepiaiy, B CBOIO Yepry, 3yMOBMJIO HEOOXiTHICTh
BU3HAUYEHHsI OiJIbIII MOBHOTO, HiX JOTernep, KOMIM-
JIEKCY TlapaMeTpiB, SIKi XapaKTepU3yIOTh Aerpajallio
MacorabapuTHUX i TEPMOONTUYHUX BIACTUBOCTEM
MOoJiiMioy, a TaKOX IapaMeTpiB, 10 XapaKTepU3y-
I0Th aepoJMHaMIiYHy B3aEMOJil0 B cuctemi «<AK —
noiiMia», 30KpeMa Koedilli€eHTIB Iepeaadi iMITyJib-
cy Ta eHeprii ioHiB AK moBepxHi mojiiMepy i iXHbOL
3as1iexXHOCTI BiJ utoeHcy AK, opieHTallii eleMeHTa
MOBEPXHi BiTHOCHO BEKTOpA IIBUAKOCTI MOTOKY, 1110
Ha0irae.

2. YMOBHU ®I3NYHOI'O MOJEIIOBAHHA
TPUBAJIOT B3AEMO/IIT ITOJIMEPHUX
MATEPIAJIIB KA 3 I'TIEPTEIIIOBUMU
ITOTOKAMH ATOMAPHOI'O KNCHIO

3a KpuTepiii eKBiBaJIEHTHOCTI NMpU (Hi3MYHOMY MO-
NIeTI0BaHHI TPMBAJIOTO BIUIMBY BUCOKOIIBUAKICHUX
noToKiB AK mpuiiHSITO yMOBY piBHOCTI BTpaTu Macu
AM,, a6o 3miHM rmubuHu Ax,, €posii nmosiMepHoi

creliajai3oBaHOMY CTEH/II:
AM‘(;” = AM(WM) abo Axfﬁ” = Axé{,w). (D)
Tyt ingekc «N» BinmoBimae HaTypHUM yMOBaM B
atMocdepi 3emii, «M» — yMOBaM CTEHIOBUX BU-
npobyBaHb, «W» — moisimMep, SKUi MiJISITaeE TeCTy-
BaHHi0. Yepes te mo AM,, = p, R F,. = p,Ax,,
(py 1 R, — WIBHICTD i KOEDILIEHT epo3il TecToBa-
HOro martepiajty), To 3 Bupasy (1) BumiuBae Bupas
IS 3B’SI3KY MiXK MapaMeTpaMM, IO XapaKTepu3y-
I0Th YMOBU eKCIUTyaTallii MatepialliB y atMocdepi
3emJti, 3 iXHIMM 3HAUEHHSIMU TPU TECTYBaHHi 3pa3-
Ka MaTtepiaiay Ha CTeH/Ii:

FiO(ES) = Fy (B R, (ES) IR, (ERY) L (2)

K iAK iAK iAK
ne E\Y) — enepris AK B atmocdepi 3emni, Ep —
eHepris ioHiB AK y moTo1li 1ia3Mu aToMapHO-MO-
JIEKYJISIPHOTO KUCHIO Ha CTEH/Ii.
3 Bupasy (2) BUIUIMBAIOTh YMOBH [IJIs1 KOoeillieH-
Ta MPUCKOPEHHSI BUTTPOOYBaHb Ha CTEH/II:

0.5

(N) (M) (M) (M)
— t — NiAK A EiAK .Rew(EiAK) . (3)
TN B RGED)

IIpu ¢iznuHOMY MOMEIIOBaHHI B3a€EMO/il B CUC-
temi «<AK — mojiimep» MOXHa pealizyBaTu ABa pe-
>KMMU BUTTPOOYBaHb:
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1. By} =EY) =5¢eBi R, (Ex)=R,, (EL),
TOI1 Ny
N
o _ ™ NG
= > 1. (4)
npe t(M) N(N)

2.EMSEN i R, (EM)>R,,(EWY),
TOmi

K(Z) _ t(N) _K(l) & (5)
npc t(M) ~ Mope ’
e
E(M) 05 R (E(M))
EJ: iAK L eW iAK >>
EY) R

: 6) o
3 BupasiB (4), (5) BUTIMBa€E Ko >> Koo TOOTO
MpoLEeC BUMPOOYBAHb «IIPUCKOPIOETHCS» MPOIOP-
uiiHo MHOXHUKY &. Ilpu cTeHmoBux BUIMPOOY-
BaHHSIX IIOJIIMEPHOro MaTepiajly 3a pe3yJbTraTamMu
BUMipIoBaHb BTpatn Macu AM,, (EL?) i (a6o) rin-
OvHU epoail AxW(E(M)) IUJISL BiIOMUX 3HAY€Hb Ia-
paMeTpiB, sIKi XapaKTepu3yl0Th YMOBU TECTYBaHHSI
(M) (M) (M) P
E. ., E .t , 00UMCTIOETHCA KOe(DILiEHT eposii
nojimepy:
M(M) _ Ax,,

P
Jlnsg OLIHKM 3HayeHb mapaMeTpiB F, (E(N))
R (E(N )), 10 XapaKTepu3yloTb YMOBU eKCILTya-
Tauii Marepiany B armocdepi, BUKOPHUCTOBYETh-
cq noniimig kapton-H gk etamoHHMiA MaTepiaﬂ 3

BigHowenna AM,, /AM, = p, R F, /pR,
= pyAx,, / p,Ax, BUIUINBAE
(M) (M)
R (B = R, (- A5 (E:?;E), )
Ax (E,.) E(E,.)

iAK

R, (Ej)=

iAK

(6)

Ie iHgekc «k» — modiimin kapton-H.

Jst pikcoBanux 3HaueHb oeHcy AK criBBia-
HollleHHs (7) 3aNUIIEeThCs Y BUTJISI
Ax (E(M ))

iAK

(E(N)) Rek(E(N))

Bennuuna dmmoency F, (E(Y )) TSI YMOB €KCILTy-
aTallii moJiiMepy, 110 TeCTYETbCs B aTMocdepi, Bia-
MTOBIIHO JO YMOB CTEHIOBUX BUIIPOOYBaHb, BIU3HA-
YUTBCS M/ MiICTAHOBKU R (E(M)) iR (E(N ) 3
(6), (8) y Bupas (2).

O6acTh MPUITYCTUMUX HaBaHTAXXeHb MPU TIPU-
CKOPEHMX BUIIPOOYBAHHSX BU3HAYAETHCS 3 YMOB
o) < ®PY < ®T g winbHocti motoky AK.
IIpu (I)ISI/I‘IHOMy MO,Z[CJIIOBaHHi TpUBAJIOL B3aEMOIl
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notoky AK 3 marepianamu KA 1151 yMoBa BifrosBinae
BMMO3i, 1100 TpOLIECH Ha ITOBEPXHi TeCTOBAHOIO
MaTepiaty iHil[ifOBaJIUCS JIMIIE OJHUM CITiByTapsiH-
HSIM YaCTHMHOK i He MepekpuBaiucs B yaci. Ha creH-
JIi 1JIST KOHUEHTpallil YaCTUHOK i IIIJILHOCTI ITOTOKY
NOBUHHI BUKOHyBaTHcs ymoBu N2 < 10'2 cm—3 i
@M < 10!8 aromO/cm2c. 1li yMOBM € NPUIAHATHY-
MU it Oinbinocti MatepianiB KA: mis moimepiB
d)(/;“;") < 1020 aToMO/cMm?c; mst MeTasiB — d)(/;“;x) <
< 1027 atoMmO/cm%c

3. TEXHIKA EKCIIEPUMEHTY

3.1. Cmeno. 3pasku mamepiaais. ExcriepuMeHTaIbHi
JOCJiIKeHHS TIPOBaUJIMCST Ha TIJIa3MOEJICKTPOIM -
HaMiYHOMY CTEeHIi [HCTUTYTYy TeXHiYHOI MeXaHiKu
HAH Ykpainu, 1110 Ma€ cTaTyc «HayKOBUIA 00’ €KT —
HallioHaJIbHEe HanO0aHHsS YkpaiHu». CTeHn Haje-
KUTb 10 KJacy MIa3MOBUX Ta30JAMHAMiYHUX TPYO.
be3macnsHa cucteMa BigkauyBaHHS MPOAYKTUBHiIC-
TIO 32 MOBiTPAM 10 50 M3/c (BakyyMHMii eleKTpo-
PO3pSITHUI arperat i cuctema TypOOMOJIEKYISIPHUX
HACOCiB), HasIBHICTh KpiomaHeei, sIKi OXOJOMIXKY-
IOThCS PiIKMM a30TOM, JAI0Th MOXJIMBICTb CTBOPIO-
BaTU y BaKyyMHiil KaMmepi cTeHaa — IWIiHApI dia-
meTpoM 1.2 M i 1OBXMHOI0 3.5 M — cTaTU4YHE PO3pi-
mxenHs 1075 [a, a npu HatikaxHi rasy — 1073 [Ta.
3pa3Kku TECTOBMX MaTepiajiB i JiarHOCTUYHIi 3a-
co0M cTeHIa PO3MIllleHO Ha PyXJIMBHUX ILIaT(Op-
Max (BEpXHiil Ta HUXHIii) i3 YOTUpPMa CTYIMEHSIMU
cBobOoau koxHa. IlimardopMu 3a0e3mnedyroTh Ky-
TOBI i1 MO3IOBXHI NMepeMillleHHsI B TOPU30OHTAIbHIN
IUIOIIWHI, MEPeMillleHHsI Y BePTUKAJIbHIN IIJIOLIM-
Hi Ta o0epTaHHsI HABKOJIO BepTUKaJIbHOI oci. Tou-
HICTb BiMJIiKy [JIs JTIHIMHUX IIepeMillleHb CTAHOBUTh
0.5 mMm, mrst kyroBux — 0.5°. Ilig yac ekcriepuMeH-
Ty 3pa3Ky MarepiajiB, sIKi TeCTyHOThCs, i AiarHOC-
TUYHi 30HAM MOXYTb MEPEeMilllaTUCS] MTPAKTUYHO Y
Oy/Ib-SIKY TOUKY ITOTOKY IJIa3MU i 00’ €My BaKyyMHOI
KaMepu cTeHa. AK 3pa3ku MaTepiajiB BUKOPUCTO-
BYBaJIMCs TIOJiMepHi TUIiBKM mosniiminy kapton-H
(Cy,H,(OsN,, 06’emHa 1mtibHICTD Py, ~ 1.42 r/cm3)
TOBLIMHOIO X, ~ 50.7 MKM. 3pa3sKu BUTOTOBJIEHO Y
BUIJISIAI AUCKIB giameTpoM 50 MM; ITiaMeTp IMoBepXx-
Hi TUIiIBKU, 1110 OMPOMIHIOETHCSI, CTAHOBUTDH 45 MM.
3pa3Ku IoJIiMEPiB pO3MIllIeHO Ha MiAKIaAL 3 aaio-
MiHili-MarHiEBOTO crutaBy AMr-6M TOBIIMHOIO
3 MM, SdKuUli BUKOHYE pojb TepMmocraTa. Jliamerp
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po0oYOoi 30HU CTPpyMeEHs Ha Biactani 60 cM Bix 3pi-
3y JKepesna miasmu gopiBHioe 20 cm. Poboua 30Ha
CTPYMEHS IIJ1Ia3MU — 00JIacTh i3 PiBHOMipHUM PO3-
HoaiJIoM KOHLeHTpalii, mBuakocTi AK i 30BHiII-
HBOT'O MarHiTHOTO MoJisl. BuMiptoBaHHSI i KOHTPOJIb
TeMrepaTypu IUTIBKM i MiAKIaIKKA 3MiMCHIOBAUCS
MiHiaTIOpHUMU TepMomnapamu fiameTpoMm 0.1 MM
i mipometpom GMI1500 y miamasoHi Temrieparyp
243 < T,, <1773 K 3 noxu6koro 1.5 %. ¥ xoni exc-
MNEepUMEHTIB TeMIlepaTypa ILUIiBKY IPU HOPMaTbHUX
KyTax omnpoMiHioBaHHs (0 =~ 0...10°) ioHamMu 11a3-
MU He niepeBuinyBaia 340 K, a mpu KOB3HUX KyTax
ornpomiHtoBaHHS (0 > 60°) — 315 K, ne 6 — KyT Mix
BEKTOPOM IIBUJKOCTi YaCTUHKHU i HOpMaJLITIO /10 T0-
BEpXHi 3pa3ka. JJisT BUMiploBaHHSI BarOBUX Xapak-
TEPUCTUK 3pa3KiB MaTepiaiiB BUKOPHUCTOBYBAIUCS
aHaJITMYHI Bary 3 MoxuoKoio nopsiaky 1075 . Brpa-
yeHa Maca — pi3HMIIS MOKa3aHb Bar 3a 1 Toj 10 eKc-
MOo3ullil Ta yepe3 1 rof Imicisl eKCIIO3Ulil y MOoTOoLI
ria3Mu. Take 3BaKyBaHHS 11032 BAKYYMHOIO Kame-
poto 3 iHTepBajoM | roa Jo i Mmicjasi BaKyyMyBaHHS
i OITPOMiHIOBaHHSI TJ1a3MOIO 3a0e3reyuye ineHTUYHi
YMOBM BM3HAUYeHHsSI Macu 3pas3ka-MilleHi. YacTka
agcopOoOBaHOTO ra3y NMpu eKCIo3ullii 3pa3ka y MoBi-
Tpi mpu aTMochepHOMY TUCKY cTaHOBHUTH 10...15 %
Big BTpatu Macu nosiiminy kapton-H mpu ompo-
MiHIOBaHHI Itoro mpotsrom 1 roxg ionamu AK 3
enepriero E;, ¢ ~ 5 eB. Brpara macu utisku 0M,, =
= M1 —M,, ne M,, M2 — MacH 3pa3Ka IUIiBKM 10 i
MicJisl eKCIIOHYBaHHSI y MOTOLIi TJIa3MU Ta Y BAKYYMi.
BHecok amcopboBaHUX Ta3iB SMMC y TMOBITpI TIpHA
aTMoc(epHOMY THUCKY A0 1 Iicias BaKyyMyBaHHS i
OINPOMIHIOBAaHHS TTOTOKOM IIJJa3MU BpPaxoBYBaBCS
TaKUM YMHOM:

SM,, ~ (M, + 8M,,)) — (M, + 8M,,).

AK mxepeno BUCOKOEHEPriiHMX iOHIB TOTOKiB
IUIa3MKM aTOMapHO-MOJIEKYJISIpPHOrO KucHio (01 +
O ) BUKOPUCTOBYBABCSI Ta30PO3PSIIHUIT MPUCKO-
ploBay 3 «CaMOPO3TOHOM» IUIa3Mu (3 iOHi3alli€lo
po6oyoro Tina O, €JIEKTPOHHUM YIapOM i OCLu-
JIAIEI0 €EKTPOHIB Y 30BHIIITHBOMY MarHiTHOMY
noii). 3acTocyBaHHSI IPUCKOpIOBaYa IUIa3MU HO-
3BOJISIE OJEPKYyBaTU B POOOUiil 30HiI CTpPyMEHSI MO-
toku AK 3 KoHuUeHTpaui€ro ioHiB N, = 108...
1010 cm—3 i eneprieio E,, = 5...100 eB. Enepris
CIIPSIMOBAHOTO PYXY MOTOKY i0HiB E,,;, KOHTPOJIIO-
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€TbCs 0araToeIeKTPOIHMM 30HA0M. PO3K11 3HaUEeHb
E,, . , 1110 BUMipIOIOTbCS, He TepeBuilye +4.5 %.

Ha 3pa3ku BruimBaloTh aTOMapHi i0HM i IIBUAKI
HelTpanbHi aTomMu KucHo. CymapHauii dimoenc AK
y MicCIIi po3TanryBaHHS 3pa3KiB NOJIIMEpHUX MaTePi-
aJliB MOXHa TIPEACTaBUTU Y BUIJISIAL cyMU (hIrOeH-
ca ioHiB F0+ i pmoency F, WBUIKUX HEATPaTbHUX
aTOMiB:

F~F +F,=N_U_t+N,Ut~

N.U
R, NU ] 14+-—00 |, )

ot~ o*
ne U, i Ny — IIBUIKICTb | KOHIEHTPALis IBUIKIX
HEWTpaJbHUX aTOMiB KUCHIO, &, — CTYIiHb I1CO-
uiautii ioHiB rmnasmu, N — cyMépHa KOHILIEHTpAIlist
1OHIB KHMCHIO.

3.2. Ionu amomapnoeo Kucuro. 11 BU3HAYCHHS
KOHILIEHTpAIlii iOHIB y HOTOLIi IUIa3MU HA CTCHi BU-
KOPHMCTOBYIOTbCSI:  MiKPOXBUJILOBUM  iHTepdhepo-
MeTp, SIKWii Mmpaiftoe Ha yactoTi 5.45 I'Tir; cuctema
EJIEKTPUYHMUX 30HMIIB (UMIIHAPUYHUM, TIJIOCKUM i
OaraToeJIeKTPOAHUI 30HI-aHali3aTop) 1 LMIIHID
®dapanest. PeecTpallist BoJbTaMIIEpHUX XapaKTeprc-
tuK (BAX) mpoBanuThcsl BaBTOMaTUYHOMY PEXKMMi.
IToxubka BuMipioBaHb 30HIOBOI'O CTPyMY He Iiepe-
puiye +2 %. [loTeH1ian ma3sMu BUMIPIOETHCS IO
TOYLi PO30i’KHOCTI XapaKTEPUCTUK XOJOJAHOTIO i Ha-
rpiToro TepMo3oHaa. Po3kua 3HaueHb MOTEHIIIATY
mia3mMu He TiepeBuinye *+4 %. Ilik ioHHOTO CTPY-
My HAaCHUYEHHS$, SKWI pEECTPYETbCS 30HIOM IIpU
o0epTaHHi B TOPU3OHTAIbHIN IIOLIMHI (HABKOJIO
BEPTUKAJIbHOI OCi), BiINMOBiJa€ Opi€eHTAallil OCi 30H-
Jla B3[OBXK I10 ITOTOKY, a MiBIIMPUHA ITiKa iOHHOTO
CTPYMy HacCHUY€HHS MpOMoplliliHa CTYIEHIO Hei30-
TEPMIUYHOCTi pO3PiIKEHOI MIa3MU — BiIHOIIEHHIO
TeMmIiepaTypyu iOHIiB 10 TeMIlepaTypu eJeKTPOHiB
T /Te EnexTpuuHuii HUIiHAPUYHUNA 30H]I BUKO-
PUCTOBYETbCS 1 Ui BU3HAYEHHS CTYIEHS IMCO-
uianii &, iOHHOro KOMIIOHEHTa MOTOKY IIa3Mu
aTOMapHO-MOJIEKYJIIPHOTO KUCHIO 6e3MocepeHbo
B poOoUiil 30HI CTpyMeHsI OIS TTOBEpPXHi 3pa3KiB.
Crynidp aucouialnii ioHHOro KOMIIOHEHTA IIa3MU
aTOMapHO-MOJIEKYJIIPHOTO KMCHIO MOXHa 3aruca-

TU Y BUIJISI

N. N

&d' — ia ia
i -— ==
NiZ Nia + NiZ
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lonnwmii crpym HacuyeHHs [, Ha LMTIHAPUYHUIA
30HII, OPiEHTOBAHWI TIEPIICHANKYIISIPHO 10 BEKTOPa
LIBUAKOCTI MOTOKY TJ1a3MU, TOPiBHIOE

Iy=1,+1I, =
(1+0.4§di )Ap

T

N..U

X im

a CTYIiHb Jucolliallii ioHHOro KOMITOHEHTa BHU3Ha-
YUThCS 3 (hopmyn

ne Ny =N, +N, — koHueHTpauis ionis O +0;,
IHIEKC «@» BiAIOBiTae aTOMapHUM, «m» — MOJIe-
KyJIIPHUM iOHaM KucHIo, /[, , I, — iOHHMIi CTpyM
HACHMYEHHS aTOMapHUX 1 MOJIEKYJSIpHUX iOHIB,
Ap — IJTI01A TOBEPXHi 30H1a, e — 3apsi/l eJIeKTpOHa,
U,,» M; — WBUIKICTb i Maca MOJIEKYJIIPHUX iOHIB,
oy, = ¢, — ¢, — moOTeHUiaN 30HIA ¢, BIIHOCHO
noteHuiany miasmu ¢, , I, :(Ap /m)N U, — ioH-
HUit cTpyM Ha 30H1 1ipu. ¢, = 0.

ITapanenbHO 3 €JIEKTPUYHUMU 30HJAMU 11 BU-
3HAUYEHHsI KOHILIEHTpAaLlii 3apsXKeHUX YaCTUHOK Yy
MOTOLII TJIa3MM CIIY>XKUTh MiKpPOXBUJILOBUIA iHTEp-
¢epomeTp. 3a pe3yabTaTaMu 30HIOBUX i MIKPOXBU-
JIbOBUX BUMipIOBaHb 3 BUKOPUCTAHHSM YMOBU KBa-
3IHEHATPAJIbHOCTI IUIA3MU MOXHA OLIIHUTU:

— HagIBHICTb HETATUBHUX IOHIB y TOTOLIi TUIa3-
MM aTOMapHO-MOJIEKYJIAPHOTO KUCHIO N ~ (N, +

+. N; )§OHH — N Be N, e KOHLLCHTpaLPlH (?JICKT])O—
HiB, N, — KOHILEHTpallisl HeraTUBHUX iOHiB;

— CyMapHy KOHLIEHTpallil0 MO3UTUBHUX aTOMap-
HUX i MOJIEKYJIApHUX iOHIB N, + N; * N, =N, +N, .
Taxkwuii minxin € BUnpaBoaHuM — MiKPOXBHJILOBA
JiaTHOCTMKA 3aCHOBaHa Ha PO3CilOBaHHI €JIEKTPO-

MAarHiTHOTO BUIIPOMiHIOBaHHS Ha BIJIbHUX €JIEKTPO-
Hax i0Hi30BaHOTO CepeaOBHIIIA.

CkJaj 3aJuIIKOBOrO Ta3dy Yy BaKyyMHill Kame-
pi cTeHAa KOHTPOJIOEThCS Mac-CIeKTPOMETPOM
MX7307. 3ape3yabTaTaMy Mac-CIEKTPOCKOIIIYHOTO
aHaJIi3y pU cTaTUYHOMY THCKY 2+10~° I1a B 3aammi-
KOBOMY ra3i y BAKyyMHill KaMepi CTeHa TepeBaxa-
10T CO + N, i H, i3 KOHLEHTpaLi€l0 HERTPaTbHUX
monekyn N, ~ 2.8:10° cm—3. Tlpu po6ouomy THCKY
5-10—3T1ay m1a3MoBOMy CTPyMeHi OCHOBHUMU KOM-
noHeHTaMu € mBUIKi ionn O" ta O] . Y xawmepi io-
Hi3allii i Ha 3pi3i IpHUCKOpIoBaya IIa3Ma IpakKTUIHO
MOBHICTIO i0Hi30BaHA. Y poOOYOMY MEPETUHI CTPY-
MEH$ CyMapHa KOHLEHTpaLlis ioHiB N5 ~ 8 109 cm3.
KonuenTpaiist ionis O aToMapHOTro KHCHIO IIPU
£, ~ 0.79 nopisnioe N,,, ~6.3-10° cm~3, a ionis
O MOJeKyIAPHOTo KUCHIO — N o = 1.7-10° cm—3.

3.3. IIleudxi neiimpaavni amomu y nomoui naazmu.
Konuenrpartist Np, mBuakux (U = U, ) HelTpasib-
Hux atoMiB AK, 1110 BUHUKIIM TIpU 3iITKHEHHSIX Yac-
THHOK, IIPOIIOPIIiiiHa KoeillieHTaM:

— pagmialiifHoi i ymapHoO-pagialiitHol peKoMOiHa-
i B, MpU 3aXOIUICHHI BUIbHUX €JEKTPOHIB LLIBUI -
kumu ionamu AK (Ot +e= = O 4 hv, hv — enek-
TPOMArHiTHe BUITPOMiHIOBAHHS);

— pekoMOiHauig aucouiauii B, eJIeKTPOHiB
IUIa3MU TIpU 3iTKHEHHI 3 MOJIEKYJIIPHUMM i0HAMU
(O;+e’ - O+O) ;

— i0HHO-MOJIEKYJIIPHUX OOMIHHMX peakuiii B,
(nepe3apskeHHs ioHiB O TpH 3ITKHEHHSX 3 HENT-
paJIbHUMU MOJIEKYJIaMU 3aJIMILIKOBOTO Ta3y i KUCHIO).

Y Tabj. 1 HaBeneHO 3HAYeHHS KoedilliEHTIB pe-
KOMOiHalii y TTOTOLIi po3piaKeHOo]l MIa3MU Ha CTEH/II.

YactuHa mBUAKMX aToMiB O, sIKi YTBOpUIUCS B
pe3yJbTaTi peakliii peKomOiHallil Mpu 3iTKHEHHSIX
3apsIIKEHUX YaCTOK IJIa3MU 3 MOJIEKYJIaMU 3aJIUIII -

Tabauys 1. IlapameTpu, sIKi XapakTepu3ylOTh YTBOPEHHS IIBUIAKUX HeATpaabHuX aTomiB AK
TPH peaKkiisgX miJ Yac 3iTKHEeHHS YACTHHOK Y MOTOIIi IJ1a3MH aATOMAPHO-MOJIEKY/ISIPHOTO KHCHIO

Peakuii Koediientu

pexombGinanii, 10~12 cm3/c

Konnenrpauist
LIBUIKUX HEUTPaAIbHUX
aToMiB KucHio, 103 cmM—3

KinbKicTb akTiB
pexomGinarii, 10° cm—3c!

PapiauiiiHa ta ynapHo-pagiaiiiiiHa

peKoMOiHalList 0.22
Pexombinauiis aucouianii 40...400
loHHO-MOIEKyMApHI 0OMiHHI peakilil 3.4

5.3 0.17
56...560 1...10
24...320 16000...240
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Tabauys 2. Cepenni 3HaYeHHs KoedinieHTin
pexomOinauii 3, npu sitkuennsx aromis AK
3 MOJIEKYJIAMH 32JTMIIKOBOTO Ta3y

KomrmoneHT H, N, (¢[0]

B ee! | 61071621010 | 3:10°17.6:10°11 | 2:10-14...7-10°11

koBoro razy CO, N, i H,, 3HuKkae 3 06’emy. Kon-
LIEHTpallisi HEeWTpaJbHUX YAaCTUHOK 3aJIUIIKOBUX
rasis (6e3 Butpatu rasy) N, ~2.8:10° cm—3. Mak-
CUMaJibHi 3HauyeHHSI KoedilieHTIiB peKoMOiHalil
aromis O 3 mosiekynamu CO, N, i H, ipu TeruoBux
LIBUIKOCTSIX HE TIEPEBEPIIYIOTh KOHCTAHTH IIBUI-
KOCTi TIpYyXHOIO (Ta30KiHETUYHOIO) 3iTKHEHHS
B,, < 10719 cm3c~!. TIpu BUCOKMX eHeprisix KOH-
CTaHTa BUAKOCTI peKOoMOiHallil HaOJMXKAETHCS 10
ra3oKiHeTUYHMX 3HauYeHb. CepeaHi 3HaUeHHS Koe-
(bitieHTiB peKoMOiHalIil TP 3iTKHEHHSIX aToMiB AK
3 MOJIEKYJIaMU 3aJIMIIKOBOTO ra3y Ha CTeHIi HaBe-
JIeHO y Ta0uI. 2.

3 BUKOPMUCTAaHHSM JaHUX TaO. 1, 2 17151 KOHLIEH-
Tpalii IBUAKNX HEATPAJIbHUX aTOMiB, SIKi YTBOPIO-
IOThCS B pe3y/IbTaTi 00OMiHHO-3ITKHIOBAJIbHUX peaK-
1iii Ha CTEHi, MAEMO:

— papiauiiiHa i ygapHo-panialiiiHa peKoMOiHa-
uist N /N, ~41078;

— pekoMmGiHanis aucomiauii N& /N, =~
~2.51077...2.5:1075;
— ioHHO-0OMiHHI 3iTkHeHH NJ'/N,, =

~6:1075...4:1073;

— 3ITKHEHHS i3 3aMIIKoBUMU razaMu NJ" / N =
~10~1...107°.

TakuM yrHOM, 3 ypaXyBaHHSIM peakiliii 3iTKHEH-
He Ut mBuakux atomiB AK i ioHiB AK 3 Bucokoro
TOYHICTIO BUKOHY€eThest yMmoBa N U, /N, U, <<1.

IIpu ompomiHIOBaHHI 3pa3KiB MaTrepiajly IMOTO-
KOM I1JIa3MU aTOMapHO-MOJIEKYJISIPHOTO KUCHIO BU-
3HavaJIbHUM € BITIUB ioHiB AK, i hopmyny (9) Mox-
Ha MpelCTaBUTU Yy BUTJISI

Ey=E, zéleizUoj. (10)
4. IETPAZIALIIA TTOJIIMIZLY
TP OITPOMIHIOBAHHI BUCOKOIIBUIKICHUMUA
IOHAMUA ATOMAPHOTI'O KUCHIO

4.1. Koegiuienm eposii. [1pu BrMBi Ha roJiiMep 1o-
tokiB AK nerpanaiiisgs Mmarepiaiy 3yMOBJIeHa TTPOLIe-
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coM (bi3MYHOTO PO3MMIEHHS, IIOCUIEHOTO XiMiUHM-
MU peaKiisaMu (XiMiYHUM TpaBJIeHHSIM) [5].

Ha puc. 1 npuBeneHo 3aj1eXHicTb 00’€MHOTO KO-
edimienTa epo3ii (peakiiiiHoi e(DEKTUBHOCTI) MOJTii-
miny kapton-H Bix eHeprii ioHiB AK, siki 6oMbapay-
I0Th TTOBEPXHIO: | — JaHi BUMipIOBaHb aBTOPIiB MpU
eHeprisix ioHiB E, . 5.0, 31.6,70, 75,801 90 ¢B; 2,
3,5, 6 — nani [1, 20]; 4 — [3]; 7— [4]; & — anpok-
cuMalist aBTopis (11)

R, ~0.4(0,E,,)"* 107 cm3/atomO,

(11

ne o, = 1eB~L

Pospaxosani npu £, = 4.5e¢B (U, =7.5km/c)
3HaueHHs R, ~3-10™" cm3/ioHO y3romxyroTbest 3i
3HaYE€HHsAMU R, , OTPUMaHUMM 3a DPe3yjbraTaMu
BUNpoOyBaHb noiiminy kapton-H na MKC [4, 18].

IMoniimin kapton-H iHepTHHMIT m0 BIUIMBY BaKy-
ymHoTO yibsrpadionery (BY®D) y BepxHiit atmocdepi
3emJti. BB AK mpu3BoaUTb 10 OKMCHOT 1ECTPYK-
11i1 moJliMepy 3 yTBOPOBaHHSAM JeTKux okcuais CO,
CO,, H,0 i OH. Bakyymnuii yibrpadioner mia-
cumoe niro AK Ha mojiiMmepu Ta iHilliloe aecopO-
uito moniekyn CO, CO,, H,0, OH i H, 3 moBepxHi,
30iIBIIIYE €pOo3ilo MoJIiMepY B AeKiibKa pa3iB [10, 22,
26, 29, 30].

KpurtepieM OLIHKM CHHEPTETUYIHOTO e(eKTy
BrumBy AK+BY® Ha gerpamamiro mojiMepiB y
BEepxHiii aTMocdepi 3emisli MOXe CIyXUTU BiIHO-
meHHsT moTokiB BY® i AK. BuzHauutu Kputepiit
1 cuHepretuyHoro edekry BBy AK+BY® Ha
MOJiMEpPU MOXKHA TIJIbKUA €KCIIEpUMEHTaIbHO. YMO-
BOIO CTEHIOBOTO MOJIEIOBaHHS BIUIMBY BY®D Ha
nojiiMmepu B armocgepi 3emni € piBHicTs @ f
~ @t (O — WUILHICTL MOTOKIB €Hepril BU-
MpoMiHIOBaHHSI, iHAeKC N — armocdepa, iHaeKC
M — crenn), 3inku ®© , =0 t [t = d)vNKBYq’

mpe
ne Kf;{f’ — KOe@ILlieHT MPUCKOPEHHS CTCHZ[O]F;I/IX
BUNIPOOYBaHb. MaKCMMYM LIIJIBHOCTI ITOTOKY BY®
y armocdepi 3eMili B [Jiana3oHi JOBXUH XBWUJIb
A, = 10...165 HM mpunazae Ha BUIPOMiHIOBaH-
Hs1 B o-JiiHii JlaiiMaHa Uit aToMa BOAHIO IIpU A =
=121.51 am.

ABTtopamm 3a manumu |10, 22, 26, 29] i pe3yib-
TaTaM¥W BUMPOOyBaHb Ha cTeHai I'TM mpu onpowmi-
HIOBaHHi 3pa3ka mnoJjiiMigy kapton-H ionamu AK 3
eHeprielo E, . ~ 6.9 eB i norokom eHeprii Burnpo-
MiHIOBaHHS BY®, gKe reHepyloThb BOIHEBI JlaMITU

~
~
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R, 10 CM3/aTOMiBO

100 |

10
o I
e ?

1 X 3
04
as
Ao
=7

0.1 . L . L

1 10 100

Ey, eB

Puc. 1. 3anexHicth 00’eMHOro KoediuieHTa eposii R, 1o-
nimepy kapton-H Bin eHeprii ioHiB AK E;,: I — BuMipu
aBTOpiB y nmoTokax ioHiB AK 3 eneprisimu £, =~ 6.9, 31.6,
70,75,80i90¢B, 2, 3, 5, 6 — nani [1, 20], 4 — naHi [3] npu
E, « = 30eB, 7— nani [4], § — anpokcumanis (11)

1

BM®-25, y pob6ori [24] oTprMaHO 3aJIeXKHIiCTh 3Mi-
HU INIMOMHM epo3il Ax,f KBY® | HopmoBaHOI Ha Ax,f K
(nuB. puc. 2): I — BUMiplOBaHHS aBTOpiB, 2 — AaHi
[25], 3 — BumiproBaHH# [22], 4 — KA «Spot-1» (Bu-

cota 830 km) [20], 5 — anpokcumaltisi aBTopiB (12):
Ax P A~ 9.893-10% (o, @, / D, )", (12)

ne o, =1 (mMIAx/atomO)~ L.

Ipannynum 3HaYeHHAM BinHowEHHA @ /D, ,
sIK€ XapaKTepU3yE€ CUHEPreTUYHUI e(EeKT BILUIM-
By AK+BY® Ha rmubuny eposii abo BTpaTy Macu
noniiminy kapton-H, € 3nadenna @ /P, =~
~7.1-10" MJIx/aTomO [24].
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Ax:K+By(D/AxI?K

5 -

4t
o]

3r o2
A3
&4

2 -

1

10715

D, /D, , MIx/aToMmO

Puc. 2. 3anmexHicTp 3MiHM TIMOMHM epo3ii TMomiiMiLy
Ax?KJrBY(D min BrmmBoM AK+BY®, HopMoBaHOi Ha AXAK,
BiJl BIHOILIEHHSI IIJILHOCTI MTIOTOKY €HEeprii BUTIPOMiHIOBaH-
Ha BY® no minsHoCTi moTtoky AK: / — BUMiploBaHHS aBTO-
piB, 2 — BuMipioBaHHs [25], 3 — nani [22], 4 — nani KA
«Spot-1» (Bucora 830 km) [20], 5 — anpoxkcumartist (12)

4.2. Jlecmpykuia nogepxni. Tepmoonmuuni xapax-
mepucmuxu noaiimidy. Haciainkom po3nuieHHs 1o-
BEpXHi IPU ONPOMiHIOBaHHI IOJIiiMiny rinepTerio-
BUM MoTokoM AK € gecTpykilis («pO3ITylLIEeHHS»)
IMOBEPXHi, 3MiHa peJbedy, cTyreHs mopcTkocTi. Ha
MoBepxHi moJjiiMepy mig BrminBoM AK ¢opmytoTs-
cs, SIK IpaBuiio, cone-like (KoHycomomioHa), a®o
carpet-like (kunumornonioHa, BopcucTa) CTPYKTYpH
[14, 27, 28]. 3MiHIOIOTbCSI TAKOX i TEPMOONTUYHI
XapaKTEpUCTUKU TIOBEPXHi TOJIMEPY: IHTErpasib-
HUI KoeilliEHT MONIMHAHHS COHSYHOTO BUIIPO-
MiHIOBaHHsI A  Ta iHTETpalbHUii KoedilieHT €, BU-
npoMiHtoBaHHs B [Y-miana3oHi (CTymiHb YOPHOTH).
AxiBpoborax [27, 28], B poJii CTyHeHSsI LIOPCTKOCTI
MOBEPXHi TOJiMepy BUKOPUCTOBYEMO IapameTp
BEPTUKAIBHOI LIOPCTKOCTI: Ahy, = hy, — hyy, ne
hy, — BUCOTa KOHYca CTPYKTypu cone-like, A, —
BUCOTa MOYATKOBOI (TEXHOJOTiUYHOI) HEOAHOPIMI-
HocCTi moBepxHi MaTepiany. [lapameTpu, sIKi xapak-
TepU3YIOThb CTaH IOBEPXHI 3pa3KiB IOJiiMimy, sIKi
TecTyloThcs Ha cteHai ITM, Bu3Havyanucs i3 3acTo-
CYyBaHHSIM:

— mnpodinorpaca momeni 201 i mikpockoma
MIM-8,
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Ahy,, HM
10°}
10° ot
+1 eS8
o2 B9
10" ®3 Q10
Ad 1]
05 o2
X6 03
O 7
1 1 1 1 1 1
1.0 10" 10° 10° 10°  Ax,, HM

Puc. 3. 3anexHiCTh HapaMeTpa LIOPCTKOCTi A/, Bill IIMOMHI
eposii miBku mogiiMiny Axy: I — [27], 2 — BUMiplOBaHHA
[13], 3—[19], 4—[26], 5— [30], 6 — [8], 7— cTeHmOBI BU-
MiptoBaHHS [14], § — pe3yabratu eKCIo3ullii MmoaiimMiny Ha
OC «Mwup» y BepxHiit atmocdepi 3emmi [1], 9 — [17], 10 —
[26], 11 — [28], 12 — Bumipu aBropiB 1pu Fj,, = 6.7-10'8

I}

ioHO/cM2, Fipy = 1.2:1020 ionO/em?, Fyyy = 10! ionO/cu?

i B, =6.9,30,80eB, 13— [6], /14— anpokcumauis (13)

— cnektpodoromerpa CD-18 (koedilieHTH
MPOIYCKaHHA T, i BIIOUTTA p, BUIPOMiHIOBAHHA
JUIs1 O0YMCIIEHHs A ),

— tepmopaniomerpa TPM «I» (iHTerpanbHuit KO-
ediuieHT BunpominoBanHs €, B IY-mianasoni).

JJ1s1 KOHTPOJIIO TEMITepaTypH ITIOBEPXHi MoIiMepy
BukopuctoByBaBcs mipomerp GM 1500. ITouarko-
Bi 3HaUEHHSI MapaMeTpiB 3pa3KiB TECTOBAHOIO MO-
miiminy: hy,, = 3.07 £ 0.01 um, A, = 0.219 £ 0.01,
g,y ~ 0.52 £ 0.01. INouaTkoBi 3HaUeHHs MapaMe-
TpiB, OTPUMaHUX MPU TECTYBaHHI IMOJIiiMiay, y3ro-
JIKYIOThCS 3 aHAJIOTIYHUMM naHuMu [22, 32, 33].

HaHi puc. 3 UIIOCTPYIOTh 3ajIeXKHICTh Iapame-
Tpa IHOPCTKOCTI Ay, Bill TIMOMHU €pO3il TMIIiBKU
Axy, IpY ONTPOMiHIOBaHHI mostiiMiny norokom AK 3
EHEpriiMM YaCTUHOK E, ¢ ~ 5...267 eB. 3anexHictb
14 Ha puc. 3 — anpokcumallisi aBTOpiB

Ahy, ~B,Ax,; HM, (13)
ne B, =2.07 um®3. Ipu E, ~ 4.6...7.5 eB 3anex-
HiCTb Ahy, Bin dmoeHcy AK MOXHA NpeacTaBuTH
arnpokcumallieto atopis: Ah, ~B.Ey um, 1e B, =
=0.103 um2.

Hacninkom aectpykilii («po3ITylIeHHs») TOBEpX-
Hi TOJIiMepy IIpY ONPOMIiHIOBAaHHI TilEepTEIOBUM
nmotrokom AK € 3MiHa iHTerpajbHOro KoedilieH-

AA,
'l +
10"
A
107 A1
9 X 2
3
-|— 4
OS5
—3 [
10 I] 6
e/
O s
107" . . .
10" 10” 10°

2
F i, atoMO/cm

Puc. 4. 3anexHicTb 3MiHM iHTErpaJbHOTrO KoedilieHTa 1o-
DIMHAHHS COHSYHOTO BUNPOMIHIOBaHHA AA, Bin (iioeHCy
AK: 1 — OC «Mup» [1] mput Fpy = (1.9...2.3):10% atomO/
cm? i 3.6:1020 atomO/cm?, 2 — [22], 3 — [25], 4 — KA
«Spot-1, -2, -4» [21], 5 — BUMipIOBaHHA aBTOPiB IPK Fy =
~ 69 ¢eB, 6 — [4], 7— [30], & — «Space Shuttle» [3], 9 —
anpoxkcuMallis (14)

Ta TOIIMHAHHA COHSYHOTO BUITPOMIHIOBaHHS A
Ha puc. 4 naBeneHo 3anexnictb AA =A — A, BiI
¢moeHcy AK no nanux cynytHukoBux (OC «Mup»,
KA «Spot-1», «Spot-2», «Spot-4», «Space Shuttle»)
i CTEHIOBUX BUIIPOOYBaHb, 3aJIeXKHICTh 9 — anpoK-
cuMallist aBTOpiB
AA, =4.467-10(B,E )", (14)
zne B, =1 cm?/atoMO. 3anexHicTs AA, Bix napame-
Tpa LHOPCTKOCTi MOBEPXHi Ah,, TOJiiMiLy anpoKcu-
MYE 3aJIeXHICTh aBTOpiB AA, =2.85-107 (B,Ah,, )**”,
ne B, =1 ML
3a pesynbraTaMu BUNPOOYBaHb aBTOPIiB y IIO-
Toui ioniB AK npu E, .~ 6.9 eB i 1.16:10% <
< E, < 1.27-102! jonO/cm? 3MiHa iHTErpaabLHOTO
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KoedilieHTa BUTPOMiHIOBaHHS MmoJtiimMiny kapton- H
B [Y-niana3oHi 10BXUH XBUIb Ag, =€, — €, <0.05
(e, =0.52...0.55) He nmepeBuiye =10 %.

5. IMHAMIYHUA BIUIVB TTITEPTEILZIOBOTO
ITOTOKY ATOMAPHOI'O KNCHIO HA IIOJIIMIA.
KOE®IIIEHTU MEPEJAYI IMITYJICY TA EHEPTII AK

JuHaMiuHy B3a€EMOJil0 TBEPAOIro Tija 3 IIOTOKOM
PO3PiIKEHOTO YaCTKOBO i0OHi30BaHOIO rasy 3Hau-
HOIO MipOI0 XapaKTepu3yloTh KoedilliEHTH ITepeaadi
iMnysiecy Ta eHeprii. KoedilieHTu nepenaui (ako-
MoJallii) iMMyJbCy Ta €Heprii BUKOPUCTOBYIOThCS
JIJIS1 BU3HAYEHHSI KOHBEKTUBHUX TEIJIOBUX MOTOKiB
1 aepoIMHAMIYHMUX XapaKTEPUCTUK TiJI TIPU BiUTBHO-
MOJICKYJISIPHOMY OOTiKaHHi IX ra3om He3aJIeXXHO
BiJ MpUIAHATOI CXeMU B3a€EMOJiI ra30BUX aTOMIB 3
noBepxHew Tina. Crneumdiky B3aeEMO[il MOTOKIB
AK 3 mojiMepHUMM KOHCTPYKUIMHMMM MaTepia-
nmamu KA BuBYeHO ciabo. Y itepaTypi BioCyTHS y
HeoOxiTHOMY 00’eMi iHdoOpMmalisi Tpo po3paxyH-
KOBi i eKCIIepMMEHTaJIbHI 3Ha4eHHs KoeillieHTiB
akoMopauii AK 1 npakTUyHO BaxkKJIMBOro B ae-
poauHaMmili miara3oHy eHeprii yacTuHOK 5...10 eB
(U, = 8...10 xm/c), npo BILIMB LLIOPCTKOCTI MO-
BEpXHi MmoyliMepiB Ha 3MiHY aepoaMHAMIYHUX Xa-
PaKTEPUCTUK TiJl TIPOTITOM YChOTO TEPMiHY €KC-
rutyaraiii B armocdepi 3emuti. IHdopmatist npo
0COOJIMBOCTI IMHaMiuHO1 B3aeMojii moTokiB AK
3 TIoJiMepaMu Ha ayxe Hu3bkux opbitax (VLEO),
i 30kpema 3 mosmiimigom kapton-H, BaxyiuBa ms
MPAaKTUYHOTO 3aCTOCYBaHHS.

IToToku iMmyJbCcy Ta €Heprii, sIKi MepeHOCSTb
aTOMapHi i0OHU i aTOMM KUCHIO Ha IIOBEPXHIO I10-
JIiMepy B PO3PiIKEHOMY CEpeaOBUILi, XapaKTepu-
3yI0ThCs KoeillieHTaMK aKoMOallil HOpMaJIbHOIO
o, , TAHTEHLIaJILHOTO O, IMITyJIbCY Ta EHEpTil o, .

CuoBUil BILUIUB MOTOKY YaCTKOBO i0Hi30BaHOIO
rady HMU3bKOi ILIUJILHOCTI Ha TMOJiMep MpU «IlJIaBa-
0o4oMy» (PiBHOBa>XXHOMY) ITOTEHIIiai (I)Wf Ha 1oro
IMOBEpXHi Ha CTeH/i BU3HAYAETHCSI OOMOapmIyBaH-
HSIM eJIEKTpOHAMM, ioHaMHU, IIBUAKUMM i TEIUIOBU-
MU aTOMaMU KUCHIO, SIKi YTBOPIOIOThCS B pe3yJibTari
nepe3apsiixkeHHs1 ioHiB AK Ha 3aJIMIIKOBOMY Ta3i,
MeTacTabiIsIMU TOLIO:

P, = Pef+ Pif+ P+ P, tP,+P +. .=
= Pef(¢wf)+sz((|)Wf)+APa
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ze Pef— CUJIOBMIA TUCK, 3yMOBJIEHU# OOMOapmyBaH-
HSIM TIOJIIMEPY €JIeKTPOHAMU, Pl.f — CUJIOBUM TUCK
iOHiB ru1asMu, P,y — BHECOK LIBUIKUX aTOMIB KUC-
HI0, P, — CUJIOBUI THCK TETJIOBUX aTOMiB KUCHIO,
P, — cuiioBuii BILTMB MeTacTabineid, P, — cua Ky-
JIOHIBCHKOI B3aeMoiii, AP — cyMapHUWii BIUTUB HEW-
TpaJIbHUX YACTHHOK, 1110 HE 3aJIe>KUTh BiJl MOTEHIIi-
ajry IMoBepxHi moJjiiMepy. BpaxoByouu Toit (pakr, 1110
cuia THUCKY, 3yMOBJIeHa OomOapayBaHHSIM eJleK-
TpoOHaMM, HabaraTo MEHIIA Bil CHUJIOBOTO BILIUBY
IHIIMX KOMIIOHEHTIB IIOTOKY PO3PiIKEHOIO 4YacT-
KOBO i0Hi30BaHOTO rasy, BHECKOM P, (¢Wf) MOXHA
3HEBAXXUTU. Y IOTOLi YaCTKOBO iOHi30BaHOIO rasy
HM3bKOI IIJILHOCTI 3HAYeHHSI MOTEHLiany ¢ , Ha
JIMLIbOBIM MOBEPXHIi MOJIiMEPY, SIK TTpaBUJI0, OJIM3bKe
J10 3HAUYCHHS MOTeHLiany mwiasmMu ¢, (¢, = ¢, —
— ¢, #0). Ha crenni ITM KoHTposb OTEHLiATY Ha
MMOBEPXHI MOJiiMizy ¢P 3IICHIOBABCS 3a JOIMOMO-
roro 60pToBOi anapatypu «30H1-3apsia» Oe3KOHTaK-
THOTO BHUMipIOBaHHSI HAMPY>KEHOCTi €JIEKTPUYHOIO
oJIs JaBadeM «30HI», SIKi IPalLIoI0Th Y PEXKUMI TH-
HaMiYHOTO KOoHJeHcaTopa. JlaBau «30HI» Kaliopy-
BaBCd 3a JOMOMOIOI0 BUMIpIOBaHb Ta KOHTPOJIIO
MOTeHILiaJly MigHOI TJIacTUHU [23] eaeKTpocTaTuy-
HUM BoJibTMeTpoM C50 3 1moxu0Kolo BUMipIOBaHb
¢P = =1 %. Sk i B po0oOTi [23], 1S OLIIHKY BEJTNIM -
HU AP BUKOpUCTOBYBajacs 10/JaTKOBa MillleHb —
auck  giamerpoM 50 MM i3 Hep:kaBilouoi crai
12X18H10T. IMTpu no3uTUBHUX MOTEHIIiajgax Ha MO-
BEpXHi CcTaJIeBOTO JMCKa, 1110 BiAIOBigal0Th 00J1aCTi
HACUYEHHS €JIEKTPOHHOTO CTPyMY

PZHac(d)WHaC) & Pef (¢WHaC ) + AP ~ AP ,

a MpU «IJIaBalouyoMy» MOTeH1lialli Ha MOBEPXHi cTa-
JIEBOTO TUCKa

sz(d)wf)zP,f((I)Wf)—"ng(q)Wf)'i'AP zRf((I)wf)J"AP .

I1pu ouiHui BHECKY AP y CUJIOBUI BIUIMB IJIa3MU
aTOMapHO-MOJIEKYJISIPHOTO KHUCHIO MPUKHSTO, IO
JUJIST MiLLIeHi 3 Hep3KaBiro4oi cTaJi i 11 MillleHi 3 T1o-
niiminy kapton-H seqnunnu P/ P, ~1+P, /AP~
~ const i MPaKTUYHO pPiBHI. 3 ypaXxyBaHHSIM OILIiH-
KW CcKJaay rinepreruioBoro notoky AK Ha creHmi
AP << Pl] i P,=P, . Ilpn gocmimkeHHi quHa-
MiyHOi B3aemozii ioHiB AK 3i 3pa3zkaMu mosiimMiny
kapton-H (mimenb — auck & ~ 50 MM) BUKOpUC-

TOBYBAJIMCS CMiBBiIHOIIECHHS IJ1s1 KOe(illiEHTIB Ie-
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penavi HopMaJbHOro (o, ) i TaHreHLianbHOro (O, )
imMmmynbcy [23]
(1+m*/cos’0)"]

iAK Ii

2—[e(P, +P tg0)/ M, E

o =

n

L |k Ty 1+1’
4E,. cos’0+n’

(15)
B e(P, —Pyctge)

A =—F———,
VZMiAKEiAK Ii

ne P — cuia 1060BOro Onopy MilleHi, Py — Mifa-
iOMHa cuja MileHi, 6 — KyT ataku, A, — IUIO-
I1a MOBEPXHi, 10 ONpPOMiHIEThCA, [; = [)cos0,
1y;= eN U, A,, —IOHHUI CTPYM Ha IOBEPXHIO Mi-
nreHi npu © =0, k — crana bonbumana, T,, — Tem-
riepatypa rosepxHi MitieHi, n° = (e |y, [+%)/ E,\x »
36 ¢e-1

X=7F=_-¢

d(A) e+1
— eHepris1, Ky 3100yBa€ iOH MpU BIUIUBI CUJI 30-
opaxeHHs [31], € = 3.4 — nmieJleKTpUYHA TPOHUK-
HicTh nosniiminy kapton-H; d (A) — Binctanb Bin
MOBEPXHi MillleHi, Ha sIKiii BilOyBa€TbCs HEUTpai-
3allisl MO3UTUBHOIO ioHa. [1pnbaM3HO, 3 TOXMOKOIO
He 6inbin £10 %, d BUBHAYAETHCA SIK ITiBCyMa JliaMe-
Tpa ra3oBOTO iOHA Ta ITapaMeTpa PEIiTKI MaTepiary
(mapameTp KyOiuHO1 pelniTky mnoJiimiay kapton-H
ry~5.8636 A [7]). OTxe, 11st mapu «ion AK — moui-
imin kapton-h» d>4 A, inpu E,, = 6.9 ¢B Ha crenzi
ITM n? <0.1. 3 inmoro 60Ky, cnissinHoumeHH (15)
i (16) MOXHa MmogaTH y BUTJISII

 2-0.5(c, +¢,tg0)/ (cos’ 0-+1)"

(16)

a‘n 5 1/2
L Nm[ 14 (17)
2S,, | cos’0+n’
i
¢, sin@—c cosO
o =—"—, (18)
sin20

ne S, =U, /+2kT,, /M, — IBUIKiCHE BiIHO-
ILIEHHS BiIOUTMX BiJ MOBEpXHi nosimMepy ioHiB AK,
¢, =P /2p U A, i ¢, =P /20U A, — Koedi-

w iAK
LIIEHTU CUJIU OTTOPY Ta MiAMOMHOI CUJIY BiZIMTOBiHO.

J1s1 BUMiproBaHHS MiAAOMHOI CUJIU Py i cunm
onopy Mimeni P, Ha cteHai ITM BHKOpUCTOBY-

BaJIMCS MIKpOBaru KoMIleHcalliliHoro tumy [23],

BUTOTOBJIEHI Ha OCHOBI CTaHAAPTHOI MarHiToeIeK-
TPUYHOI CUCTEeMU MiKpoaMmIlepMeTpa MOCTIilHOTO
ctpymy. Jist BicTexkeHHSI BUMiprOBaHb 3aCTOCOBY-
BaBcsI POTOMIOAHMIT OJIOK MifCHITIOBaYa IIOCTIHHOTO
CTPYMY, SIKMI Mpallo€ B KOMILIEKTi 3 MiKpoaMIep-
meTpoM. KoMmeHcaiiiHuii cTpyM, SIKU MpoOTiKae
yepe3 paMKy MiKpoaMIlepMeTpa MarHiToeJIeKTpruY-
HOI cUCTeMHU, TMPSIMO TIPOTIOPLIMHUNT MPUKIaAECHO-
MYy JIO pAMKHW MEXaHiYHOMY MOMEHTY. [{J1 ycyHeHH s
MOXJIMBOTO BIUIMBY BiOpallilii Barm BCTaHOBJIEHO
Ha MiACTaBLi, 3aKpiIJIeHIM Ha HWXHIA pyXJIUBIA
ruiatcopmi. it minBUILIEHHS YyTJMBOCTI MiKpoBar
1 3BMEHIIIEHHs BHEeCKYy AP y 0ajaHC CHJI Jep>KaBKy
MillIeHi MOMIILIEHO B ieJIEKTPUYHY TPYOKY i3 BHY-
TpilHiM giametpoM 1.8 cMm. I3 1iero MeTolo 6oKoBa
Ta TiHbOBA CTOPOHM MIillIeHI 3aXMILEHi Bil BILUIMBY
YaCTUHOK ITOTOKY, 1110 Ha0irae, eKpaHOM ITiJl TOTEH-
1iaJIoM, PiBHUM TIOTEHIIialy MillleHi ¢ o JiamazoH
cuJ1, SIKi BUMIpIOIOThCS Ha ILIeYi JOBXUHOIO 45 cM,
oxorutoe Bix 5:1077 go 0.01 H. IMoxubka Bumipio-
BaHb CWJIM OIOPY MillleHi B PO3IJISIHYTOMY Jiarna3o-
Hi He nepeBuinye 4.5 %.

Ha puc. 5 npencrapiieHO 3ajieKHOCTI Koedilli-
€HTIB aKoMmozauii HopMaJbHOro (o, ) Ta TaHTeH-
uiaapHOro (o, ) iMmyJsbcy, KoedilieHTa eHeprii o,
npu E,, = 69 eB (U, ~ 9.1 xm/c), E,, = 6.7x
x 108 jonO/cm? i Ahy, ~ 23.7 um. Kpusa 2 Ha
puc. 5 — alpoKCcUMallisi aBTOPiB:

-1

a,(0)=a,,|cos6+1.033 1+ | sin’0 .(19)

(X’On

3HaueHHs1 KoedilieHTa akKomopjallii eHeprii
o,(0) (Toyku 5) OTpMMaHO 3 BUKOPUCTAHHIM MO-
JeJieil KBazia3epKaJlbHOTO i TM(PY3HOTO («KOCUHYC-
HOTO») PO3CiIOBaHHS YACTUHOK ITOTOKY, 1110 Hadirae,
Ha ITOBEPXHIO TBepaoro Tijia [11]
a,(0)=1-¢(1-0.5¢ (0))*, (20)
ne ¢=1/ (cos20)’ — nm3epkajbHe BimOUTTS IS KY-
TiB, OJIM3bKUX JO HOPMaJIbHOIO MaJdiHHS YaCTUHOK,
a JUIsl KOB3HMX KyTiB ¢ =1/0.444(cos0)’ — nudy-
3iliHe po3scitoBaHHs [11].
3anexHocTi KoedillieHTa aKkoMojallii HopMaib-
HOTO imITyJsibey o, (0), BUMipsiHi aBTOpamMu JUIsl 1BOX
peXUMiB ONPOMiHIOBaHHA mojiiminy npu E, . =
= 6.9 eB, F,, ~ 6.7-10'% ionO/cm? i nmapamerpa
IIOPCTKOCTi MoBepxHi Ah,, =23.7 HM, a TAKOX IpU
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0° 20° 40° 60° 80° 0

Puc. 5. 3anexnocTi KoedilliEHTIB nepenayi iMITyJIbCy i eHep-
rii ioHiB AK Bix KyTa aTaku 0 eileMeHTa MOBEPXHi MOMiiMiLy:
1, 3—3HaveHHs Q. i O, , po3paxoBadi 3a (15) i (16) 3 BUKo-
PUCTAaHHSIM BUMIpSTHUX 3HaueHb P i Py , 2 — anpokcuma-
it (19), 4 — o,(0) = o, [sin20 + 0.394(cos20)?], 3HaueH-
Hs Oy, , O, Biamosinaiotb Kyty 0 =0, o ,. — KyTy 0 =45,
5 — a,, pospaxoBaHi 3a (20) i BUMIpAHUMY 3HAYEHHSAMU
¢,(P.), 6 — anpokcumanisa o,(0) = o, [cos®70 + 1.364x
x(1+1/ o, )~sin6]

E,.= 69 eB; F, .~ 1.1610% ionO/cm?, Ah,, ~
~ 110 um HaBegeHo Ha puc. 6. BigmosigHi 3amex-
HocTi o,(0) MOXyTb OyTH OTpUMaHi 3a JIOTIOMOTOIO
anpoKcHuMallii aBTOpiB

a,(8)=0.845[1— (o, (0))].

3a cryneHeM Ayucolialii ioHiB IJ1a3Mu aToMap-
HO-MOJIEKYJIAPHOIO KHUCHIO &, YMOBU ONPOMiHIO-
BaHHS MillleHi TojiiMiny Ha cTeH I MpU BUMIpIO-
BaHHS Koe(DillieHTiB aKoMOoZallil iMIIyJIbCy Ta €Hep-
rii o, (0) OaM3bKi 10 yMOB i HEATPaNIbHOTO
kucHio Ha VLEO (170...300 kM) [9]. OTpumani mist
eJleMeHTa MoBepxHi nosiiminy kapton-H 3HaueHHs
Ta 3aJIEXKHOCTI KoedillieHTiB akoMoaallii iMITyJIbCy i
eHeprii (puc. 5, 6) MOXXYTb BUKOPHUCTOBYBATUCS TTPU
po3paxyHKax aepoAMHAMIUHUX XapaKTePUCTUK Till
OyIb-sKOI TeOMeTpUYHOI (hOpMU, HE3aJIeXKHO Bil
MPUHATOIL cxeMHu (MOJIelli) AMHAMIYHOI B3aEMO/IIi B
cucreMi «AK — momiimin».

(xn/ (X'On a

0° 20° 40° 60° 80° ©

Puc. 6. Kyrosi 3aiexHocTi KoedillieHTa akoMoaliii Hop-
MaJIBHOTO iMITyJIbCY, BUMIpPSIHi [IJI1 IBOX PEXUMiB OMPOMi-
HIOBaHHS noxiiminy: 1 — Ej, = 6.9 km/c, Fjy ~ 6.7:1018
ionO/cm?, Ahy, ~23.7 um (pexxum 1), 2 — Ej, = 6.9 km/c,
Fpg = 1.2:102 jonO/cm?, Ahy, ~ 110 M (pexxum 2), 3, 4 —
anpokcumMalist (19), 5, 6 — HopMOBaHi KyTOBi 3aJIe3KHOCTI
a,(0) /a,, mispexumy 1 i2 BinmosinHo

6. EKBIBAJIEHTHICTD PEXKMMIB B3AEMO/IIT
«ATOMAPHUY KUCEHb — ITOJIIMEP»

B ATMOC®EPI 3EMJII I HA CTEH/II

YMoBY €KBiBaJI€HTHOCTI peXuMiB BzaeMoii «<AK —
noyiMep» Ha opOiTi B atMocdepi 3emiti i Ha cTeH-
JIi MOXXHA OTpMMATH Ha OCHOBI T€pMOAMHAMIYHOTO
(€HTPOIIiITHOTO) KPUTEPil0 EKBIBAJIECHTHOCTI HAaBaH-
Taxke€HHsI MaTepialliB MPU MPUCKOPEHUX PECYPCHUX
BUIIPOOYBaHHSX. BiAnmoBigHO 10 KpUTepilo eKBi-
BAJICHTHOCTI JiBa PEXUMM HaBaHTAXKEHHSI € €KBi-
BaJICHTHUMU, SIKIIIO BOHU BUKJIMKAIOTh y MaTepia-
JIi OJHAKOBi 30iJbIIEHHSI HEOOOPOTHOI CKJIad0BOI
eHTporii. g mpolecy po3MWIEHHs II0JiMepiB
yactuHkamu AK B atMocdepi i Ha cTeHAi Takolo
YMOBOIO MOKe OyTH piBHICTb 3HA4€Hb BTPATU Macu
3 OAWHUII IUIOLIi ITOBEpPXHi ab0 TIMOMHU epo3ii
iiBky nosnimMepy (1). 3B’S30K MixX NapaMmeTpamu,
110 XapaKTepU3YIOTh YMOBHM €KCILIyaTallil MmojiMe-
py B atMocdepi 3emi i iXHIMU 3HAYEHHSIMU TIpU
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TEeCTyBaHHI MaTepialliB Ha CTEHIi BM3HAYa€ CITiB-
BinHomeHHs1 (2). Ilpu BUKOpUCTaHHiI MoJiiMimy
kapton-H y poJji eTaioHHOro moJjiiMigy npu Bigo-
mux E, i F,, chiBBinHOmweHHs (7) MOXHA Mpe-
ctaBuTH y BUurisdi (8). ITicis miacTaHOBKYU 3HaAYE€Hb
ar(Ba) R, (ESQ) i Ry, (ESY) B(8)3(2) Busna-
YUTHCS BEIMUYMHA FfiK) ¢moency AK st yMoB ekc-
TulyaTallii mojiMepy, SKuid Mifjisirae TeCTyBaHHIO, B
atMocepi 3emni Ha VLEO.
[Tpn BumpoOyBaHHSX TodiiMiny Ha cteHai [TM y
BI/ICOKOIHBI/II[KiCHOMy noroui ioHiB AK 3 eHeprieto
) ~80 eB; R, ~1.03510" 22 cM3/ioHO i KOHILIEH-
Tpaulelo sacturok N ~6.3:10° ionO/cm3 y mo-
piBHSIHHI 3 pexkuMoM B3aemoii «AK — momiimin» Ha
VLEO (~250 kM) 1mpu cepemHbOMY DPiBHI COHSYHOI
aKTUBHOCTI [9] (EX}? ~45¢€B; R, = 31024 cm3/
atroMmO i N fg() ~ 10° atom/cm3) KoedillieHT TpUCKo-
peHHs1 TopiBHIOE K -~ 917. PiyaMit MK B3aEMOJIIL
«AK — mromiimiz» Ha VLEO BinTBOpIOIOTECS Ha CTEHII
3a t(M) ~9.6 rox. [1pu mpomy dumoeHc ioHiB AK 10-
pirioe F) ~ 6.810% ionO/cm2. To6To, pexiv Ha
crengi npu FUY) ~ 6.8:1020 ionO/cm? eBiBaneHTHMiA
pexumy B3aemoii «AK — momiimin» Ha BucoTi 250 kKm
npu ¢moeHci F Ag) ~2.34:1022 atom/cm2. 11g1 Bemum-
Ha Y3rOJIXYEThCS 13 3HaUEHHSIM piuHoro ¢uroeHcy AK
Ha BrcoTi 250 KM [9], sikuit o6urcaeHo 3a (hopMyJIoko:
o =N, U, -t=23710>2 atoMmO/c™m>.
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SIMULATION SPACECRAFT POLYMERS — ATOMIC OXYGEN INTERACTION
AT LOW ORBIT IN THE EARTH’S ATMOSPHERE

The paper represents procedures developed for the simulation of the interaction of polymers, which are the spacecraft structure
materials, with the flows of hyperthermal atomic oxygen (AO) at very low-Earth orbits (VLEOs) by use of high-energy ions of a
rarefied plasma. The development is based on laboratory and space test data (the Mir orbital station, the ISS, the Space Shuttle,
and Spot 1, 2, 4). The parameters that characterize the physicochemical and dynamic interaction of atomic oxygen flow with
the spacecraft structure’spolymers are determined, such as erosion yield, solar absorptance, momentum and energy accom-
modation coefficients, and also erosion depth and surface roughness polymer film. The parameters of the «<AO — polymer»
interaction are reported as a function of energy and AO fluence. The use of AO ion flows for energies 30...100 eV allows one to
simulate an interaction of «<AO — polymers» at altitudes 170...300 km (VLEOs) in the Earth’s atmosphere.

Keywords: polymer, fluence, erosion depth, surface roughness, atomic oxygen, momentum and energy transport coefficients.
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IncTutyty reosioriuHux HaykK HaitionanbHo1 akagemMii HaykK YKpaiHu»

ByJ1. Onecst [Tonuapa 55-6, KuiB, Ykpaina, 01054

2 YKpaiHCBbKUII TIAPOMETEOPOTOTiYHUI iHCTUTYT JlepsKaBHOI ClyX0u YKpaiHu
3 HaJ3BUYaAHUX cuTyaliii Ta HalioHanbHa akaneMist HayK YKpaiH1
ITpocnexr Hayku 37, Kuis, Ykpaina, 03028

3 JlepkaBHe criellianizoBaHe MigNpUeMCTBO «EKOLIEHTP»

By llIkinpHa 6, Yopuoowuib, KuiBcbka 00:1., Ykpaina, 07270

MOHITOPHUHT TTIJIPOPECYPCIB PAJIALIIITHO

SABPYIHEHUX OCYHTYBAJIbHUX CUCTEM 3A KOMINUIEKCOM

JAHUX KOCMIYHUX 3HIMAHD I HASEMHUX CITOCTEPEXEHD
(Y KOHTEKCTI PEI'TOHAJIbHUX 3MIH KJIIMATY)

Ha npukaadi mepumopii [Ipun’smcokoi aigobepexcroi ocyuysarvhoi cucmemu HopnoOuabcokoi 30HU Gi0UYICEHHS OA51 Pe2ioHY
YyKpaincokoeo [loaices 6yn0 00rpyHmosano npoeHo3 Hacmauns Hanpukinyi 2022 p. 6aecamoeodnoi gpasu (11 pokis) 6 mesicax noernozo
2idponoeiunoeo yuxay (22 poku), axuii 3200om eunpasdascs. O3naxamu nepebicy maxoeo npouecy €: 1) 6ioHOCHe 30inbuieHHs cymap-
HOI Kinbkocmi ammocgepHux onadie 3a nepiod eepecens — epyoers y 2022 p. nopieHAHO 3 AHAA02IYHUM nepiodom nonepeodHix poKie
y Medxcax yciei aigobepencroi wacmuru 600036ipHoeo 6aceiiny p. Hpun’smo (3a danumu naamepopmu ERAS); 2) spocmanns cmynens
00600HeHHs1 mepumopii ocyury8anvHoi cucmemu — sk Mincoam608oi dinsnku, mak i patioHy, ujo po3maulo8anuil NieHiYHO-cxXioHiule
cmapoi dambu (ye 3aceiduye anarimuyne NOPIGHAHHs Pe3yAbIMAMie MeMamu4Ho20 0euUppyeants mamepianie, OMmpUMaHux 3 cy-
nymuuxa «Sentinel-2» 6id 02.05.2023 p., ma 0aHux KOCMiuH020 3HIMAHHA PIBHUMU ANAPAMAMU 30 K8iMeHb-MpPageHb NonepeoHix
POKi8); 3) ecmanoeneni pakmu psacrux dowjie, uio npotiuiau y keimui 2023 p. y docaidxcysanomy pecioni, 3amonieHHs, niomonieHHs
SHAYHUX NAOU,, NABOOOK HA 11020 Mepumopii y KGImHi-mpasHi 4b020 Hc poKy.

LHurtyBanHsa: AzimoB O. T., Tomuenko O. B., llesuenko O. JI., Kipees C. I. MoHiTOpUHT TizpopecypciB paialiiiiHo 3a0py/-
HEHUX OCYIIyBAJIbHUX CUCTEM 33 KOMITJICKCOM TaHUX KOCMIYHUX 3HIMaHb i HAa3¢eMHUX CITOCTEPEXXeHb (Y KOHTEKCTi perioHa b-
HMX 3MiH Kiimary). Kocmiuna nayka i mextonoeis. 2024. 30, Ne 2 (147). C. 69—92. https://doi.org/10.15407/knit2024.02.069

© Bunasenp BJl «Akanemnepioguka» HAH Ykpainu, 2023. CtaTrs ony61iKoBaHa 32 YMOBaMM BiIKPUTOIO JOCTYITY 3a JIiLIEH-
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Sk Hacaidok, nopiensmo 3 nepiodom 2015—2021 pp., mobmo eice nicas npunuHeHHs NOCMIIHO20 (PYHKUIOHYBAHHS NOAbOEPHOT
HacocHoi cmanyii @ paiioni nisobepedcroeo noavdepa, y 2022 p. 3nauro 3pocau obesaeu axmusnocmi °USr, wo 3a po3paxynkamu moenu
bymu euHeceHUMU 3i CMOKOM 3 yici mepumopii: y 4 pazu nopienano 3 2021 p., y 20 pazie — nopienano 3 2020 p. Omoaice, 36axcarouu
HA 3a3HaueHi uue 2idpomemeopoaoeiuti akmopu, 06TPYHMOBAHUM € NPOSHO3 W00 3pocmanHs obcaeie akmusnocmi OSr, eune-
CeHuXx 3i cmokom 3 baceiiny nigodepedichoeo noavdepa 0o p. [lpun’ame sk y 2023 p., max i 6 Hacmynui 2-3 poku.

Karouoei caosa: Yoprobunvcvka 30na 8iduysicents, 1igodepedicHa 0CyuLy8aivHa cucmema, 2iopopecypcu, MOHimopuHe, OUCMAanyitiHi

Memodu, nogepxHesull Cmik, UHeCeHHs PadioHYKIdi8.

TTOCTAHOBKA ITPOBJIEMH,
METH 1 3ABJIAHHS JOCIIKEHD

PanianiiiHo-eKOJI0riYHUIT MOHITOPUHT OOBKILIS y
MexXax 3a0pyIHEHUX paTiOHyKIiJaMU TepUTOpiii
nepeadayae CTBOPEHHS BilMOBiAHOI iH(oOpMaliii-
HO-TEXHOJIOTIYHOT CUCTEMMU JUISI OLlIHIOBAHHSI paia-
LiifHO1 0OCTaHOBKMU, BUSIBJICHHSI TCHASHLIIN B 11 3Mi-
Hax Ta JyIsl NOJAJIbIIOr0 MTPOTHO3YBAHHS HA OCHOBI
pPEeryJisipHUX crHocTepexeHb. s ymocKOHaJleHHs
CTPYKTYPU i METOOAMYHMX OCHOB MOHITOPMUHIY $SIK
OJHY 3 BaXJIMBUX MOT0 CKJIaJIOBUX HEOOXiTHO 3aJTy-
YaTu ¥ aepOKOCMIYHMI cerMeHT. Ha choromHiIHii
JIeHb B YKpaiHi € peajlbHa MOXKJIUBICTh PETYJISIPHO
OTpUMYBaATH a€pOKOCMiIUHY iH(dOpMallilo y BUTJISI
0GaraToCrneKTpaJbHUX 300paXeHb MICIIEBOCTI y BU-
aumowmy, iHppauepBoHomy (1Y) Ta pamiogianaszoHax
eJekTpoMarditHux xBujib (EMX) 3 mpocTtopoBuM
pO3pi3HEHHSIM Bil OAWHUIL METPiB O OJNWHUIIDL
KiJIoMeTpiB. 3a OCTaHHiI POKU OTPUMAJIM MOAAIb-
LMK PO3BUTOK HAYKOBO-METOAMYHI OCHOBU iHTEP-
mpeTalil JaHUX OUCTAaHLIHOTO 30HAYBaHHS 3eMTi
(/133) i BupillleHHs Ha 1XHiil OCHOBi pi3HOMaHIT-
HUX TeMaTUYHUX 3aBJaHb MPUPOJOKOPUCTYBAHHS
i TeoexoJIorii (3o0kpeMa, y cepi KiiMaToJiorii, rim-
POMETEOpPOJIOTii, BOAHOTO, JIICOBOTO, CLIBCHKOIO
rocIiofapcTB, reoJiorii Toio). Po3pobieHo i crano
JIOCTYITHUM IUPOKOMY KOJIy KOPUCTYBayiB BUCO-
KOPO3BUHYTE TporpaMHe 3a0e3IeueHHs, SKe J0-
3BOJISIE €(PEKTUBHO 3MiliCHIOBAaTU OOpOOJIEHHSI Ta
aHaJIi3 TaHWX JUCTAHLIMHUX 3HIMAaHb i JOKYMEHTY-
BaTH ixHi pesynsrati. OTpuMaiu IUPOKU PO3BU-
TOK reoiHdopMaliliHi CUCTeMHU i TeXHOJIOTil, HaBi-
rauiiHi cucremMu, 3oKkpema Iito6anbHa cuctema mo-
sunionyBaHHs (Global Positioning System — GPS),
iHTEepHET-, TeJIeMaTUYHi (AOCTYM i Iepenaya iHpop-
MalliiHUX pecypciB Ha BiicTaHi) i KpayacOpCUH-
roBi (3 3aCTOCYBaHHSIM MOXKJIMBOCTE€I MOOLIbHOIO
3B’s13KY) TEXHOJIOTIi TOIIIO.

70

YV wmexax YopHOOMIBCHKOI 30HU Bimuy>KEHHSI
(4Y3B) onHUM 3 roIOBHUX 3aBAaHb CUCTEMM KOHT-
poJito pamialiiiHOl 0OCTAaHOBKM i paHHBOTO IIOIE-
peIKeHHSI TIOB’SI3aHOI 3 Hel0 HeOe3NeK € BUBYCH-
HSI TTPOCTOPOBO-YaCOBUX 3MiH Ta BU3HAUYEHHSI Ha
il OCHOBI palfOHIB 3 TEHIACHIIIEIO MO TTOTipIIEHHS
pagialliifHOro cTaHy, a TaKOX iMOBIpHMX JXepes
3a0pynHeHHs. [ToBHOIO Mipolo 1€ CTOCYETbCSI W
TiAPOJOTIYHMX CUCTEM 1 BOZHUX PECYypCiB TepUTOPil
3oHu. TakMM 4YMHOM, POOOTHU i3 BUKOPUCTAHHSIM
nanux JI33 mpoBaguiaucs 3a HAIpSIMOM €KCIle-
PUMEHTAIBHUX MOHITOPUHIOBUX JOCHIKEHb Ta
OLIIHIOBAaHHS BIUIMBY KJIIMaTMYHUX 3MiH Ha BOOHI
pecypcu U3B. Ing aucTaHIIiiiHOI OLIHKKA Y MeXKax
30HU 00paHO TepUTOPitO (MOJIIroH), SIKY Hapa3i He-
MOXJIMBO JOCHiIKyBaTU TIOJbOBUMU METOJAMMU,
OCKIJIbKM, MO-Iepllie, BOHA MAa€ BUCOKHWI piBEHb
panialiiiHoro 3a0pyaHEHHsI, MOo-Apyre — sIK IMpU-
KOPAOHHY 11 3aKPUTO JJIsI TOCTYITy LIMBUIBHUM OCO-
0aM IIiC/IsI TTOYaTKy ITOBHOMACIITAOHOI POCIMCHKOL
arpecii. Kpim Toro, BoHa Oyj1a XaOTUYHO 3aMiHOBa-
Ha ITiJl YaC TUMYACOBOI OKyMallil palIicTaMu.

OTXe, TOJIOBHOIO METOI0 POOOTH € BUSIBJICHHS ITPO-
SIBIB BIUIMBY aHTPOITOI€HHOI MTisUTBHOCTI Ta T100aThb-
HUX KJIIMaTUYHUX 3MiH Ha MOIIMPEHHS BOTHOI ITO-
BEPXHi, PIYHOTO PO3MOIiTY, OOCSTiB ITOBEPXHEBOIO
CTOKY i BUHECEHHSI 3 HUM PaJiOHYKJIiIliB Ha TEpUTOPii,
HEIOCTYITHIM [JIs iHIIMX, KPiM AMCTaHLIIMHUX, METO-
IiB mociimkeHb. Q0 €KTOM AOCTIKeHb € TOCTiTHUI
MOJITOH, 110 Y Mexkax Y3 B HateskuTh 10 J1iBOOepesKHOL
ITpun’arcbkoi ocylryBajbHOI CUCTEMU. 3BaXKatOuM Ha
HasIBHICTb OO0 €KTIB MPUPOAHOTO 1 aHTPOIMOreHHO-
IO MOXOIKEHHSI, paliOH L€l CUCTEMU € CBOEPITHUM,
JIOCUTh CKJIAIHO MOOYIOBAaHUM IPUPOIHO-TEPUTO-
piaJIbBHUM KOMIUIEKCOM 3 MepeBaXaHHAM €JIEMEHTIB
BOJHO-00JIOTHOI eKocucTteMu. IIpu 1iboMy MixKmam-
OoBa ruioma IIpum’siTcbkoi cucteMu (MK «CTapoio»
Ta «HOBOIO» JIIBOOEPEXKHMMU JaMOaMK) € OCHOBHOIO
MIJISTHKOIO BEJIMKOMACIITAOHUX TOCTIIKeHb (puc. 1).
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Monimopune eiopopecypcie padiayiiino 3a6pyOHeHUX OCYULYBANbHUX CUCMEM 3 KOMNAEKCOM OaHUX KOCMIYHUX 3HIMAHD ...

AKTyaJIbHICTh 1 MOCTaHOBKa MpoOJieMU IOCIHi-
JIDKEHBb TIPOCTOPOBO-YAaCOBUX 3MiH Yy UYTJIUBIH 10
HUX CUCTEMIi «IIOBEPXHEBi BOIM — CYXOIiJI» apry-
MEHTYETBCSI HEOOXiTHICTIO PO3p0O0KU e(DEeKTUBHUX
MiIXOMiB O 3aXMCTy BIIKPUTHX BOAHUX OO’EKTIB
TEpUTOPil Bil BTOPMHHOIO 3a0pYyIHEHHSI TEXHO-
TeHHUMM pamioHykiaizamMu. OTOX, 3-TIOMiK KOMII-
JIEKCY 3aBAaHb Y BUPIILLIEHHI MPoOJeMU BaXKJIUBUM
€ BUKOHAHHSI PETPOCIEKTUBHOTO aHalidy CTaHy
MOILIMPEHHS BOJHOI MOBEPXHI Ha JIiBOOEpexKHii
Ilpum’arcekiii cucreMi 3a marepiajamMM IUCTaH-
LiMHMX 3HIMaHb MUHYJIMX POKIB, 32 HasSIBHUMU aK-
TyaJIbHUMU JAHUMU — TIOTOYHOTO CTaHY, a TaKOX
OLIIHIOBaHHS €(MEKTUBHOCTI eKCIUIyaTallil BO;O-
OXOPOHHOTO KOMILJIEKCY B 11 MeXax, 30KpeMa micJsi
npunuHeHHs y 2015 p. mocriitHoro pyHKIiOHYBaH-
Hs PO3TAllIOBAaHOI TYT TMOJIBAEPHOI HACOCHOI CTaH-
uii (ITHC). 3aiiicHeHHs BiAMOBiAHUX PO3BiAOK IS
TMO3UTUBHOTO TOCITHEHHS TOJOBHOI METU POOOTH,
OTpPUMaHHSI KOHKPETHUX PE3YJIbTATiB i € 3aBIaHHIM
1IbOTO JOCiI>KEHHS.

BUXITHI MATEPIAJIA

CTOCOBHO OTpPMMaHHS BaXKJIMBOI BUXiIHOI iH(pOp-
Mallii 3 6araTocreKTpaJIbHUX KOCMIYHUX 3HiIMKIB
(K3) BuHcOKOi i HaBiTh cepeaHbOi MPOCTOPOBOI
PO3pi3HEHHOCTiI BKaXeMo, 110 B iIeasi 3 iXHiM BU-
KOPUCTaHHSIM MOXHAa BUSIBJIATU XapakKTep IIpo-
CTOPOBOTO PO3IIOALIY Ta IUIOIILY BOIHOI MOBEPXHi
(m3epkano BOAM) HA Yac II€BHOTO TiAPOJIOTIYHOTO
sgBuIa (IOBiHb, MAaBOJOK, MEXiHb TOIIO), BA3HA-
YaTy TeMIIepaTypy ITOBEPXHEBOTO IIapy BOAM, TJIM-
OuHy Ta 00’eM BoJOMMHU (3 000OB’SI3KOBOIO 3aBipKOIO
MIMOMHM Ha MiclIeBOCTi 200 3a HassBHOCTi IM(POBOL
MoJiesi pelbedy 3eMHOI MOBEPXHi), BCTAHOB/IIOBA-
TH 00J1acTi (TLJIOLII) TPUBAJIOTr0 HAKOITUYECHHST BOAU,
MOXJIMBOTO MiATOIJIEHHS, MiClSl PO3MMBY BOJIO-
OXOPOHHUX JaM0, DOCIiIXKyBaTU BiIMOBIiIHI CYyITyT-
Hi Ipoliecu, OLIIHIOBaTU XapaKTep 3apOCTaHHS 3a-
TOITIOBAHOI YaCTWMHM 3aIlJIaBU Ta IIUPOKUX pYycell
BOJOTOKIB [1—5, 7, 9—13, 15—19, 22—24, 26—28,
32—38]. OcraHHE OyXe BaxKJIWBO JJIs1 BU3HAYECH-
HsT KOeiLli€EHTIB IIOPCTKOCTI i TPOTOYHOCTI pyceJt.
[opcTKicTh MOBEPXHi 3alylaBU 3HAYHOIO MipOIO
3YMOBJIIOE IIBUIKICTh TMPOXOMXKEHHS MaBOIKOBUX
BO/I, a CTYIIiHb IIPOTOYHOCTI pyceJsI piuoK Ta KaHaJliB
BU3HAYAE TiIAPOXIMIUHUI PEKUM Ta PEXKUM PiBHSI, a
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Puc. 1. Teputopis niBodepexHoi [Tpum’aTcbKoi ocylyBaib-
HOI cucTeMHU y MexXax gochinkyBaHoi Y3B (okpecieHo KOH-
TYpPOM YOPHOIO KOJIbOPY), Ta MixkaaMOOBa AiJITHKA JAeTallb-
HOTO0 BUBYEHHSI (MYHKTUPHUI KOHTYD). Buainstorecs rinpo-
rpacdiyHa Mepexa i 3a060J104eHi IJI011li, epo3iliHa Mepexa Ta
TUIOIL BiIKPUTHX I'PYHTIB i MOBEPXHEBUX BiAKJIAiB Pi3HOTO
MiHepasoriyHoro ckiany [3]. (3HiMoK 3 cyrmytHuka IRS-1D
Binm 29.04.1997 p., 1-it kaHan, nmaHxpomatuyHuii, 0.50...
0.75 Mmxm)

TaKOX BIUIMBA€ Ha CHiBBiIHOILICHHSI ITOBEPXHEBOI
Ta Mia3eMHOol 0aJ1aHCOBUX CKJIad0BHX, a TOJOBHE —
Ha TeMITM BOAOOOMiHY Ta iHTEHCUBHICTh CAMOOYHU-
IIEHHS BOJ, BiJ pamioHYKJiAiB (0e3 ypaxyBaHHS 1X-
HBOTO IPUPOIHOIO pO3Many). SHIKEHHS CTYIICHA
IIPOTOYHOCTI BUKJIMKA€E 30i/IbIIIEHHS PiBHIB BOAU Y
0araToBOAHI IEpPiOAM TiAPOJIOTIYHOTO LIMKIIY, I10-
Jajpllle 3apoCcTaHHs pycia, eBTpodikailito Ta ca-
MPOOHICTb BOOOTOKIB.

ToOrto, mani 133, mpencraBieHi OaraTOCIIEKT-
panbHuMu K3, craloTh B Harogi mpu BUpIllIEHHI
3aBJaHb OLIIHIOBAHHS Ta MPOTHO3YBAHHS BOJHOIO
BUHOCY PaliOHYKJIiJiB i3 3aTOIUIIOBAHUX 3aruiaB Mifg
yac MOBEHeUW pi3HOI BOM03a0e3MeYeHOCTi, OLiHIO-
BaHHsI 00’€MiB BOIM y BOAOMMAaX, iXHbOTO OajaHCYy,
a TaKOX MpU BU3HAYEHHSX €(DEKTUBHOCTI TaKuX
BOJIOOXOPOHHMX CMOPYI, K MPOTUITOBEHEBI aM-
6wu tomro. /st 11boro JOCTaTHRO MaTH AVMCTAHIIIHI
3HIMKM Ha KaJeHIapHi TaTu MaKCUMaJIbHUX PiBHIB
BOJIM B Piylli JJIST TIOBEHEN Pi3HOI 3a0€3MeYEeHOCTi.

TakuM yMHOM, J1s1 JOCSITHEHHS MMOCTABJIEHOTO 1
03HAUE€HOIro BUILE 3aBAaHHS Y POOOTI BUKOPUCTO-
ByBayucsl OaratocnekTpaibHi K3, orpuMmani mpo-
TSITOM TPHUBAJIOTO YacOBOTO mepiody (mepeBaxkHO
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y KBiTHi-TpaBHi) i3 cynyTHuKiB «Landsat-4/7» (Bin
16.04.1984 p., 20.04.2003 p. i 14.04.2004 p.), SPOT-
3/4 (Bin 06.05.1986 p., 18.04.1994 p., 23.08.1995 p.
i 14.07.1998 p.), «WorldView-2» (Bix 26.05.2018 p.
i 06.04.2022 p.) Ta «Sentinel-2» (Bix 02.05.2023 p.).
Tepuropis niBoGepexxHoi [Tpumn’sarcbkoi ocyiny-
BaJIbHOI cuctemu y Mexax UY3B, a Takox mpuierii
IO Hel mingHKM BkaszaHuMu K3 oxormieHi moBHic-
TI0. 30HajbHiI 3HIMKM KocMiuHux amapatiB (KA)
«Landsat-4/7» MalOTb MPOCTOPOBY PO3Pi3HEHHICThH
30 M/mKi (3a BUHSITKOM 300pakeHb y AanbHiil [YU-
3oHi cnekTpy EMX, 3HiMku SPOT-3/4 — 20 m/mnika,
a 3HiMKHU «Sentinel-2» — 10 M/mKi1 (300pakeHHS Y
BUAMMOMY i1 omHOMY 3 O/kHix [Y-giana3oHis, Ka-
Hayn B8). 3anyueni no pobotu GaraTocneKTpayibHi
K3 cynmyranka «WorldView-2» B opuriHaji MamTb
MPOCTOPOBY po3pidHeHHicTh 0.5 M/mki. [Tpore 3a-
JIJIS1 OTPMMAaHHSI MOPiBHSIHHUX pe3yJIbTaTiB 3 MaTe-
piazaMy KOCMiuHOTO 3HiMaHHS iHIIMMHU KA, 3miii-
CHEHOTO Y TIoTIepenHi poKH, ii Oys10 LiiecnpsiMoBa-
HO TeHepasi30BaHoO 10 6 M/TIKJI.

JI1st cTBOpEHHS AUCTAaHLiIMTHOI OCHOBU TEPUTOPIl
ITpum’sTchKoi JTiBoOEepeXXHOI OCYIIYyBaJbHOI CUCTE-
MU OIJISIIOBOTO MAaCIITaA0HOTO PiBHSI, IPOTE BUCOKOL
MPOCTOPOBOI (Y MAHXPOMATUYHOTO 300pakeHHS —
10 m/mki, y Hagupi — 5.6 M/TIKJ1) i pagioMeTprud-
HOI po3pizHeHHocTi, BukopucrtaHo K3 IRS-1D Bin
29.04.1997 p. (nuB. puc. 1).

PesynbraTti, oTprMaHi Ha OCHOBI BUKOPHCTaH-
HSI TaHMX KOCMIYHUX 3HIMaHb 3€MHOI MOBEPXHi, €
iH(OpPMaTUBHUMM [JIs1 BUPIILLIEHHS 3aBOaHb 3 OLli-
HIOBaHHSI CTYMEHS Mepe3BOJIOXKEHHSI TepUTOpii Ta
00’eMiB BOIM y HasiBHUX BojoiimMax (0coOJMBO 3a
OCTaHHiI repiofa yacy — I yac (hyHKIIIOHYBaHHSI
Ta MIiCs BUBEACHHS 3 PEXUMY IMOCTIHHOI poOoTH
[THC na niBoGepexHiit [Tpun’arceKiii cuctemi), a
TaKoOX 3 BU3HAYEHHSI €(DEKTUBHOCTI TaKUX BOMIOO-
XOPOHHUX CHOPY/, SIK IIPOTUIIOBEHEBI JaMOU TOILIO.
1 1IbOTO € TEOPETUYHE MiATPYHTS, 1110 0a3y€EThCs
Ha BiTOMOCTSIX Ipo crnelun@iKy B3aEMO/IIi eIeKTPO-
MAarHiTHUX XBWJIb Pi3HOIO Iialla30HY 3 BOTHOIO IT0-
BepxHero. | Hacammepen 11e CTOCYETbCSI ONTUYHOIO
BUIIpOMiHIOBaHHs. K Bimomo [12, 29], mornuHaH-
H$I CBITJIOBOTO TTOTOKY YMCTOIO BOJIOIO MiHIMaJIbHE Y
BUAMMIi yacTHHi ciekTpy (61mn3bKo 0.47 mxm). Ha-
TOMICTb y miana3oHi moHa 0.6 MKM Iie MOTIMHAHHS
JIy>Ke iCTOTHO 3POCTaE.
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Bxe y OmmxHboMy iH(ppauyepBOHOMY mialta3oHi
CIIEKTPY BOAM 03€P, PiYOK i MOPiB (0COOIMBO YHC-
Ti) Maiixke TOBHICTIO MOMIMHAIOTh CBITJIOBUM MOTIK.
Po3scitoBaHHs X 3i 30iablIeHHSIM OOBXUMHUM EMX
3HAYHO 3MEHIIYETHCS, MPU LILOMY 3MEHIIYEThCS
1 rmubruHa MPOHUKHEHHSI COHSIYHUX TIPOMEHIB. Y
nagbHboMy 1Y- (TeroBomy) mianasoHi (8...14 MkM)
MOBE/iHKA BOJM aHAJOTiyHa JI0 MOBEAiHKU abco-
JIIOTHO YOPHOTO TiJIa, sIKe ITOIVIMHAE BCIO €HEPTilo
MOTOKY BUIIPOMiHIOBaHHS, IO Maja€ Ha HBOTO, i
BUJILISIE 11 3a71eXKHO BiJ BJacHOI TemIiiepatypu. Ta-
KM uynHOM, Ha gaHux /133, 3pobaenux B 1Y-30Hi
EMX, Hemporpita BoJHa MOBEPXHS YiTKO BUIILIS-
€ThCS, 1 HA By3bKOCIMEKTPaJbHUX 3HIMKaX BUIJISIIAE
YOPHOIO.

Pazom 3 TMM HasIBHI y BOJi pi3HOMAaHITHi JOMIiIII-
K1 (OpraHiuyHi Ta HeOpraHiuHi PeYOBUHU) BILIM-
BalOTh Ha BIigOMTMIA IIOTIK BUIIPOMiIHIOBAaHHSI. Ix
00’enHy10Th ¥ Tpu ocHOBHI rpymnu [30]. HasBHicTh
Yy BOJli 3aBUCJIOl PEUOBUMHU (TBEPAUM CTiK) 3yMOB-
JIIOE AyXe CUJIbHE PO3CilOBaHHSI B Hill CBiTJIa, 110
3arajiloM He 3aJIeXXUTb Bill JOBXWHU XBWJi BUIIPO-
MiHtoBaHHS. [IpoTe y BUAMMIli YacTUHI CIIEKTPY 3i
30iJIbIIEHHSIM KOHILEHTpAllil Yy BOOIHOMY CEpelOBU-
11Ii 3aBMUCJIOl TBepAoi pakilii Bin3HavYaeThes 301/1b-
meHHs i1 sickpaBocTi [28]. OmHaK CTOCOBHO i€l
rpyIu AOMIILIOK HNOTPiOHO 3a3HauuTu Take. Ha Te-
puTOPpii TOCIiIKeHb IMOBipHA HAIBHICTh YaCTMHOK
MIMHUCTUX MiHepaJsiB, MiCKy Juile y MOTOoKax, 1110
MPOXOJSITh Yepe3 npopaH B onHii 3 nam6 Ta [THC,
a00 XX y BoAi Oe3mocepeIHbO MPUIETINX 10 HUX JIO-
KaJIbHUX TUTSTHOK BomoiiM. IlepeBakHa K OiTbIIICTh
MOBEPXHEBUX BOAHUX 00 €KTIB € 400 3aMKHEHUMM,
a00 MIBUAKICTh MOTOKIB Y IXHiX MexXaxX He MPU3BO-
JIIUTh O BUAUMUX 3MYJIEHbD.

Po3unHHi y Boai opraHiuyHi crioiyku (Teiti) Cuiib-
HO ITOIVIMHAIOTH YAbTpadioneToBi Ta 0J1aKUTHI IPO-
MeHi. DIiTOIIAaHKTOH YTBOPIOE TPETIO, OCOOJIUBY
rpyny 3aBuUcioi peyoBMHU. HeoOXigHuit B iioro
ckJaai s (OTOCUHTE3Y TMIrMeHT 3aBASIKU XJIOPO-
¢iny mae nyxe iHTEHCHBHI CMYTHU TOTJMHAHHS y
OJ1aKUTHIN i YepBOHil 30Hax criekTpy EMX, 3a s1ku-
MU ¥ BU3HAYAETHCSI HASIBHICTh BiacHe (PiTOIUIaHK-
TOHY y Bogi [6, 22]. [IpoTe y BeCHSIHUI TIEpioJ poKy
IIJISI AOCTiIXKYBaHOI HAMU TEPUTOPIl 3a3BUYAll IIPU-
TaMaHHUM € BIACYTHICTh Y ii MOBEpXHEBUX BOJAX
OpraHiYHMX PEYOBUH.
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3a3HaueHi Bullle ocodauBocTI B3aemonii EMX 3
BOJIOIO Ta HASIBHUMM B Hill peUOBMHAMU 1 CTIOJTyKa-
MU BpaXxOBaHO HaMM MpU BUOOPi iH(GOpMATUBHUX
JIUIS1 BUPilLLIEHHSI TTIOCTaB/eHUX 3aBIaHb OaraTocrek-
TpanbHUX K3 y meBHUX CIeKTpaJbHUX KaHallax Ta
TP 3aCTOCYBaHHI BiAITOBIAHOI METOIUKU.

st BUOipKM, 300py Ta HAKOMUWYEHHSI JaHUX
PO KilIbKiCTh aTMOC(epHMX OIlaliB, IO BMIIA-
Jaad Ha TEPUTOPilO JOCHIIKEHb, BUKOPUCTAHO
moxuBocTi maatgopmu ERAS [31]. IIpocropoBa
po3pizHeHHIicTh gJaHux ERAS5 nisa periony mocoi-
JKEHb — JIiBOOEpeXHil yacTUHi Bo10300py Oaceii-
Hy p. [Tpun’sate — craHoButh 11.132 x 11.132 kM.
3a poroMoroto ERAS orpumaHo Taky iHpopMaliito
Mpo OMajau: 1ie HAaKOMMUYeHa pilKa i 3amepaia Boja,
30KpeMa, BOJa JIOIiB Ta CHIry, 110 BUIaJal0Th Ha
noBepxHIO 3emuti. 3arajoMm Iie cymMa MaclITaOHUX
omaniB (total precipitation, ToOTO THX OIlaiiB, 11O
TeHEePYIOTbCS MaCIUTAOHUMU MOTOAHUMU YMOBa-
MU, TAKUMU SIK 00JIaCTi HU3bKOTO TUCKY Ta XOJIOAHI
(poHTN) Ta KOHBEKTUBHUX OIIaiB (T€HEPYIOTHCS
KOHBEKIIi€10, 1110 BUHUKAE, KOJIU TOBITPSI HA HUX-
HiX piBHSIX aTMOc(epu BUSIBISIETbCS TEIUIIINAM i
MEHII IIIJTBHUM 3a TIOBITPsI Bropi, BHACIIOK YOIO
BOHO i MigHiMaeThcs). BeanunHa KibKocTi omnafiB
He BKJIIOYA€ TyMaH, pocy abo omaau, sSKi BUIIapo-
BYIOTbCSI B aTMOC(epi 10 TOro, sIK MOTpaIUIsiTh Ha
noBepxHiO 3emii. Lls Bea1nunHa € HAKOIIMYYBalb-
HOIO y IIepioJI Bil IMOYaTKy Yacy IIPOTHO3Y IO KiHIIS
KPOKY ITPOTHO3Y.

OauHULISIMU BUMIipIOBaHHS OMajiB € TOBIIMHA Y
meTpax. Lle ToBLIMHA, SIKY MaB O 111ap BOAW Y LIEH-
Tpi KOMipKH TBOBUMIipPHOI CiTKH, SIKIIIO O YCIO KiJlb-
KiCTh BOJY, 110 BUMaja B MeXax KOMipKU 32 yMOBU
PIBHOMIPHOTO pO3IOALIY BUMANiHb, CyMyBaTu I
BiTHECTHU 10 LIbOTO LIEHTPY. 3arajaoM y IepCcIeKTuBI
JOCIIKEHb ClIig OyTu 00epeXHUM, MOPiBHIOIYU
3MiHHI BeIMYMHU MOJEI 3 pe3ybTaTaMi KOHKPET-
HUX Ha3eMHUX CIOCTEPEXKEeHb KiJIbKOCTi aTMOchep-
HUX OMAaJiB, OCKUTBKW OCTaHHI 4aCTO € JJOKaTbHUMU
JIJTSI TIEBHOT TOYKM Y TIPOCTOPI Ta 4aci, i He € cepe-
HIMU 3HAYEHHSIMM JUISI KOMIipKU CITKM MOAENi 4Mu
4acoBOT0O KPOKY MOJEJIi.

XAPAKTEPUCTUKA METOJIUKHN JOC/IIZKEHD

Y nocaimkeHHsIX 3aCTOCOBYBajacs METOAMKA KOM-
I’ IOTEPHOTO OOpPOOJIEHHSI KOCMIYHMX 3HIMKIB Ta
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aHaJli3y OJlep>KaHUX pe3yJbTaTiB, SIKy OyJIo Iijie-
CMPSIMOBAHO PO3POOJIEHO 11 BUBYEHHSI TOBEpPX-
HEBUX BOJOWM Yy Mexkax cyxomony [2, 3, 10, 11, 17,
19, 21, 22, 26, 34—38]. 3a3HaUMMO, IO BiOITOBIiI-
Hi Mpolenypu TMPOBAIWJINCh i3 BUKOPUCTAHHSIM
Pi3HMX BITOMMX MPOrpaMHUX IIPOAYKTiB, CEpen
SKUX HaWIIMpUIe 10 POOOTH 3ajlydyalvics IMaKeTu
nporpam ERDAS Imagine, reorpaciuni ingpopma-
uiini cucremu (I'IC) Maplnfo Professional, ArcGIS
Ta aeski iHi. Ilepenq o6poOKoO 3HIMKIB yCi BOHU
Oyau TIpUB’sA3aHi 1O MPSIMOKYTHOI CUCTEMHU KOOp-
nuHat Taycca — Kprorepa (1942 p.) He MeHII Hix
3a 20 Toukamu 3a gomomorow nporpamu ERDAS
Imagine. Lle 103BOMIO TeOMETPUYHO CKOPUTYBATU
yci K3 3 TouHicTiO 6;113bK0 1 MKJI.

3 MeTol0 BMKOHAHHS aIeKBaTHOTO aHaJIiTUY-
HOro MOPIBHSIHHS TIJIOLIOBUX OO’€KTIB, IeInd-
pOBaHMX Ha 3HIMKaxX BMCOKOI po3pizHeHHoCTi KA
«WorldView-2», 3 o0’ekTamMu, IO BUAUISUIMCS 3a
3HIMKAMM HIKYOI PO3PI3HEHOCTi, OTPUMaHUMU
KA «Landsat-4/7», SPOT-3/4 i «Sentinel-2», npo-
CTOPOBY pO3pi3HEHHICTh 300paxkeHb « WorldView-2»
repe rpolieayporo Kiaacudikallii morepeaHbo 0yj10
3arpy0JIeHo (reHepaTi3oBaHo) 10 6 M/TIKIT 3ac00aMM
CIeliaJbHUX MMPOrpaMHUX MPOIYKTIB.

Kpim Toro, n1s1 ypaxyBaHHSI BIUIMBY Pi3HUX YMOB
3lIOMKM Ha iHTEHCUBHICTb CIIEKTpaJbHHUX SICKpa-
BOCTEIi 00’€KTIB Ha 3eMHill TOBEpXHi (KyT HaXWIy
CoH1g, TIpO30piCTh aTMOC(EPU TOIIO) BUKOHYBa-
Jlach pagiomerpuyHa kopekiis K3. Ile nano 3mory
MPUBECTA PI3HOYACOBI 3HIMKU JO PiBHSI OQHOTO 3
HUX, TCJIS1 YOTO CTAJI0 MOXJIVMBUM ITPOBOAUTH iXHE
3icTaBiaeHHs. 3 METOI PagiOMETPUYHOI KOpPEKIlii
K3 Gpanucs 1o yBaru npupoaHi 00’ €eKTH TepuTopii
JIOCJIIKEeHb, CIIEKTPaIbHi ICKPAaBOCTI SIKUX OLIbIILY
YaCTUHY POKY MOXHA BBaXKaTU MOCTIHHUMU.

st 4iTKOro BMSIBJACHHSI 3a OaraToCreKTpasb-
HUMU CYIYTHUKOBUMM 3HIMKaMU BiKPUTHX BOJI-
HUX TTOBEPXOHb Ha (DOHi POCIMHHOCTI, BiIKPUTOIO
IPYHTY a00 iHIIUX BiICIOHEHUX OCAOBUX YTBOPEHbD
y TIPaKTULI JUCTAHLIMHUX JOCTIIXKEHb TPAIUILIIHHO
BUKOPUCTOBYIOTbCS 3HAY€HHSI HOPMasli30BaHOIO
pizHuLeBOoro BogHoro iHaekcy NDWI (Normalized
Difference Water Index) Ta BimmoBiZHUM YHUHOM
OTpUMaHi i1 Bi3yallizoBaHi 300paxkeHHs. [TokazHUK
NDWI 6yno 3anpomnoHoBaHo C. K. Makditepcom
y 1996 p. [34]. 3a mormomoroto NDWI MoxiuBe He
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Puc. 2. KocmiuHi 3HiMKu «Landsat-7 ETM+» (¢ — cranom Ha 20.04.2003 p., 6 — ctaHoM Ha 14.04.2004 p.) ta nemudponaHi 3
IXHIM BUKOPUCTAHHSIM BiIKpPUTi BOAHI MOBEPXHi (HUXKHIii psin) Ha JiiBoOepexki p. [Ipun’atb. YepBOHUM KOHTYpPOM MTOKa3aHO
MeXi TUTSTHOK MocTimkeHHs: 1 — MiisTHKa MiX cTapolo i HOBOIO ambaMu, 2 — JiJISTHKA MTiBHIYHO-CXiTHIIIIe Bix cTapoi naMou;
CHHIl KOJIip — TUIOII, 3aifHATI BiIKPUTOIO BOJHOIO TTOBEPXHEI0. 3HIMKY CUHTE30BaHi: KaHan 543 — 5-ii, cepenHiii [Y-kanan
(1.55...1.75 mxm), 4-i1, Gnukniit [Y-kanan (0.75...0.90 mxwm) i 3-i1, yepBoHuii kaHai (0.63...0.69 Mkm)

muire e()eKTUBHE BUAUICHHS BOOHUX OO ’€KTIB Ha
IUIOLLi, HAsBHICTb SIKMX Ha 300paXkeHHi HeHaue
«TIOCUITIOETHCS», ajie 10Opi pe3y/ibTraTy Ja€ il MOHi-
TOPUHT HAUMEHIIUX 3MiH SIK Y iXHIi MPOCTOPOBIi
KOHirypatii, Tak i y BjJacHe BOJIHOMY CepeIOBUILI
(Hampukiaa, mosiBa (ITOIMIAHKTOHY, 3MYJIEHOCTI
TOII[0) 32 Pi3HOYACOBUMM 3HIMKaMU.

3 ypaxyBaHHSIM IepeBaru B iH(OpMaTUBHOC-
Ti 1I0JI0 KapTyBaHHS «I3epKajla BOIAU» 300paxkeHb
OMXHBOTO iH(PaUYepBOHOTO Ta 3€JIEHOIO CIIeK-
TpajbHuX ocepenkis NDWI po3paxoBy€eThCsl 3 BU-
KOPHMCTaHHSIM IXHbOI KOMOiHal1Iil 3a ¢popmynoio (1):
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NDwi =Jo " Tam (1)
IG + INIR
ne Iyr»> I — BiIOMBHA 30aTHICTH 00’ €KTA Y OJIMXK-
Hiit [4-o6macTi (760...900 HM) Ta y 3eeHiit obacTi
cnekTpy (530...590 HM) BinmoBigHO.

Bubip BkazaHux niama3oHiB goBXuH EMX 3y-
MOBJICHU# TUM, 1110 B 3€JICHi#1 001aCTi CTIEKTPY BOAHI
00’€KTH XapaKTepU3YIOThCS MaKCUMaIbHUMU 3Ha-
YEeHHSIMU BiIOMBHUX XapaKTEPUCTUK, HATOMICTh y
ommkHiN [Y-30H1 — MiHIMaIbHUMM, OCKIJIBKH B ITii
00J1acTi Ha3eMHa POCAUHHICTb Ta BIIKPUTUIA TPYHT
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MaloTh MaKCUMMaJibHi 3HaUeHHS. TaKUM YMHOM, Ha
MMiICTaBi PO3paxyHKY 3a BKa3aHMM BUILE PiBHSIH-
HsaM (1) BogHi 00’€KTU BUPI3HSIIOTHCS OOAATHUMU
3HaueHHsIMU NDWI, Tofi SIK IpyHT Ta POCJUHHICTb
MaloTh HYJIbOBi a00 X Bil’eMHi iioro 3HaueHHs. Lle
JTO3BOJISIE JIETKO BiIUTUTH MMOBEPXHEBI BOMOWUMMU Bif
TLIOL, Y MeXKax SIKUX € POCIUHHUIA TOKPUB.

OtoX, y poOOTi 3a JaHMMHU 0araTocreKTpaibHUX
K3 BukonyBanucs pospaxynku NDWI. Ilpu iHtep-
npeTauii oTrpuMaHux 3HayeHb NDWI Opanocst no
yBaru, 1110 BOHU MaloTh BiMOBiAaTH TaKUM Ha3eM-
HUM 00’ €KTaM:

° (0.2...1 — BimKpuTiii BOOHI IOBEPXHi,

¢ (0.0...0.2 — mromaM cyxomoJjly, 10 3a3HaBaJll
3aTOTUICHHS, (Mepe)3BOJIOKEHUM HOT0 TJIOIIAM;

e —0.3...0.0 — momaM 3 MOMIpHO BUCYIICHUM
IPYHTOM, HEBOJIHUM MOBEPXHSIM;

e —1... =0.3 — miomaM cyxomoJjly, 110 3a3Halu
MOCYXU, HEBOJHUM TTOBEPXHSIM.

IIpoTe, BpaxoBylOUM TOJOBHE 3aBHAHHS IOCIIi-
JIKeHb, TepUTOpis JiBodepexHoi Ilpum’sTchKoi
ocyllyBajibHOI cucteMu y Mmexax Y3B knacudi-
KyBajlacsl Ha JBa OCHOBHMX KJacH IPOCTOPOBUX
00’€eKTIB: BiIKpHUTa BOJHA MOBepXHS i cyxonmis. [o
KJIacy OCTaHHBOTO, KpiM BJIaCHE TIJIOII HEeMOKPU-
TOTO POCJMHHICTIO I'PYHTY, MiCKY, iHIIUX OCagOBUX
YTBOPEHb Ta 3aA€pHOBAHUX, 3aJ1iCHEHUX ILJIOII, a00
K TaKuX, 110 3afHATI Pi3HOBMIOBUM POCIMHHUM
MOKPMUBOM Pi3HOI IIIJIBHOCTI, TAKOX HaJleXaTh pi3-
HOMAHITHI TeXHOTeHHI 00’eKTu (OETOHHI, 3alli3Hi,
JIepeB’sTHi KOHCTPYKIIil, CITOPYAU TOIIO).

MOHITOPUHT 3MiH y CUCTEMi «ITOBEPXHEBi BOAU —
cyxofin» 3acodbamu J133/I'TC-TexHo0Tii1 HA Tepu-
Topii niBoOepexxHo1 [Tpumn’sTchbkKoi ocyinyBaabHOL
CUCTEMHU 3/IMCHIOBABCS y MeXax JBOX BiJOKpeM-
JICHMX TEXHOI€HHMMM cIiopyaamMu (Imambamu) mi-
JISTHOK, IO IPOCTSIJIMCS 3 IiBHIYHOIO 3aXoay Ha
niBaeHHUi cxia. Ile ocHoBHa nmisiHKa y Mexkax Y3 B
riometo 15.424 xm?2, mo obMexeHa «TilaMu» cTa-
poi i1 HOBOI 1aM0, i TAKMM YMHOM pO3TallloBaHa MixX
HuMU (ginsHka Ne 1), Ta ginsgHKa, LIO JIEKWUTh Ha
MBHIYHWIA cXim Bim crapoi mamo6u (mimsHka Ne 2) i
mae toronty 15.204 km? (puc. 2). OToX, 3a CBOIMU
FeOMETPUYHUMU TTapaMeTpaMu i ABi AUISTHKH, 1110
MEXYIOTb MiXK CO00I0, € TOTOXKHMMU. 3 METOIO YiT-
KOi imeHTu(ikallii iXHiXx KOHTYpiB (a OTXe i IJIOLII)
Ha KOCMIYHHMX 3HIMKax pi3HMX pOKiB, OJep>KaHUX

Puc. 3. Teputopist 1iBOOepeKHOT YaCTMHU BOI0300py Oaceii-
Hy p. [Ipun’ath (IMOAIroH CBITJIO-CipOro KOoJbopy), Ha sKiii
aHaJTi3yBaIUCS CTATUCTUYHI JaHi Tpo aTMochepHi onaaun

3 pisHux KA, Ta 1ist KapTyBaHHS i OTpMMaHHSI T10-
PIBHSIHHUX PE3YAbTaTiB IS JOCTIIKYBAaHUX IIPU-
ponHux 00’€KTIiB y ixHiX Mexax 3acobamu I'IC Oyno
CTBOPEHO BiIMOBIAHI BEKTOPHiI «MacKW» KOHTYpiB.
ITpu 11bOMYy KOHTYPp i IUIoIIa MiXIaMOOBOI JiIsIH-
KU JJ1s1 BCix onpaupboBaHux K3 Oyiu ineHTUYHUMMU.
HarowmicTh nj1s1 aHaji3y rigpoJioriyHoi cuTyallil Ha
OUISHIII MiBHIYHO-CXiAHiIIE Bim cTapoi mamOM 3a
s3HiMKamu 1984, 1986, 1994 i 1995 pp. posrismanacs
Teputopis ioweo 110.89 km2. lle 3HauHO mepe-
BUILLYE ruomy B 15.204 kM2, 1110 meTanizyBanacs 3a
manumu 33 2003, 2004, 2018, 202212023 pp.

ITin yac aHami3y Ta 4aCOBOIO MOHITOPUHTY KiJlb-
KOCTi aTMocepHux omnafiB y perioni ITomices, 00-
CITU SKWX, Ha HAIl IOTJISAMA, ITOTCHIIIAHO MOTIJIU
BIUIMBATU Ha TiPOJOTIYHUI PEXUM TepUTOPIi Ji-
BoOepexHoi [Ipum’sTcbkoi ocyllyBajJibHOI CHUCTE-
MU, 10 yBaru Opayimcs BUMALAiHHS Y MeXax JTiBoOe-
PEXHOI YaCTUHM BOm0300py OaceitHy p. [1pum’sTh.
IlepeBaxkHo 11e TepuUTOpis MiBAeHHOI YacTMHU Pec-
ny6aiku Binopycs (puc. 3). Ii mioma craHoBuThb
49872 km2.

Jitst BUOIipKM CTaTUCTUYHMX AAHUX OO0 Kijlb-
KOCTi aTMOC(epHUX OIlamiB 3 0a3u JaHUX, ITOCTYII
o sgkoi HamaeTbes miatdopmoro ERAS [31], came
JUIS1 €T TepUTOPIi 32 KOHKPETHUMU reorpadiuHu-
MM KOOpJAMHATAMM Ta 3a TMOIMepeJIHbO BU3HAYEHU-
MU MiCSLISIMU Ta poKaMu OyJ10 CTBOPEHO MpOrpaMm-
HUI aJropuTM Ta BiIMOBiAHY Miamporpamy (aBTop
A. A. AugapeeB [26]). TleBHi poku BU3HAYAIMCS
poxkamu orpuMaHHs K3 cynmyTHUKOBUMU CHUCTEMa-
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MM, SIKi 3ajIy4eHi 10 gociimkeHb. I[1pu nbomy OpaB-
Csl 10 yBaru TakoX KOXEH 3 POKiB, 1110 MepenyBaB
poky 3HiMaHHS. [TpoTsirom KoXXHOTO 3 POKiB, AaHi
3a SIKUM MaJjli aHaJli3yBaTUCsl, BU3HAYAJIUCS TPy
MiCSILIB MO ABa B KOXHil. Ilimmporpamoro aist B3si-
TO1 0 PO3IJIsIy TEPUTOPIi pO3paxoByBaJIOCs HE Ce-
peaHE 3HaYeHHS KiIbKOCTI aTMOC(EPHUX OIaIiB I10
KOXXHOMY 3 IBOX MiCs1IiB, a IXHsI CyMa 3a 11i IBa Mi-
csui. Micsui Oyi10 3rpynoBaHO IicJIs IPOBEASHHS
YUCICHHUX PO3PAXYHKOBUX iTepalliii 3 iXHIMU KOM-
OiHALSIMU Bif IBOX OO0 YOTHUPHOX MICSILIB y TPyIi, 3
YaCOBUM 3MIIIeHHSIM Ha 1...2 MicsIIi TaKUM YTHOM,
o0 BCTAaHOBUTHU IXHIO iH(MOPMATUBHICTb IIOHO
BIUJIMBY OIaJiiB Ha (h)OpMyBaHHSI BiTHOCHOI BOTHOCTI
TEPUTOPIil JOCITiTKEHb.

Ockinbku 3 nonomorolo rardopmu ERAS Bimi-
OpaHO MacuB JaHUX i3 CyMapHOI KiJbKOCTi aTMOC-
(hepHUX OmaziB MO TEPUTOPIi JTiBOOEPEXKHOI YaCTUHHI
BOm0300py OaceiiHy p. [1pum’sTh, 1110 BUMipIOETHCSI
y MeTpax, Li JaHi OyJo nepepaxoBaHO BilIOBil-
HO J10 IPUNHSATUX Y METEOPOJIOTii MiIiMETPiB 11apy
Boau. JLtd 1iel nmpouenypu BUKOpUCTaHO 0asy Aa-
HUX METEOPOJIOTIYHUX MOKA3HUKIB METEOCTaHIIil
M. HopHOOWJIb, SIKa € HAMOIMKYOIO 10 palfoHy Ji-
BoOepexxHOI ITpuI’ ATChKOI OCYILIYBaJIbHOI CUCTEMU
y Mexax U3B. ¥V mexax teputopii JiBoOepexHOL
YacTMHU BOAO300pYy omaay MiACYMOBYBAaJUCS 3a
402 xomipkamu po3mipom 11.132x11.132 km i mio-
mero 123.921 kM2 KoxHa.

CBoepinHe KajiOpyBaHHSI CYMapHOI KiJIbKOCTI
onafiB 3riIHO 3 JaHMMU YOPHOOMJILCHKOI METEO-
CTaHIIil 3MiCHIOBAJIOCS MO KOXHOMY POKY OKpe-
MO, BU3HAYaBCsl BIAMOBIAHUI IepeximHuii Koedi-
HieHT. Moro BpaxyBaHHS JO3BOJIMIO PO3paxyBaTH
KUIBKICTh aTMOC(epHUX OMamiB y MiJliMeTpax Iapy
BOJIM, 1110 BUITAJIA, IJIsT KOXKHOI 3 TPYI MiCSILIiB Y KOH-
KpeTHOMY polli. TakuM 4YMHOM, AaHi PO KiJIbKICThb
OIaJliB y MeXXax B3STOI IO yBaru TEpUTOpil JiBoOe-
peXHOI YacTMHU Boa0300py OaceiiHy p. [1pum’sith,
1110 GOPMYIOTh BOIHUI OajlaHC MMOBEPXHEBOI'O CTOKY
JiBoOepeskHo1 ITpuIr’ ITChKOoi OCyIIyBaabHOI CUCTE-
MU, CTaJIi CyMipHMMH 3 aHAJIOTIYHMMU ITapaMeTpa-
MU MeTeocTaHlii M. YopHOOWIb, SIKi 3arajioM HO-
CSTb JJOKAJIbHUI XapaKTep, a OT>Ke CTaJIU 3BUMHUMU
JUJ1s1 cIpUiAMaHHS (paxiBUSMU-METeOpOJIOoTaMMu.

76

PE3YJIBTATU JOCHIIXKEHb
TA IXHE OBTOBOPEHHS
Ha ocHoBi aHamizy martepiajiB KOMIT IOTE€pPHOTO
00poOJsieHHs OaratocriekTpalibHux K3 oTpumano
TeMaTUYHO HOBi aJeKBaTHi pe3yJibTaT, IO CTa-
1 iHPOPMATUBHUMMU Y IIPOLECI TTOAAIbIIOI OLIiH-
K e(EeKTUBHOCTI eKCIUIyaTallil BOZOOXOPOHHOIO
KOMIUIEKCY Ha JiBoOepexHii [Tpumn’aTchkiii cucte-
Mi. Halinepiue — BCTaHOBJIECHO PO3IOIiJ 3aKapToO-
BaHMX 32 JAHUMM KOCMO3HIMKIB IJIOLL, 11O B Pi3Hi
POKM y MeKaxX KOXHOI 3 BUIIJICHUX OKPEMUX HiJsi-
HOK JeTaii3aliii OyJu 3aiiHsTI BOJHOIO TTOBEPXHEIO
abo cyxonojioM. Ile niIsTHKY MiX cTapolo Ta HOBOIO
gambamu (miissHka Ne 1) Ta mijisHKa Ha MiBHIYHUMK
cXinm Bim cTapoi mamoum (minstHka Ne 2) (muB. puc. 2).
Bukopucrtanns gemndpobanux K3 103Boauiao Bu-
3HayaTh TOUYHE MPOCTOPOBE PO3MIllIEHHSI, KOHTYPU
Ta TUIOLII BOJOOXOPOHHUX 00’€KTIB, 110 OYJIU CIIO-
PYIKEHi BXe MicJsl OCTaHHIX JOMOBHEHb Ta BUJAH-
Hs TornorpadiyHUX KapT MiCIEBOCTI, 3pO0OJIeHUX Y
1984—1989 pp.

3okpema, 3a pesyabraTaMM IPOBEICHUX paHi-
1Ie AOCHiIXeHb i3 3acTtocyBaHHSIM K3 BcTaHOB-
JieHo [2, 17—19], 110 Ha ol cTaporo mnoJjbaepa
(TiBHIYHO-CXimHIIIE i TIMCOMETPUYHO BUIIE CTapOi
Jamou) mpotsaroMm 1994—1998 pp. BimOyBanacs 3a-
TpUMKa 3HAYHUX OOCSTiB IMMOBEPXHEBOIrO CTOKY. Lle
MPU3BEJIO0 N0 MiATOIUIEHHSI Ta 3a00J0YEHHST TepU-
TOpii, 3pOCTaHHS MJIOLLI BOJHOI MOBEPXHI Ta Mif-
BUIIIEHOTO BUHECEHHS PagiOHYKIIiAiB 3 BiAMOBigHOI
JIUISTHKY Bono300py y p. Ilpun’sarte. Too6To, 3a nepi-
OJ1 TTicJIsI BBEJIEHHS B €KCILIyaTallito JiBOOEpPexKHOTO
BOJJOOXOPOHHOTO KOMILIEKCY (30KpeMa HOBOI 1aM-
ouy 1992 p., dynkuionyBanHsi [THC Tomio) Haby-
JIX iCTOTHOTO 3HaYeHHsI MOOIUHiI HeraTUBHI eheKTH,
1o Oe3repeyHo 3HUBWIM 3arajilbHUi MO3UTUBHUMN
pe3yabTaT BiJ JioKadi3alii pagioHYKJIiTHOTo 3a0py/-
HEHHS Ha OrOpOXKEHii YaCTHUHI 3ariaBu.

3aToIuIeHHsI ¥ BepXHbOMY O’e(i cTapoi mambu
3a paxyHOK MiJITOKY 3 PO3TalllOBAaHOIO BUILE BOJIO-
300py BimOyBajOCh IIOPOKY, 30UIbIIYI0OUYN (PiabTpa-
LiI0 4epe3 TiIO CTapoi JamMOM y MiXIamOOBYy 00-
JIACTD i TAKMM YMHOM PO3ILIMPIOI0YHN TLIOIII BOIHUX
00’exTiB (puc. 4). Came Tomy i [IHC, nounnaroun
3 1994 p., mpairoBaia MOPOKY, CKUIAI0YN 3a0pyd-
HEHY BOJY 3 MixkI1aMOOBOI AiJISIHKU Yepe3 00BimHMIA
KaHaJl Ta mpopaH y nam6i Ne 7 y p. Ilpum’are. Tum
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Puc. 4. [linanka Mix cTapolo Ta HOBOIO JIiBOOEpeKHUMU TaMbamMu y Mexkax [1pum’aTchKoi ocyIyBalbHOI cCUCTEMU (OKpeciie-
Ha KOHTYPOM YOPHOTO KOJIbOPY) 3 BUAIEHHSIM TUIOI BiTKPUTOI BOAHOI MIOBEPXHi Ta CyXOMOJy 32 MaTepiaiaMu 0araTocrek-
TPAJIbHOTO KOCMiYHOTO 3HiMaHHs 3 cynmyTHUKIB SPOT-3/4: a — ctanoM Ha 23.08.1995 p. (13epkano Boau — TeMHUI KOJIip,
3rigHo 3 [19]), 6 — cymapHe 3aToIieHHsT MixkK1aM00BOi AITHKY 3a yac OyAiBHUIITBA HOBOI JiBoOepexHO1 namMou (3 1994 no
1998 pp.) 3a nanumu 3iiomku Bing 18.04.1994 p., 23.08.1995 p. ta 14.07.1998 p. [18]: Ginuii Kojip — IJIOLLI CYXOI0JY, 110 HE
Oysu 3aitHATI Bogoio y 1994—1998 pp., cipuit Komip — TI0IIi, 110 TIepiognyHo Oyiu 1ia Bomoto y 1994—1998 pp.; TeMHMit
KOJIip — IUIOLI, IO ITOCTIiHO OyJIM Imig Bomoio y 1994—1998 pp.

camum pobota [THC mpusBoauiaa o 10JaTKOBOIO
3aTOTICHHS TUIOLL Y BepXHbOMY 0’ei cTapoi namou.
V pesynbrari 3aificHeHoro y 2001—2004 pp. Bin-
MOBiIHO OO0 peKoMmeHaalii [18] po3unieHHS KaHa-
JIiB 1 peKOHCTPYKIIii MMPOMYCKHUX CIIOPY/ Ha JIiBO-
oepexHiil I[TpuIr’ITCbKil OCYIIYBaJIbHIN cHUCTEMI
3a(piKCOBAHO CITOYATKy 30UIbIIEHHS (SIK i IPOTHO-
3yBaJIOCh — Y 3B’SI3Ky i3 30WUIBIIEHHSIM CTOKY), a
MOTiM 3MeHIIeHHs BuUHeceHHs 2'Sr. KoHmeHTpais
0Sr y rupni kanany MK-5 (y Micui 3HMXeHHS Ha
0.95 M mopory mamou Ne 7 y3umky 2000—2001 pp.)
3HAUHO 3MEHIIWJIACh Bill caMOro IMovaTKy PeKOH-
CTPYKIil [6]. 3aBASIKN OCTaHHii 30iIbIIEHHS CTOKY
3 JIiBOOEPEXKHOTO TOJIbAepa Y TpU pa3u, MOPiBHSIHO
3 2000 p., mpu3Besio A0 30iJIbIICHHS BOJHOIO BU-
HECEeHHSI 1IbOTO PalioHyKIiay jsuiie y 1.6 paza. Y
BigHOocHMX onuHMLAX (31 % Bim BUHECEHHS 90Sr 3
teputopii Y3B) e 3HaYeHHS TaKOX HE CTaja0 aHO-
MaJTbHUM (y TTopiBHIHHI 3 40 % y 1999 p.). Y mucro-
nani 2001 p. piBeHb BoAM Yy BepXxHbOMY 0’e€i namou
No 7 sum3uBcst Ha 2 M (3 106 o 104 M Banriiicekoi
cucteMu BucoT) [6]. 3 2002 p. BeIMYMHU BUHECEH-
Hs 20Sr y p. [Ipun’sth 3 1iBOGEPEXHOTO MOIbIEpa
CTaJIv OUIBII MPOITOPLIMHUMMU 10 OOCATIB CTOKY.
3MEHIIIEHHS CTOKY 4epe3 JIiBOOSPEXKHUI I10JIb-
JIep OIOCEPENKOBAHO ITATBEPIKYIOTh pPE3YJIBTaTH
KoM’ oTepusoBaHoro aemndpyBadHs K3, 30kpe-
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ma 3a kBiteHb 2003 1 2004 pp., TOOTO 32 OAUH 3 MicsI-
LiB iIHTEHCUBHOI'O OOBOMXHEHHS i IIePe3BOJIOKEHHS
teputopii Y3B (nuB. puc. 2). 3rigHo 3 HuUmu |3, 27]
TUIONIA BiIKPUTOI BOJHOI TTOBEPXHI HAa 3a3HAYEHIN
TepUTOPil 3HAYHO 3MeHIIWIACh (y AeKiJbKa pa3iB, a
TO MaliKe i1 Ha MOPsI0K) MOPiBHSIHO 3 aHAJOTTYHUM
MepiofoM MmorepeaHix pokis [2, 17—19].

Tak, n3epkano BoAud Ha MUISTHII TTiBHIYHO-CXiI-
Hillle cTapoi JaMOu 3aKapTOBaHO Ha ILIOII OJM3b-
ko 0.76 kM2 cranom Ha 20.04.2003 p. Ta mpuGIU3-
Ho 1.54 kM2 cTaHoM Ha 14.04.2004 p. Hatomictb Ha
MiXXIaMOOBIW MUISTHII BiIKPUTY BOJHY TTOBEPXHIO
cranoM Ha 20.04.2003 p. memmdpoBaHO Ha TIJIONII
npubausHo 0.66 kM2, a ctaHoM Ha 14.04.2004 p. —
Ha o 1.16 km?2 (Ta6. 1). Li aucranuiitHo oTpu-
MaHi pe3yJbTaTd 3aCBiIYyIOTh MPaBOMIpPHICTh BM-
KoHaHuX Ha moyatky 2000-X pokiB pi3HOMaHITHUX
TiIpoTeXHIUHUX 3axomiB (JIikBigalis mamou Ne 7,
PO3UMIIIEHHSI KaHa/liB, KOHCTPYKTHMBHI 3MiHU y BO-
JOIMPOITYCKHMX 00’€KTax TOIIO), 110 OyJIM CIIPSIMO-
BaHi Ha pPaJioeKOJIOTiYHO 3YMOBJIEHE ITOKpallleH-
HSI TiIPOJIOTiYHOI CHUTYyallil y Mexkax JiBoOepexHOl
ITpun’sITChbKOIi CUCTEMU.

BecHsiHuit BonHuit 6agaHc TepuTopii GopMyeTh-
Cs 32 paxyHOK aTMOC(epHUX OIaaiB KiHII MoIle-
PEIHBOIO POKY (JIMCTOIIam — IPyAeHb) Ta IOYATKy
MOTOYHOrO (CiYeHb — KBIiTE€HB). Y Lel Iepio TeM-
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rneparypa arMoc¢epHOro moBiTpsi HU3bKa, a MOro
BOJIOTICTh IiABUILIEHA, YACTO € HASIBHICTH SIKOTOCH
CHITOBOIr0 MOKPHMBY, BUITAPOBYBAHHSI i3 3€MHOI I10-
BepxHi He3HauHe. LluM TOsSICHIOETBCS 3MEHILIEHHS
3BOJIOKEHOCTI Ta TUIOIII BOIHOI MTOBEPXHi HA TEPU-
Topii JociimkeHb HaBecHi 2003 p., OCKIIBbKM Mepen
uuM, y aucronani — rpyasi 2002 p., Bumaso auuie
90.382 M/54 mM) omnamiB (TyT i Hmaji: BiAMOBigZHO
OITaJiu B CyMi Ha BCii B3SITil 10 PO3IJIsIAy TEPUTOPii
JIiIBOOEPEKHOTO BOI0300pYy OaceitHy p. I[lpun’saTs, y

METpax, Ta IIapy BOJH, 1110 BUIIaja y MijliMeTpax, sIK
KJIACUYHOMY BHUPaXKEHHI KiJIbKOCTi OIaiB y MET€O-
poJIorii), 110 MEHIIE MOPIiBHSHO 3 iHIIIMMU pOKaMH
(Tabmn. 2, puc. 5, 6). 3oKkpeMa, y MexkaxX MixkmaMm0O0BOi
ninssHku 20 xBiTHs 2003 p. muiollia a3epKajia BOAU
cranosmia 0.66 km2. Takox He3HauHi onaau 3adik-
coBaHo i1y ciuHi — motomy 2003 p. (97.127 M/54 Mm)
Ta 6epe3Hi — kBiTHI (112.82 M/62 MMm).

Cxoxa curyalisl criocrepiranacsa iy 2004 p.,
Kojau y Oepe3Hi — KBiTHI LIbOTO POKY BHIIAJIO

Tabauysa 1. I1nomi BiTKpuTOi BOAHOT MOBEPXHI TA CYXO0I0JY Y Me3KaX OKPEMHX JiJITHOK BO10300piB
JiBoOepexaks p. [Ipun’aTe, o0 BU3HAYEHI 3a MaTepiajJaMu CynmyTHHKOBUX 3HiManb 2003, 2004, 2018, 2022 i 2023 pp.*

Mixnam6oBa ainsinka (1)
Jlara 3iioMKu

JlinsiHKa Ha MiBHIYHUIA CXix
BizI cTapoi njamou (2)

IUIOLIA BOAHOI TOBEPXHi, KM? IUIOLIA CYXOIOITY, KM2 TUTOIIA BOXHOI MOBEPXHi, KM?
20.04.2003 p. 0.66 14.77 0.76
14.04.2004 p. 1.164 14.26 1.54
26.05.2018 p. 5.414 10.01 3.64
06.04.2022 p. 1.93 13.494 1.37
02.05.2023 p. 3.379 12.045 1.536

ITpumitrka. Pesyasratu 2003 i 2004 pp. — 3a maHnumu 3HiMKiB 3 KA «Landsat-7», 2018 Ta 2022 pp. — 3 CymyTHMKa

«WorldView-2», 2023 p. — 3 KA «Sentinel-2»

Tabauys 2. CTaTHCTHYHI 3HAYEHHSI CyMH aTMOC(EPHUX ONMAaiB y Mexkax yciei TepuTopii JiBoOepeRKHOT YaCTHHI
BO0300py Oaceiiny p. [Ipunm’aTp (1uB. puc. 3), Ta B mepepaxyHKy Ha MM IIapy BOJM, [0 BUNAJA, O POKaX i MicAIsax

(cKJaeHo 3 BUKOpUCTaHHAM JaHux miatdopvu ERAS [31])

o Cyma atMochepHUX OMajiB, M / KUTbKICTb OMafiB (11ap BOIHU, 110 BUTIAIA), MM

Miemd 2002 p. 2003 p. 2004 p. 2017 p. 2018 p. 2021 p. 2022 p.
CivyeHb- 134.866/ 97.127/ 171.399/ 115.973/ 114.02/ 176.536/ 158.809/
JIOTH I 80 54 112 63 68 103 93
bepeseHb- 109.365/ 112.82/ 127.203/ 170.332/ 118.462/ 135.249/ 155.128/
KBiTE€Hb 65 62 83 92 71 79 91
TpaBeHb- 173.714/ 154.374/ 159.166/ 143.591/ 145.213/ 212.699/ 149.041/
YepBeHb 104 85 104 78 87 125 87
Jlunenb- 137.425/ 275.537/ 295.653/ 217.143/ 258.308/ 273.584/ 187.455/
CeprieHb 82 152 193 117 155 160 110
BepeceHb- 222.311/ 167.984/ 111.938/ 227.885/ 115.553/ 114.59/ 256.5/
SKOBTCHb 132 93 73 123 69 67 150
Jlucroman- 90.382/ 100.96/ 154.578/ 202.75/ 138.574/ 137.769/ 187.431/
IpyIeHb 54 56 101 110 83 81 110
3arajom 868.063/ 908.802/ 1019.937/ 1077.674/ 890.13/ 1050.427/ 1094.364/
3a pik 518 502 667 583 534 616 641
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127.203 m/83 MM, a HalepeaoaHi, Y JUCTOMami —
rpyani 2003 p. — 100.96 M/56 MM aTMOchepHUX OITa-
IIiB, 110 € OMHUM 3 HaWHIKYMX MOKA3HUKIB 3a 1Ieil
nepion, mpeacTaBiieHUi y Ta01. 2. OTOX JIOTIYHUM €
Te, o 3a ganumu 133 cranom Ha 14.04.2004 p. Ha
MixaaMOOBiil AingHI 3akapToBaHO 1.164 KM2 T10-
BEPXHi BOAOIM.

ITounnaroun 3 2014 p. icTOTHOro 3aTOIJICHHS
MiXI1amM0O0BOI OIITHKM HE BigOyBasiocs, IO Iiepe-
BaXKHO ITOB’$I3aHO i3 IMOPIBHSIHO HEBEIMKOIO KiJlb-
KIiCTIO OMaiB Ta CEPeAHIMU ITO3UTUBHUMU TEMIIE-
parypamu xonomHoro nepiomy 2014—2017 pp. (nuB.
puc. 6). Lle cripustyio piBHOMipHOMY pO3BaHTaXKeH-
HIO MOBEPXHEBUX BOJ, 30KpeMa ILIUISIXOM IXHbOI iH-
dinprpaliil B3UMKY. Y 3B’3Ky i3 umMm y 2015 p. Oyio
NpUIMHEHO nocTiitHy ekcrutyartadito [THC Ha cra-
piii niBOOEpexHiii namOi, YUM YCYHYTO MPUUYUHY
J0IaTKOBOTO 30LIBbLIIEHHS] KOHIeHTpalii 2'Sr y To-
BEpXHEBUX BOJaX BepxHbOro 0’edy namobu. Binmo-
BiJIHO iCTOTHO 3MEHIIMJIMCH i BUTPATH 3a0pYyIHEHUX
pagioHyKJIifaMX HEKOHTPOJIbOBAHUX (pinbTpalliii-
HUX MOTOKIiB Mif TiJIOM HOBOI MilllaHOI AaMOu 10
p. lpuir’ath.

3a JTaHMMM MOHITOPUHTOBUX CIIOCTEepeKeHb [lep-
JKaBHOToO creniaiizoBaHoro minnpuemcrsa (JCII)
«ExoueHTp» BUHECEHHS 90Sr 3i cToKOM 3 JIiBOGE-
pexHoro noybaepa y 2015 p. cranosuiio 0.006 Thxk,
y 2016 p. — 0.02 Thx [8]. Lle icToTHO MeHIIIe y mMO-

W, Mmm
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Puc. 5. Kinbkictb WaTtmochepHux onajis, nepepaxoBaHa Ha
MUJTIMETpU 11apy BOIM, 110 BUMAJIA, Y MeXax yciei TepuTopil
JIIBOOEPEKHOI YaCTMHU BOH0300py Oaceitny p. [lpum’are y
pizHi Micsi 2002, 2003, 2004, 2017, 2018, 2021, 2022 pp.
(cKJ1ameHo 3 BUKOpUCTaHHSAM aaHux matdopmu ERAS [31])
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Puc. 6. 3minu BogHoro BuHeceHHs 2'Sr p. [Ipum’sats y ctBopi M. YopHOOWIb Ha (OHI 3MiH METEOPOIOriYHMX MTOKA3HYKIB
(mani meteoctaH1Iii M. YopHOOMIb): I — CyMapHi piuHi omaau, MM Iapy BOAM, 110 BUIIaja, 2 — OMaaM XOJOAHOIO Mepiony
POKY, MM, 3 — cepeliHs piuHa TeMmIiepaTypa Ta 6araTopiuHuil TpeH I ii niaBuieHHs, °C, 4 — cepeHs TeMIeparypa XoJa0IHOro
nepiofy, °C, 5 — suHecenHs 2°Sr p. [Tpun’aTs 3a pik, TBK, 6 — excrioHeHUiitHuit TpeHa BuHeceHHs 20Sr p. Mpun’atb, Thk
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Puc. 7. IuHamika abcoitoTHOrO (IITpUXOBaA JIiHisI) Ta Bill-
HOCHOTO (CTOBIUMKM) BHHECEHHS 'St 3 JTiBOGEPEXXHOTO
nonbaepa. CylibHa JiHis — BUHeceHHs 'S 3 TepUTOpii
30HM BiguyxXeHHs 3arajgoM. Jdani 2022 p. oTpuMaHo po3pa-
XYHKOBUM METOJOM (IUB. TabJ1. 3)

Ta6auys 3. Bunecenns 2°Sr 3i cTokom 3 J1iBoGepexHOro
nosbaepa y mexax UY3B y 2009—2021 pp., Tbk
(cknaneno 3 Bukopuctranusm nanux J[CI1 «Exkonentp» [8])

Pix |Bunecennsi|| Pik | Bunecennsi|| Pik | Bunecenus
2009 0.24 2014 0.08 2019 0.008
2010 0.27 2015 0.006 2020 0.001
2011 0.34 2016 0.02 2021 0.005
2012 0.21 2017 0.04 2022%* 0.02
2013 0.65 2018 0.07

ITpumirka. 3ipouka * — gaHi po3paxyHKiB 3 BUKOPUCTaH-
HSIM pe3yJibTaTiB 6araTopiyHUX CIIOCTEPEXKEHb.

PIiBHSIHHI 3 BUHECEHOI0 akTUBHIcTIO 7St B ogHOMY
3 mornepenHix pokis: 0.65 Tbk y 2013 p. (taba. 3,
puc. 7).

CryniHb BiTHOCHO HE3HAYHOIO OOBOMHEHHS IIi-
JITHKJ MiX CTapOIO Ta HOBOIO JIiBOOEPEXXHNMU TaM-
o6amu y 2018 i 2022 pp. meBHOIO Mipoo BigoOpaxa-
[OTh pe3yJIbTaT TeMaTUIHOTO AeimndpyBaHHsa K3
BUCOKOI TTPOCTOPOBOI PO3Pi3HEHHOCTi, OTPUMAaHI
KA «WorldView-2» 26 tpaBHsa 2018 p. ta 06 KBiTHS
2022 p. (puc. 8). 3okpema, craHoM Ha 26.05.2018 p.
TYT BCTAHOBJICHO ILIOIILY BiIKPUTOI BOAHOI ITOBEPX-
Hi, piBHY 5.414 kM? (quB. Ta6n. 1). A ue Ha 28 %
MEHIIIE BiJl aHAJOTIYHOTO MOKa3HMKa 7.56 KM2, BU-
3HaueHoro 3a K3 craHom Ha 18.04.1994 p. [2, 17—
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19]. ITpu uboMy oKpemi 00’€KTU TOBEPXHEBUX BOJ Y
TpaBHi 2018 p. 1OCUTH PiIBHOMIPHO PO3MILIyBaJIMCS
Ha MixxmaMOoBiii misHui. HatoMicTs y monepenHi
POKH iXHS$I KiJIbKiCTb MOMITHO 30iblyBajiacs B Te-
HepaJbHOMY HAIIPSIMKY 3 MiBHOYi Ha MiBAEHB, TTEpe-
BayKHO BOHU 30CepeKyBaluCs TOOJIM3Y HOBOI 1aM-
Ou Ta palioHy, 110 TPUMUKAE A0 3aJi3HUYHOI KOJIil
SAHiB — CnaByTud (AuB. puc. 4).

BonHouac cranom Ha 26.05.2018 p. (puc. 8, a)
CITOCTEPITa€ThCS 3HAYHE 3MEHIIeHHS TUIONII A3ep-
KaJia BOJIM TAaKOX 1 Ha TiJISTHIII, 11O JIESKUTH ITiBHIYHO-
cxigHime Bim crapoi mam6u (3.64 KMZ), SIKIIIO IIO-
PIBHSITU ii 3 TaKMMM XK MOKa3HWKAMU TOPEKOH-
CTpyKIifiHOro mepiony icHyBaHHs IIpumn’siTcbKoi
CHCTEMM, OCOOJMBO cTaHoM Ha 16.04.1984 p.
(7.07 xm?) i 18.04.1994 p. (6.68 km?) [2, 17—19].
IIpore BapTO B3STHU OO YBaru, 10 3a KOCMIYHMMU
3HiMkamu 1984, 1986, 1994 i 1995 pp. kapryBaH-
HS TOBEPXHI BIIKPUTHX BOTHMX OO ’€KTIB y LILOMY
paiioHi BUKOHAHO Ha 3HAYHO OUIbIIIN TepuUTOpii,
IO JICKUTh Ha MiBHIYHMN cXim Bim cTtapoi gamoOu i
oxomnuia 3arajabHy rwionyy 110.89 km2. HatomicTb
y 2003, 2004, 2018, 2022 i 2023 pp. aHajidyBaBcs
JM1Ie paitoH mouiero 15.204 km?2, o 6e3nocepes-
HbO TIPWISITAE A0 CTApOl JaMOU i 3a/Ii3HUYHOI KOJTil.

3a3HavyeHi IIpolecH 3MEHIIEHHSI OOBOIHEHHS
TepUTOPIi, 110 PO3MISAAETHCI, Majlyd YiTKY TEH-
NIEeHIiI0 OO0 IIPOJIOHTAllii, NMpUHAWMHI Maiike I0
cepeanHu BecHu 2022 p. Lle miaTBepmKyeThcs
pe3yabratamMyu BUBYEeHHs1 ix 3acobamu J133/T1C-
TexHostorii (puc. 8, 6). 3o0Kkpema, MOMiTHE iCTOTHi-
111e 3MEHIIeHHS TUIOIII, 1110 Oysa IMOKpUTa BOIHOIO
IOBEPXHEIO B pallOHi AOC/iIKEHb, BUsIBIEHO 3a K3
«WorldView-2» Bim 06.04.2022 p. lle oueBumHO 3
MOPIBHSHHS aHAJIOTIYHUX Pe3yJIbTaTiB, OTPUMaHUX
VHACTIIOK TeMAaTHYHOTo Ieln(pyBaHHSI TaHUX 3
mporo X KA Bim 26.05.2018 p. (muB. Ta6m. 1). Tak,
crtaHoM Ha 06.04.2022 p. 3aitHsITa BOIHOO TTOBEPX-
Helo TUToIa Ha MiXXKIaMOOBIl TUTSHII 3MEHIIMIACS
10 1.93 kM2, a Ha OiIAHLI HA MiBHIYHMI cXiz Bin cTa-
poi nam6u — 10 1.37 xm2. BogHouac ruiorma cyxomo-
Jy y IXHIX Mexax craHoBmIa 13.494 xm? i 17.72 xm?
BIIIOBITHO.

HaBeneHi pesynbraTu JeMOHCTPYIOTH 3B’S30K
i3 TorepeaHiM MoCyULIMBUM Tmepiogom 2015—
2019 pp. Ta aHoMasbHO TeImwiolo 3uMoio 2019—
2020 pp., 110 IpU3BEJIO 10 MTOBCIOIHOI pelecii piB-
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Puc. 8. Tepuropis niBodepexHoi [1pur’ aTcbkoi ocyliryBaibHOI cucTeMu. KocMiuHi 3HIMKM, 0TprMaHi 3 anaparta « World View-2»
(BepxHiii psi, cuHTe3 KaHauiB 532 — 5-ii, uepBonuit (0.63...0.69 mxm), 3-i1, 3emennii (0.51...0.58 MKM) i 2-ii, OJAKUTHUI
(0.45...0.51 Mx™m)), Ta moOyIOBaHi HA OCHOBI IXHBOTO 3aCTOCYBAaHHSI KAPTOCXEMU BOIHOTO J3epKalia (HIKHIN psI) y MexKax
Mixnam06oBoi gtk (1) Ta OUISHKY Ha MiBHIYHMIA cXin Bin crapoi nam6u (2): a — ctaHom Ha 26.05.2018 p., 6 — ctaHOM Ha
06.04.2022 p.

HiB rpyHTOBUX BOx (PI'B) Ta 30inblIeHHsT peryss-
TOPHOI EMHOCTI 30HU aepallii (puc. 9). Y 3B’s3Ky i3
3HAYHOO iHePLiHICTIO BiTHOBJIEHHS 3amaciB IPYH-
TOBUX BOJ HaBiTh JCIIO BUILA 32 HOPMY KiJIbKiCTh
aTMoc(gepHUX OmaiiB XoJoaHoro mepiomy 2021—
2022 pp. (muB. puc. 5) He TIpu3Besa 10 301IbIIeHHS
IUIOIII BOOHOI moBepxHi HaBecHi 2022 p., 1O BXe
OyJa BiTUyTHO 3aCylLIJIMBOIO. Y BEpeCHi — XKOBTHI
2021 p. y Mexax JliBoOepekHOI YaCTMHU BO1030ip-
Horo GaceitHy p. [Tpun’ars Tex 3adikcoBaHo May
KiJIbKiCTh aTMOC(EpHUX OMNafiiB, SIK CYMapHY, Tak i
mapy Boau, o Bunana: 114.59 M/67 MM Biomosia-
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Ho. [1po 1e BUpa3HO cBigUYaTh OTpUMAaHi HAMU CTa-
TUCTWYHI TaHi (IuB. Tab. 2, AUB. pucC. 5, 6).

Otxe, ctaHoM Ha 06 xBiTHa 2022 p. 3a MaTepia-
JlJaMM KOCMO3HiMaHHS$ TIOLII BiZAKPUTOI BOTHOI ITO-
BEpXHi Ha MiKIaMOOBINM HigHLI Ta Ha JiUISHII Ha
MiBHIYHUM CXil Bi cTapoi [aMOu OyJiv HE3HAYUHUMU
i cranoBmwn 1.93 kM2 ta 1.37 kM2 BinmoBigHO (muB.
Tabm. 1, puc. 8, 0).

3a 03HaKoOI0 NMponoBXeHHd pelecii PIB y 2021—
2022 pp. HaBITh Micis 30UIbIIIEHHS PiYHOI CYyMU aT-
Moc(epHHUX OIMajliB BUILe HOPMU MOXHA KOHCTaTYy-
BaTu rigposoriydy [39] Ta rigporeosoriyHy mocyxu
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Puc. 9. XpoHosnoriunuii rpadik konusanb PI'B y cBepaiosuHi 2-I' Ha BOTOHOCHMI1 TOPU3OHT y YETBEPTUHHUX BiIKJIaaax Ha
ripaBoGepexHiit yactuni UY3B, 1m0 oxorunoe nepiox Big 18.11.1994 p. no 20.09.2022 p. MakcumanbHe 3HaueHHs PI'B Big no-
BepxHi 3eMIi (5.45 m) 3adikcoBano 22.04.2013 p., minimansHe (7.85 M) — 02.03.2020 p.). [opuzoHTanbHA MIpsiMa — GaraTo-

piune cepenne PIB (109.85 m)

K TIpOSsIB I100aibHOTO moTeIuTtiHHA [20], a TakoxX
JIOCTaTHBO BUCOKY TiIpOJIOTiUHY Bpa3JIMBICTh BOJO-
30ipHOI CUCTEeMHU, 1110 XapaKTEPHO 151 OaceiiHiB He-
3aperyJbOBaHUX PiYOK.

PazoM 3 TUM neBHE 3pOoCTaHHS BCTAHOBJIEHOI Me-
togamu J133 ta I'IC 1uromi BogHOI ITOBEpXHi Ha Te-
puropii pociimxens y 2018 p., npuHaiiMHi cTaHOM
Ha 26 TpaBHSI, MOTJIO OYTH 3yMOBJICHUM OiJIBII psic-
HUMU OITaJIaM7 y BEPECHI — >KOBTHI Ta TUCTOTIA/Ii —
rpynHi 2017 p., Koau 3a naHumu miargopmu ERAS
y MexXax B3SITOTrO 0 yBaru BOJ030ipHOro oaceii-
Hy p. [Ipur’sare ix HapaxoBaHo 227.885 M/123 MM
ta 202.75 m/110 MM BinnoBigHo (ouB. Taba. 2, Ta
puc. 5). HeoOxigHO BiAMITUTH, 1110 BHACTIIOK TPU-
Basioro 3artorieHHs (1989—2000 pp.) moyaTKoBo
JI00pe MPOHMKHUX TMilLIAHUCTUX IPYHTIB BigbdyJiach
KOJIbMaTallisl iXHbOTO IIOPOBOI0 IIPOCTOPY MYJIOM Ta
3JIMTU3Aallisl, 1110 3HAYHO YIOBUIBHUIO MPOITyCKaH-
H4 BOAM 3 roBepxHi 10 PI'B, 3MeHIIMI0 BonoBinma-
4y, MPOTe 3017bLINJIO BOAOYTPUMYBAIbHY 3AaTHICTb
TPYHTY.

3arajioM 110pOKY, 3a BUHsTKOM 2017 Ta 2022 pp.,
MPOTSITOM YOTUPHOX MICSIIIB 3 BEPECHS MO I'PyIeHb
BKJIIOUHO Ha TePUTOPii JiBOOEPEXKHOI YACTUHU BO-
no30ipHoro OaceitHy p. Ilpum’aTh criocTepiramacs
He3HayHa cyma aTMOC(EepHMX OMajiB: MepeBaKHO
meHmie 300 M (abo B mepepaxyHKy 176 MM 1apy
BOJIM, 1110 BUITIaa).

BoueBuab, BCTaHOBJICHE 3 BUKOPUCTAHHSIM Ja-
Hux /133 BigHOCHE 3HeBOAHEHHs TepuTopiiy 2015—
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2020 pp. mopiBHSIHO 3 TepionoM Bia KiHisg 1980-x
pokiB g0 2010 p. 3yMOBJIeHe, Ha HaIIly IyMKY, 3MEH-
IIEHHSIM KiJIbKOCTi aTMochepHuX onamis. Maerbes
caMe Mpo BU3HAyalbHiI 11 popMyBaHHS 00’€MIB
MOBEPXHEBUX BOJOUM CE30HU POKY, 1110 OCOOJIMBO
romitHO micas 2013 p. (nuB. puc. 5, 6). INepeBaxHo
LIe CIIPUYMHEHO MePEPO3INOALIOM OMamiB MixK TUMU
MiCSILIIMU, TIPOTSITOM SIKUX Y MUHYJIi pOKHU X BUMa-
JTaJIo BiTHOCHO MEHIIIEe. Yce 1Ie € MpOosiBaMU IIPOLIe-
CiB NIOOAJIbHUX 3MiH KJIiMaTy, 110 OCTaHHIM 4acoM
nenani Oinbiie iHTeHcugikyoThesd. [lin miero nmx
3MiH BigOYBa€TbCsl TMepeBakHe MOTEIUIIHHSI MPO-
TSTOM OiMBIIOCTI MiCSILIiB pOKY Ta PO3LIMPEHHS Ha
MiBHIY, 30KpeMa 3 3aX0IIeHHSIM YOopHOOMIbCHKOIO
peTioHY, 30HM HECTIMKOIro 3BOJIOXKEHHS, IJIS SIKOI
MpuTaMaHHa 3HauYHa BTpaTa BOJOTM Ha BUIIAPOBY-
BaHHSI. 3pOCTaHHS TEMIEPaTypUu XOJIOJHOTO Tepio-
Iy TPU3BOAUTH A0 YaCTUX BiJTUT, KOJIM OMaau He 3a-
MEpP3aroTh a00 XX YaCTO TaHYTh i MO 3eMHIl MOBEPXHi
CTiKalTh OO0 APEHAXXHOI Mepexi Ta/abo aKTMBHO
IH(MIIBTPYIOTLCS B T€OJIOTIYHE CepellOBUILE, Yepes3
T€ 110 IPYHT 30HU aepallii HeAOCTaTHbO MPOMEP3a€
a00 X po3MepP3aETHCS.

IIpouecu nepepo3roaiay ornaaiB Ta ITIOBEPXHEBO-
r'0 CTOKY, 1110 BiIOy/IMCh i Ti€10 3MiH KJIiMaTy, Bigo-
OpaaloTbCsl TAKOXK i Ha IMHaMilli BuHeceHHs 20Sr,
1110 10OPE MPOCTEKYETHCS IPU aHai31 rpadikiB 3MiH
TeMIiepaTypu, OrajliB Ta BOJHOTO BUHECEHHS 1IbOTO
pamionykiiay (ouB. puc. 6). Yirko momitHO, 10
micias 1990 p. (moyaTok akTUBHOI (Da3u MOTETUTiHHS
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KJliMaTy B YKpaiHi) BuHeceHHs *'Sr, sike 3HAUHOIO
Mipo10 BHM3HAYAETHCS II€PiOJIOM BECHSIHOI IIOBEHI,
00epHEHO 3aJIeXXUTh BiJl TeMIepaTypy XOJIOAHOIO
nepiofy poky (Jiuctomaa — Oepe3eHb). 3a yMOB,
KOJIM TMPOTSITOM 3MMU YTpUMYyBajach MepeBaskHO
Bil’eEMHa TeMmIepaTypa, IPOSIBISIETbCS TaKOX
NpSIMUAI 3B’SI30K MiXX KiJIBKICTIO 3MMOBHUX OMNaiiB
i BUHeceHHsM pazmioHykiiny 2°Sr. O4eBUIHO, IO
MiJABUILIEHI TeMNepaTypu Ta 4acTi BilJIMTU 3MMOBOI
MOpU HE CIPUSIIOTH 3HAYHOMY TaJloMy CTOKY i
3MMBY PaJiOHYKIIiIiB Ha ITOYATKY BECHSIHOI IIOBEHI.
BonHouac aHOManbHO BUCOKA KiJbKiCTh OMaiB 3a
xojonHuit nepiog 2012—2013 pp. (409 mMm 1apy
BUIIAJIOi BOJAM), 30€pekeHHIO SKOi 0 BECHSHOIO
TaHEHHS COpusyia JOCTaTHbO BUTPUMaHa HU3bKaA
TeMmnepaTtypa (CepeJHE 3HAaYeHHS 3a XOJOJHUNA
nepion -1.7 °C), 3abe3neuynia aHOMaJIbHO BUCOKE
BUHeCeHHs 'Sr i3 TepuTopii 30HM BimuyXeHHS Y
2013 p. (muB. puc. 6, 7).

Yepe3s BiACYTHICTb 32 OCTaHHI 23 pOKM, 3a BUHSIT-
koM 2013 p., iHTEeHCUBHMX BECHSIHUX CHITOTaHEHbB 3
BeJIMKOI BOA030ipHOI TepuTopii (baceiiHy) y Mexax
U3B He peecTpyloThcsl MoOBeHi piBHS 1999 p., 1o-
BEpXHEBi BOIM Ha MixKIaMOOBII MO HEe HAKOITH-
YYIOThCS, IIEPE3BOJIOXKEHHS i 3 YaCOM 3MEHIIYEThCSI.

3ailiCHIOYM MOPIBHSUIBHUI aHaJi3 TiIpoJoriv-
HOI cuTyallii Ha TepUTOpil JOCTIIKEeHb 3a JaHUMU
KOCMO3HIMKIB pi3HUX pOKiB, IIOTPiOHO 3BepTaTu
yBary Ha TaKuii TEXHiYHU I TTapaMeTp, SIK TPOCTOPO-
Ba PO3Pi3HEHHICTh 3HIMAJIBLHOI anmapaTypH, SIKOIO iX
ojiepxkaHo. Alke Ha TIepLIUI MOTJISII MOXe 31aTH-
cd, mo BugBiieHi Ha K3 «WorldView-2» o Bin-
KPUTOI BOIHOI ITOBEPXHi cTaHOM Ha 26.05.2018 p. Ta
06.04.2022 p. Ginbli 3a aHAJIOTIiYHI, BCTAHOBJIEHI 3a
3HIMKaMU OLUTBII paHHIX POKiB 3 armapaTiB «Landsat»
i SPOT [2, 17—19] (auB. Taba. 1). Lle nosicHIOEThb-
¢Sl TUM, 1110 TTPOCTOPOBA PO3PiI3ZHEHHICTh 30HAIbHUX
300paxkeHb cynmyTHuKa <«WorldView-2», reHepaii-
30BaHUX O0 6 M/TIKJI, TO3BOJIMJIA BUMITATA Ha MiXK-
JTaMOOBIH TiSTHILI A€TaIbHUX JOCTIIKEHb HABYKYi
MPOTOKM 1 HalApiOHiIIi BomgHI 00’€KTH, 1110 y Oara-
ThOX BUITaAKaX 3aJIexKajlo BiJ iXHbOI'O ITPOCTOPOBOTO
po3atairyBaHHs. 1li 00’exTu yepe3 Majli reoMeTpuyd-
Hi ITapaMeTpu He MOXHa OyJIO BUSIBUTH Ha 3HIMKax
KocMmivHux anapartiB «Landsat» Ta SPOT. ImoBipHO,
o 3a HuMu K3 cepeaHboi MpocTOpoBOi pO3pi3HEH-
HOCTi MaJIOpO3MipHi BOAHI O0’€KTU CIIepIly OyIu
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BilHECEHI 10 TepexigHuX (ado 3MillaHMX) KJaciB,
SKi iHTeprIpeTyBalucsl SIK TJIOLII i3 cj1abK03BOJIO-
KEHUMU TPYHTOBUMM YTBOPEHHSIMU a00 K ILIOLL
3 PO3BUTKOM Tirpo(iJbHOI POCIMHHOCTI, i TOMY
BBaXXaJlMcs 3a «cyxoni». HaitiMoBipHile, 3HauHa
YacTHHA 3 HUX y OiMCHOCTI OyJia MiJIKOBOIISIM 3 Ha-
SIBHICTIO MaKpo(iTiB, sIKe€ TaKOX MOPOCIO BOJOTO-
JIIOOHOIO POCIMHHICTIO, XapaKTePHOIO SIK ISl HbO-
ro, Tak i aj1s OOJIiT, a TOMY HacIlpaBi Hajexkajia g0
KJacy 00’€KTIiB «BOAa».

OTxe, CHiBBIZHOCSYM NPOCTOPOBI pO3pi3HEH-
HOCTi 30HaJIbHUX 300pakeHb, OTPMMAaHMX 3 CYITyT-
Huka «WorldView-2» (reHepaiizoBaHo 10 6 M/TIKi),
3 QHAJIOTIYHMMM, HAIIPUKJIaJ 3 KOCMIYHOIO arapara
«Landsat» (30 M/mKi1), MOXHa yMOBHO ‘“HOpMa-
JIi3yBaTh” 3HAYEHHS BCTAHOBJICHMX 3a 3HIMKaMU
«WorldView-2» Big 26.05.2018 p. ta 06.04.2022 p.
TUIOIL BOJHOTrO J3epKajia OO0 3HauyeHb Aeingpo-
BaHuX 3a 3HiMKamu «Landsat-7 ETM+» (ouB.
Ta61. 1). 114 1poro 3HayeHHs ol 5.414 xm?2 no-
TPiOHO MOMIIUTU MTPUHAKMHI Ha 3 ab0 HaBiTh Ha 5.
Y 1uboMy BUITaJIKy TUIOIIL BiAKPUTOI BOJHOI TOBEPX-
Hi y MexXax MixkpaMOoBoi HiassHKM Ilpum’aTchKoi
CHCTEMU 3a 3HIMKaMU Pi3HUX CYNYTHUKIB MOXYTb
OyTH CyMIpHUMU, IPUHANMHI OIHOIIOPSIAKOBUMMU.
A 11e o3Hayvae, 1110 cTaHOM Ha TpaBeHb 2018 p. i KBi-
TeHb 2022 p. 141 AiIsTHKA He 3a3HaBajla 3HAYHOTIO 3a-
TOILJIEHHSI TTOPiBHSIHO 3 BECHSIHMMMU TepiofaMU To-
nepenHix pokiB (3okpema 2003 i 2004 pp.). Lle moxke
BimoOpaxkaTu BiZTHOCHY cTabimizalito KOHLIEHTpaLil
90Sr y MoBepXHEBOMY CTOLI JOCIIIKYBAaHOTO paiio-
HY HaIlpUKiHIL APYroro — Ha rovyaTky TPeTbOro Jie-
caturittsa XXI cromiTTs.

OcTaHHI1 BUCHOBOK ITiATBEPIKYETHCS CTaTUC-
naHuMKU gaHumu 3 ouiHeHux I CII «ExoneHTp»
MPOTATOM psIy POKiB obcsriB akTuBHOCTI ST, 1110
OyJ1a BUHECEHA 31 CTOKOM 3 paiioHy JIiIBOOEPEKHOTO
noJibaepa (IuB. TadJ1. 3 Ta puc. 7). SIX BUgHO, opid-
HO, BXe moynHaiouu 3 2015 p. i mpoTATroM ycix poKiB
10 2021 p. BKJIIOYHO, BUHeceHHs 'St 3 1iei Tepu-
TOpii OyJIO HA OOMH-ABA MOPSIKU MEHIIUM, HIK y
nonepeaHbomy niepioni 2009—2014 pp., Kosiu Ha Jji-
BoOepexHiit [Tpum’arcekiit cuctemi ITHC mpairio-
Bajia y IITaTHOMY pexkuMi. TaKoX iioCcTpaTUBHUM
eTe, moy 2018 p., OpiBHSIHO 3 TpbOMa ITONIEPEAHI-
MU POKaMU, MOKA3HUKU HE3HAYHOTO 30iJbIIEHHS
06c¢sriB BUHOCY YOSt 3i CTOKOM 3 JOCIiIKYyBaHOTO
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Puc. 10. Kocmiunnit 3HIMOK TepUTOpii TiBoOepexxHOi [Tpu’ SITChKOI oCyIIyBabHOI CUCTEMH (@) Ta CTBOPEHA Ha MOTO OCHOBI
KapTocxema BOIHOI TTOBEpXHi (6) y Mexkax Bom10o300py MixX cTaporo i HoBoto nambamu (1) Ta Ha AiISHIN TiBHIYHO-CXiAHIIIIE
crapoi nam6u (2). 3HiMOK oTprMaHo 3 cynyTHuKa «Sentinel-2» 02.05.2023 p. (cuHTe3 KaHamiB 432 — 4-ii, yepBoHuii (0.65...
0.68 Mxm), 3-ii, 3enenuit (0.543...0.577 Mxm) i 2-ii, GmakutHui (0.458...0.522 MKM)

paiiony (0.07 ThK) KopenioloTh 3 HEBEIUKUM 3POC-
TaHHsIM (y mopiBHsHi 3 2003 1 2004 pp., 1uB. Tad1. 1)
IUTOIIII BiIKPUTOI BOAHOI IIOBEPXHi, 3aKapTOBAaHOI 3a
nanumu J133 cranom Ha 26.05.2018 p.

TakuM YMHOM, pe3ylIbTaTH BUKOPUCTAHHS TEX-
Houtorit JI33 crijibHO 3 reoiH(opmaliiiHuM aHa-
JIi30M ampiopHUX MaTrepiajliB Ha3eMHUX CIocTepe-
JKeHb i BUMPOOyBaHb MiATBEPIXKYIOTh JAOLIIbHICTh
MPUITHATOrO CTAaHOM Ha KBiTeHb 2022 p. periaMeHTy
po6otu ITHC Ta iHIIMX TigpoTeXHIYHMX 00’ €KTIB Ha
JiBoOepexkHiin TIpur’aTchKiil ocyllyBalbHill cucC-
Temi U3B, a Takox panioeKoJioriyHy e(peKTUBHICTh
IXHBOTO (PYHKIIIOHYBAHHSI 3arajioM.

2023 p. Ha BimMmiHy Bim OilbIIOCTI MOIIepemHIiX
pokiB, K3 3a kBiTeHb — TpaBeHb SIKMX OyJIO IIpO-
aHaJli30BaHO, JaHi KOCMIiYHOTrO 3HiMaHHSI CYIyT-
HuUKoM «Sentinel-2» Big 02.05.2023 p. 3acBiguyIoTh
3pOCTaHHST OOBOJIHEHHST TEPUTOPIi IK MixXKTaMOOBOL
JIJISTHKM, TakK i pailoHy, po3TalllOBaHOIO IMTiBHiYHO-
cximHimre crapoi mamOum (muB. Ta6ua. 1, puc. 10).
ToOTo, craHOM Ha BKazaHy JaTy 3MOMKM ILIOIIA
J3epKajla BOOYM Ha MiXIAMOOBIM MUISHII CTaHO-
Buna 3.379 k2. Y TNOpIiBHSIHHI 3 pe3yJbTaTaMu
JocikKeHb 3a Matepiazamu «WorldView-2» Bin
06.04.2022 p. muioma BiZKPUTOI BOIHOI IMOBEPXHI
30i1bIIMIAcsS TYT Ha 75 %, HaTOMICTb ILIOIIA CYXO-
JI0JTy 3MeHIIuIacs npuoanstHo Ha 11 %.

IleBHe, x0uUa i1 He Take 3HAYHE 30ibIIICHHS TIJTO-
1Ii BOAHOI ITOBEPXHi, TAKOX BiIMIYa€ThCS y MEX-
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ax OiISTHKW Ha MiBHIYHUWM cXim Big cTrapoi gamoOu:
1.536 xm? cranom Ha 02.05.2023 p. MOpiBHSHO 3
1.37 xm? ctaHoM Ha 06.04.2022 p. (12 %).

BBaxaeMo, 110 pe3yiabTaTd OUCTAHLIAHUX 10-
CIKEHb BOIHMX 00’eKTiB 3a nanumu KA «World-
View-2» i «Sentinel-2» € TIOpiBHIHHUMU. AIXe
MPOCTOPOBY PO3PI3HEHHICTb 3HIMKiB MEpIIOTo 3
HUX HaMU OyJI0 TeHepasli3oBaHO 10 6 M/TIKJI, a BU-
XiTHA PO3PI3HEHHICTh 30HAILHUX 300pakeHb JPY-
roro cTaHoBUTH 10 M/TIKJL.

KinbkicTh BoOHUX OO’€KTIB Ta iXHS ILIOIIA Y
TpaBHi 2023 p. iCTOTHO 30iJIbIIMIACS Y TiBICHHO-
CXiIHI/l YacTWMHiI MiX1aMOOBOI AiNSIHKM i 3arajom
Oe3nocepeHbo MoOJKU3y 000X AamMO Ta B pailoHi
Hacumy 3aji3HuYHo1 Koiii SAHiB — CrnaBytuu. Bi-
3yajJlbHO J00pe BUIHO 3HAUHE PO3LIMPEHHS BOJHOL
MOBEPXHi YCiX cTapulib, HanmpukKian KpaciasHcbhKoi,
o Ha aistaii Ne 2 (puc. 10, 6).

Bussneni 3 ponomorow J133/TI'TIC-texHoorii
¢akTH 3pocTaHHS 00OBOAHEHHS TEPUTOPIi CUTHAJIIZY-
IOTh IIPO iMOBipHE (popMyBaHHSI OaraToBOAHOI (ha3u
BOJHOCTI Y MeXaX MOBHOTO TiIpOJIOTiYHOIO ILIMKILY,
iCTOpUYHO XapakTepHoro Jyisi 6aceitny p. [1pumn’atb.
Taki MKW 3aKiHYYIOTbCS MaJIOBOIHUMM (hazamu
[14], onHy 3 IKMX MU criocTepirayiu rmpotsirom 2003 —
2022 pp. [IpuyoMy TeHAEHLis y TPOXOXKEHHI Majo-
BoaHOI (pa3u Hamivayacst y 2021—2022 pp.

HartomicTb TeHIeHLis y popMyBaHHiI 0araToBoj-
HoI1 ¢pa3u, UMOBIPHO, MIATBEPIKYETHCS CTATUCTUY-
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HYMHJ JaHUMU PO BiTHOCHE 30UIbIIEHHS Y Iepios
BepeceHb — rpyaeHb 2022 p. cymMapHOI KiJbKOCTi
aTMochepHuX oMnaaiB y Mexax JiiBoOepexkHOi yac-
TUHU BOmo30ipHOro Oaceitny p. Ilpum’sate (nuB.
TabJ1. 2 Ta puc. 5). Bonu 3HaYHO TIepeBakaii Binmo-
BimHi moka3Huku 2021 p. Ta iHIIMX ITONEPEAHIX PO-
KiB. Tak, cyMapHO KiJIbKiCTb ONajiB y JUCTOMNANdl —
rpyaHi 2022 p. cgarHyia TyT no3Hadku 187.431 m
(abo 110 MM 1Iapy BoaM, IO BUIIaja). 3BUYAHO,
OxapakTepr30BaHE BUIIE 30UIbIICHHS TLJIONII Bim-
KPUTUX BOOHUX O0’€KTiB y Mmexax Ilpum’saTchbKoi
JIiBOOEpEeKHOI  OCYIIyBaJbHOI CHUCTEMU CTaHOM
Ha 02.05.2023 p. BiZHOCHO 30iJIbIIIEHHSI CyMapHOi
KiJIbKOCTi aTMOc(epHUX OIajiB Ha MPWIETiil Te-
puTOpii BOm030ipHOro OaceiiHy BOCEHU U y3MMKY
2022 p. MOSICHIOETLCS CBOTO POAY IHEPLIHOIO Y
yaci peakli€lo y IpUpPOIHiil cucteMi «aTMochepHi
oIagyd — MOBEPXHEBi BOAW». AIlke BaroMy poJjb Y
CHIBBIOHOIIIEHHI IMOKA3HMKIB y LIili CUCTeMi Bimi-
rpaloTh Mpolecu MacoliepeHeceHHs (iHinbTparii)
TTOBEPXHEBOI BOAM Y I'PYHT, SIKUI € CKJIaJIOBOIO Yac-
TUHOIO TEOCHCTEMHU «ITOBEPXHEBI BiIKIaIM».
[HIITI0I0 YiTKOIO O3HAKOIO HACTaHHS OaraToOBOJI-
HoI (pa3y BOTHOCTI Oy/IM psICHI HOII, IO TTPOUIIIIN
y KBiTHi 2023 p. y DOCIiIKyBaHOMY pEeTiOHi, Ta 3a-
TOIJICHHS, TiATOIJICHHS 3HAYHMX ILIOI, a TaKOX
IMaBOJOK Ha 10ro TepUTOPil y KBiTHI — TpaBHi LIOTO
XK poKy. Y nopiBHSIHHI 3 2023 p. y KBiTHi OLIbLIOCTI
MOIIePEIHIX POKIB CIIOCTEPIraJmcs 3acCyXu Ta CyX0-
Bil, HACJIIIKOM SIKMX OYJIM YUCJIEHH] MOXEeXi y MpU-
POIHUX eKOCHUCTeMax, 30KpeMa, y Mexxax U3B [25].
[Tpo po3BUTOK OaraToBomHOI a3y BOIHOCTI CBif-
YUTh TaKOX TOYATOK Yy JAPYTiil MOJOBMHI >KOBTHSI
2023 p. nepiony NMpakTUIHO NEPMaHEHTHUX JOIIIB.
Po3paxyHKoBi 06¢siru akTuBHOCTi *0Sr, s1xi Morn
OyTH BUHECEHMMM 3i CTOKOM 3 palioHy JiBoOepexK-
Horo nonbaepa y 2022 p. [8], wiskoMm BinmoBinaioTh
BCTAaHOBJIEHUM TEHACHIIiSIM iXHBOTO 3POCTAHHSI.
Taxk, nmopiBHstHO 3 2021 p. y 2023 p. BUHIC 3pic y Yo-
TUPHU pa3u, a TopiBHgIHO 3 2020 p. — y 20 pa3is.
TakuMm 4ymMHOM, 3arajibHOBiZOMi (haKTU PSICHUX
BECHSIHUX JOIIIB, 3aTOTUIEHD i MiATOIUIEHb 3HAUYHNX
IUIOII Ta TIABOJKOBOI CUTYallil Ha TePUTOPil TOCIIi-
JkeHb y 2023 p., a Takoxk 3a¢hikcoOBaHUI MTOYMHAIO-
YK 3 IPYTOi ITOJIOBMHU OCEHI LIbOTO X POKY Mepiof
MPaKTUYHO Oe3MepepBHUX JOIIIB 3arajioM BKa3zy-
I0Th Ha MMOBIipHY, 3amoyaTkoBaHy B KiHLi 2022 p.
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TEHEHLLI0 10 3pOCTaHHS 06cATiB akTUBHOCTI 2OST,
110 BUHOCUTUMEThCS 3i CTOKOM 3 palioHy JiBoOe-
pexxHoro mnojpaepa a0 p. [pum’ste gk y 2023 p.,
Tak i B HACTYNMHUX pokax. Takuil MporHo3, Ha Halil
TOTJISIA, € OOTPYHTOBAaHUM Ha OCHOBI MOTJINOJIEHOTO
aHaJli3y KOMILIEKCY AUCTaHIiiiHO 1 HA3eMHO OTpU-
MaHUX JaHUX i3 3aCTOCYBaHHSM CydyacHUX iHGbOp-
MaliifHUX TEXHOJIOTIH.

BITPOBAJIZKEHHA HAYKOBO-TEXHIYHUX
PE3VJbBTATIB TOCIIIXEHD

Pesynbrat  3acTtocyBaHHSI reoiH@opMaliiiHOTO
aHaJIi3y KOMIUIEKCY OUCTAHIIMHMX i HAa3eMHUX 1a-
HUX 3 METOI OLIIHIOBaHHS TOB’SI3aHUX i3 KJliMa-
TUYHMMU 3MiHaAMU TpaHc(opMalliil TiIpoJIoriuHNX
YMOB, 110 BIUIMBAIOTh Ha PaJiioeKOJOTIYHUI CTaH Y
BOJHO-00JIOTHUX eKOcUCcTeMax Ha TepuTopii Y3B, y
MeKax SIKOI TTOCTiiHi MOHITOPUHTOBI CITOCTEPEXKEH -
HS 3a BOIHUM CTOKOM Hapa3si 00’€KTUBHO He 3Mili-
CHIOIOTBCS, Y BUIVISIAL BiIIOBIAHOI HayKOBO-METO-
JUYIHOI peKOMEHALIil IepeaaHo ISl BUKOPUCTAHHS
B IiSIJIBHOCTI TPYITM MOHITOPUHTY IIPU3EMHOTO IIapy
MnoBiTpsl Ta JaHmmadTiB iHGopmMauiiiHOro Hayko-
Bo-aHaniTuuHoro Binginy JICIT «ExoueHTp» (AKT
BIIPOBAKCHHSI-TIPUAMaHHSI-TIepeadi  MaTepiaiiB
HayKOBO-AOCIITHUX po3pobok Bix 15.06.2023 p.).
BoHu BUKOpUCTOBYBAJIMCS 3 METOIO OLIIHKM OOCSITiB
BUHOCY PalliOHYKJIilliB 3 OaceliHiB BOJHOIO CTOKY Y
Mexax U3B no p. [Ipun’saTh, a TaK0X 3 METOIO OLIiH-
KU TTOXKEXHOI HEOE3MEKHM Ta BXUTTSI TTPOTUTTOXKEXK -
HHUX 3aX0[iB Ha BiIMOBIZHUX TEPUTOPISIX IMPOTITOM
2023 p.

Y nmepcrieKTuBi pe3yJabTaTy JOCHiIXEHb MOXYTh
3acTocoByBaTucs axiBugMmu mignpueMcts Y3B 3
METOI0 YIOCKOHAJIEHHSI CUCTEMU PaliOEKOJIOTrid-
HOI'0 MOHITOPUHTY MOBEPXHEBUX BOJ Ha TEPUTOPil
30HMu.

BIUCHOBKU TA IIEPCIIEKTHBI
IMOJAJBIINX JOCIIIZKEHD

OTtxe, pe3yabraTu AOCTiIKEHb 3aCBiIUWIN, IO 3a-
crocyBaHHs TexHoorii /133 Ta I'IC € onepatuBHUM
i e(peKTUBHUM iIHCTPYMEHTOM BUSIBJIEHHS i CTEKEHHS
3a TiIPOJOTiYHUMU MpolieCaMy, OLiHIOBaHHSI CTaHy
TMOBEPXHEBUX BOJOMM Ha TEPUTOPIsIX, SIKi € BaXKKO-
JOCTYITHUMU, 3a00JI0Y€HUMU, 3HAYHOIO Mipolo 3a-
OpyIHEHi palioakKTUBHUMU BUMAIiHHSMU 1 Y MexXax
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SIKMX Oe3nocepenHe nepedyBaHHs IepCOHaTy ITOBU-
HHO OyTH BKpaii oOMexXeHUM. Y KOMILIEKCi 3 MaTe-
pianamu iHTerpoBaHux y I'1C HazeMHUX BUMiplOBaHb
JNMCTaHIIHHO OTPUMaHi JaHi JaloTh afeKBaTHY MO-
HITOPMHTOBY iH(OpPMAallil0 MPO MPOCTOPOBO-YACOBI
3MiHU pafiallifHO-eKOJIOTiYHOI CUTYallii 3araJloM Ha
TaKMX TEPUTOPISAX, 30KpeMa y Mexkax Y3B.

Y xomi poOiT 3miliCHEHO peTpPOCHEeKTUBHUI Ta
MOTOYHMIA 3 BUKOPUCTAHHSM MaTepialiB OaraTo-
CHEKTPaJIbHOIO KOCMIYHOTO 3HIMaHHS aHai3 Tim-
poJIOTiYHOI cuTyallii Ha TEPUTOpPil JIiIBOOEPEKHOI
TTpun’aTchbKoi OCYIIyBaJIbHOI CUCTEMM Yy MexXax
yKpaiHcbKoi yactuHu Y3B. 3a pesynbraramu iH-
TeprpeTallii KOMIUIEKCY HAa3eMHHUX BUMIipIOBaHb i
CYMYTHUKOBHUX AAHUX BCTAHOBJICHO 3HAUHY YYTJIU-
BICTb CUCTEMHU <«ITOBEPXHEBI BOAU — CYXOIi» A0
3MiH JOBKUUISI TEPUTOPii, BUKOHAHO KapTyBaHHS
00’€KTIB BiIKpPUTOI BOAHOI ITIOBEPXHi, IIPOCTEXKEHO
1l IPOCTOPOBO-YaCOBY MiHJIUBICTb.

JlowiabHICTh i OOIPpYHTOBAHICTH pPeKOMEHHAALIil
[18] crocoBHO HalipallioHaJbHIlIOrO Ta Haiedek-
TUBHIIIIOTO BapiaHTy eKCILTyaTallii JiBoOepexKHOTro
BOJIOOXOPOHHOTO KOMILJIEKCY — 0€3 BUKOPUCTAHHS
[THC, i3 nmpupogHuM ¢iabTpalliiHUM pO3BaHTa-
JKEHHSIM CTOKY 4epes3 TiJIo «<HOBOI» ITilIaHO1 JaMOu
y p. Ilpum’atb — miaTBEpIKEHO pe3yabraTaMM Te-
MaTUYHOIO nelinpyBaHHSI OaraTOCIIEKTPaIbHUX
Kocmo3HiMKiB. Tak, 3a manumu /133 2018 i 2022 pp.
MOPIBHSHO 3 TIepiogoM Oe3nepepBHoi podoTu ITHC
y MeXax KOMILJIEKCY BCTAaHOBJIEHO HE3HAYHE 00BO/I-
HEHHSsI Ta 3a00JI0YEHHSI TUISIHKY MiX CTapolo Ta HO-
BOIO JaM0OaMM, a TAaKOX AIJITHKY MiBHIYHO-CXiHi1Ie
crapoi gamo6u. Lle Moxe cBiguuMTH TIpPO TpaHcpop-
Mallilo TrigpoJOTiYHUX YMOB Y MexKaX TepUTOPii pu-
POIHO-TEXHOTEHHOro KoMiuiekcy Ilpum’aTchKoi
OCYIIIYBaJIbHOI CUCTEMM, MOB’SI3aHUX 3 IIpoliecaMu
r100abHUX 3MiH KiiMaTy (IIepeBaxkHO I100alb-
HOT'O MOTEIUTIHHSI 3 TEHICHIIEI0 M0 IePepO3MOmi-
JIy KiJIbKOCTi aTMOC(EpHMX OMalliB MixX MiCsSLSIMU
MPOTSITOM POKY, 1110 TTPU3BOAUTD /10 IXHHOTO 3MEH-
LLIEHHS Y BECHSIHUI Mepiof).

Pazom 3 nmuM aHadiTH4YHI JaHi CYMYyTHUKOBHUX
3HiIMaHb Ta MaTepiajiu TiAPOMETEOPOJOTiUHUX CIIO-
crepexxeHb 2023 p. 1al0Th MOXKJIMBICTh IIPOTHO3YBa-
TH LIJIKOM BipOTriJHE HacTaHHs 0araToBOJAHOI (ha3u
BOJIHOCTI B paMKax IOBHOTO TiIPOJIOTiYHOTO IIUKILY.
IIpo 1e cBiguaTh OTpUMaHi Ha IXHili OCHOBI pe3yJib-
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TaTH, 3rigHO 3 IKUMU y Mexax U3B BcTaHOBIEHO
3pOCTaHHSI OOBOIHEHHSI TEPUTOPii JiBOOEpPEXKHOL
IIpumr’sitcbkoi cuctemMu. ToMy IPOTHO3YETHCSI, 11O
TaKka CUTYyallisl y MepCHeKTUBI MOXKe TPU3BECTU 10
3pocTaHHA 06csriB akTuBHOCTI 2OSr 3i cTOKOM 3 pa-
oHYy JiBOOEepeXHOTO nosbaepa sIK y 2023 p., Tak i B
HaCTyIIHI 2-3 poKU.

OTpuMaHi y TIpoleci IOCHiIKeHb pe3yJibra-
T BUKOPUCTOBYBaJMCS (PaxiBLSIMU TiAIPUEMCTB
Y3B BigmoBigHOro mpodimaio 3 METOI YIOCKOHAa-
JIEHHSI CUCTEMM PamiOeKOJIOTiYHOIr0 MOHITOPUHTY
MOBEPXHEBUX BOJ y 30Hi, IUIsT OLIHIOBAHHS O0OCSTIB
BUHOCY PaIiOHYKIIiIB 3 OaceiHiB BOIHOTO CTOKY
B ii Mexax 10 p. [Tpumn’sare, a TakoxX 3 MEeTOI aHa-
JIi3y OpPUPOAHOI TMOXKEXKOHeOe3NeK, MNPUAHSITTS
yOPaBAiHCbKUX PIllIEHb Ta BXXUTTS MMPOTUTIOXEXHUX
3aX0JIiB Ha BiAITOBIZHUX TEPUTOPIsIX.

Ilepcnexkmueu nodaavuux docaioxcenv pizHOMA-
HITHUX TiIpOJIOTIYHMUX TIPOLECIB Ta padioeKOJIOTrid-
HO1 00CTaHOBKM Ha JliBoOepexki p. [Tpun’aTs 3 me-
TOI0 3HAYHOTO 3MEHIIIEHHsI 800 YHUKHEHHS OIpo-
MiHEHHSI TIepCOHaly TIpU MPOBENECHHI MOJbOBUX
po0iT, Ha Hallly TYMKY, ITOJISITal0Th Y BUKOPUCTAHHI
JIAaHUX KOCMO3MOMKHU BUCOKOI MTPOCTOPOBOi, CIeK-
TpajbHOI W pagioMeTPUUHOI PO3Pi3HEHHOCTI, IO
BUKOHYBaJjacs 0 3 MOPiBHSIHO HEBEJIMKUM YaCOBUM
iHTepBasioM (y mepion MOBEHEe — IOTMXKHS, B iH-
LMK Yac — OOMH pa3 Ha 1-3 micsii). 3acTocyBaHHS
TEeXHOJIOTi i OE3MiIOTHUX JiTAILHUX arapaTiB y X0l
IOCIIIKeHDb (TimepcrneKTpajabHe 3HIMaHHS I10 10-
CTaTHil KiIbKOCTi MpodiiB i TOYOK CIOCTepeKEHb,
a00 X MJIOLIOBE 3HIMaHHS 3 MPOCTOPOBOIO PO3Pi3-
HEHHICTIO OJM3bKO 2 CM/TKJI) Ta aKTMBHE BUKO-
pUCTaHHS OTPUMAaHUX MaTepialiB CMiJIbHO 3 Ha3eM-
HUMHU 1 CyMYTHUKOBMMM IaHUMU HANACTh SIKICHO
HOBMI IMOIITOBX Y BUBYEHHI PaJiOTiAPOJIOTiYHOIO i
panioexosiorigHoro crany teputopii Y3B. OTpuma-
Hi TAKMM YMHOM TeTepOIreHHi JaHi y IePCIIEKTUBI €
CEHC iHTeTpaJbHO O0OPOOUTH, 3aTydarour BidIIOBiI-
He mporpaMHe 3a0e3MeYeHHsI.

[H(hOpMaTUBHICTL BKa3aHOTO KOMILJIEKCY poO-
OiT MOPiBHSIHO 3 TPAAULIMHUMU METOJaMU 3HAYHO
3pocTe, 110 [OMOoMaraTuMe TOYHillle BU3HayaTu
BOAHMI OajlaHC 3aMKHEHMX BOJOWM, I03BOJUTH
YiTKillle BCTAHOBJIIOBATU 3MiHU Y rigporpadii i cKo-
PpUTrOBYBaTH KOHTYPH ILJIOII BOAO30ipHMX OaceiiHiB,
3HaHHS TPO $SIKi 1ayTh MOXJIUBICTh JOCTOBIpHillie
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BCTAHOBJIIOBATH TaKi ITOTOYHI MOKA3HUKU Padiono-
TiYHOTO MOHITOPMHTY, IK MOIYJIi CTOKY i MOZYJIi BU-
HECEHHSsI PaJiOHYKJIi/iB, a TAKOX JACTh MOXJIUBICTh
BUPILIYBaTH Psifl iHIIIMX TEMaTUYHUX 3aBAaHb.

Ponb nucTaHIitHUX METOMIiB MOHITOPUHTY TIpU-
POMIHO-TEPUTOPIaJIbHUX KOMILIEKCIB, YPaKeHUX
TEXHOT€HHUMMU KaTacTpodaMu, CTa€ Hal3BUYANHO
BAXJIMBOIO B yMOBaX TUMYAaCOBOTO PUITMHEHHS PO-
0OTHU Pi3HOMAHITHUX CUCTEM KOHTPOJII0 KOMIIOHEH-
TiB JOBKIJIJIS, SIK 1I€ BiZOyJIOCS 3 aBTOMaTU30BaHOIO
CUCTEMOIO KOHTPOJIIO Ta 3 KOMILJIEKCOM Ha3eMHUX

CIOCTepeXeHb 3a pafdialiiiHuM ctaHom y U3B Ha-
BecHi 2022 p. mig yac ii okynaiii peryJisipHUMU Bili-
CbKaMM pOCiiichKOI1 (pefepaliii. Y 3B 3Ky 3 Ail0UnM
y TEIePilllHill Yac BOEHHUM CTaHOM B YKpaiHi Ta He-
MOXJIUBICTIO JOCTYITy 10 MPUPOAHO-TEXHOTEHHUX
00’€eKTiB Ha TepUTOPii JiBoOepexkHOi [Tpum’ITchbKoi
OCYLIYBaJIbHOI CUCTEMU 3 METOI0 OL[IHKU iXHbOI'O
BIUIMBY Ha HaBKOJUIIHE cepenoBuine Y3B 3ara-
JIOM 3aCTOCYBaHHS BiAIIOBiZIHUX MOHITOPUHTOBUX
pociimkenb Ha mincrasi [A33/T'1C-texHomoTiiH €
HaJI3BUYANHO aKTyaJTbHUM i IEPCIIEKTUBHUM.
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WATER RESOURCE MONITORING FOR THE DRAINAGE SYSTEMS CONTAMINATED
BY RADIATION BASED ON THE COMPLEX OF SATELLITE IMAGING AND GROUND
OBSERVATIONS (IN THE CONTEXT OF REGIONAL CLIMATE CHANGES)

As a case study of the Prypiat Left Bank Drainage System of the Chornobyl Exclusion Zone, the probable onset of the mul-
ti-aqueous phase of water content in the frame of the entire hydrological cycle at the end of 2022 was estimated for the entire
region of Polissia. The attributes of such a process are 1) a relative increase in the total amount of atmospheric precipitation
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for the period of September-October-November-December in 2022 compared to the same period in previous years within the
entire left-bank part of the Prypiat River catchment basin (according to the ERAS dataset); 2) the increase in the watering rate of
the drainage system territory — both the interdam section and the area located to the northeast of the old dam (this is evidenced
by an analytical comparison of the results of the thematic interpretation of «Sentinel-2» image data for 02.05.2023 and satellite
data acquired by the various sensors for April — May of previous years); 3) the established facts of heavy rains that occurred in
April 2023 in the studied region, flooding, submergence of the large areas, freshet in its territory in April — May of the same year.

As a result, compared to the period 2015—2021, i.e., already after the termination of the permanent operation of the polder
pumping station in the area of the left bank polder, in 2022, the level of 2°Sr activity which, according to calculations, could have
been removed with the runoff from this territory, increased significantly — 4 times more as compared to 2021 and 20 times more
compared to 2020. Therefore, considering the above hydrometeorological factors, the prediction regarding the increase in the
level of 29Sr activity, which will be carried out with the runoff from the area of the left-bank polder to the Prypiat River, both in
2023 and the following 2-3 years is substantiated.

Keywords: Chornobyl Exclusion Zone, Left Bank Drainage System, water resources, monitoring, remote sensing methods,
surface runoff, radionuclide carry-over.
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A WIDE-ANGLE STOKES POLARIMETER FOR THE BOOTES
GLOBAL TELESCOPE NETWORK. OPTICAL AND MECHANICAL DESIGN

We describe the imaging polarimeter EDIPO (Efficient & Dedicated wide-field Imaging Polarimeter) as a part of astronomical telescopes

of the BOOTES (Burst Observer and Optical Transient Exploring System) network that is intended for the study of polarization features
of the rapid processes of the gamma-ray bursts afterglow (Gamma-ray burst — GRB). The design of the polarimeter allows one to be
installed on the network telescopes with a diameter of the main mirror up to 1.4 m. The EDIPO is designed to analyze the polarization
parameters of linearly polarized light in the spectral range of 450— 1000 nm. The polarization analyzer of the polarimeter does not
contain moving elements and allows measurements of Stokes parameters I, Q, U of light in a 30'x 30" field of view simultaneously for
one spectral band of the working spectral range. The optical part of the polarimeter was assembled and tested on a telescope with a
mirror diameter of 1.2 m. The calibration approaches for the polarimeter-telescope system are considered.

Keywords: polarization, Stokes-polarimeter, astronomical observations.

1. INTRODUCTION

Today, the study of celestial bodies is increasingly
carried out by analyzing the polarization of their own
or scattered radiation. Such studies provide insight
into various astrophysical events: objects of the Solar
System, stellar physics, our Galaxy and the interstel-
lar medium, extragalactic astronomy, and cosmol-
ogy. In the physics of the Solar System, polarimetric

observations of solar radiation scattered by asteroids
allow determining their albedo and size distributions
[13, 49, 60]. Measuring the polarization of light scat-
tered by comets helps in their classification [18—20,
23]. In the context of studying the structure of our
galaxy, it is expected that polarimetric measurements
will allow us to map the distribution of its magnetic
field lines through giant molecular clouds, provid-

LlutyBanHs: Syniavskyi I. 1., Castro-Tirado A. J., Ivanov Yu. S., Guziy S. S., Oberemok Ye. A. A wide-angle Stokes polarim-
eter for the BOOTES global telescope network. Optical and mechanical design. Space Science and Technology. 2024. 30, Ne 2
(147). P. 93—108. https://doi.org/10.15407 /knit2024.02.093
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ing an understanding of the connection of the field
with the diffuse interstellar medium, which includes
clouds, spheres, open clusters, etc. [12, 24, 31, 52].
In extragalactic astronomy, the sources of high-en-
ergy gamma radiation are of interest [15, 55], which
are studied, for example, at the Compton Gamma-
Ray Observatory (CGRO) using the Energetic Gam-
ma-Ray Experiment Telescope (EGRET) [46]. Dur-
ing these studies, many blazars were discovered [2],
which have an impact on the identification of most
gamma-ray sources, but that still remain unknown
due to large errors [48]. Gamma radiation polariza-
tion analysis will also reduce these errors. The anal-
ysis of the polarization of scattered radiation would
allow us to determine some large-scale structures of
the magnetic field, such as the structures of the Mag-
ellanic clouds and their relations with gas dynamics
[27]. In cosmology, sampling the polarization of star-
light across the sky will allow a better simulation of
the polarization of the foreground galaxy at far-IR
ranges and wavelengths less than 1 mm [29, 33—35,
56, 61]. Early optical polarization measurements of
gamma-ray bursts (Gamma-ray burst — GRB) are
very important in modern astronomy. This is due to
the fact that the spectra and light curves of the GRB
afterglow correspond to the model of synchrotron
radiation, which is strongly polarized (up to 70 %)
in a wide frequency range, which has been verified
in many astrophysical cases [15, 25, 55]. The po-
larization of the GRB afterglow in the optical range
is small (rarely more than 2 %), and theories of the
origin of the optical afterglow must account for this.
Although localized areas may have strong magnetic
fields and high polarization, the net polarization is
small unless the fields are globally aligned. Theoreti-
cal estimates predict that early long-lasting GRB af-
terglows should be polarized up to 3—15 % on time
segments (<0.1 days) [45]. However, such early mea-
surements are still lacking, which makes it difficult to
verify theoretical estimates.

The first attempts at optical polarization studies in
wide star fields were made in 1993 using wide-for-
mat Schmidt plates and polarizing films. It aimed to
search for blazars on 560 square degrees of the celes-
tial sphere [21, 53, 63]. Determining the polarization
of the optical radiation of celestial bodies throughout
the entire sphere has not yet been thoroughly done

and remains relevant. Such problems in astrophysics
can be solved with high resolution by modern robotic
observation technologies in combination with the use
of new matrix detectors of optical radiation. Robotic
telescopes, in particular, are ideal for long-term stud-
ies and observations of fast-moving processes on as-
trophysical objects.

Research of the GRB, which has the highest ener-
gy levels in the Universe after the Big Bang [14], both
in the optical and IR ranges, is one of the task lists of
the BOOTES network (Burst Observer and Optical
Transient Exploring System) [6, 7]. The BOOTES’s
main scientific object is the observation of the sky in
real time. Polarimetric observations of GRB after-
glows are planned to be carried out using polarim-
eters installed on robotic telescopes of the BOOTES
network. The structure, principle of operation, and
some test results of the EDIPO (Efficient & Dedi-
cated wide-field Imaging Polarimeter) polarimeter
are described in the following sections.

2. PRELIMINARY POLARIMETER REQUIREMENTS

Telescopes of the BOOTES network are independent
functional robotic instruments for astronomical ob-
servations, thus their design does not provide the use
of polarizing elements. Polarization measurements
are possible only with the use of an external polar-
imeter which mechanical and optical parameters
are matched with the corresponding parameters of a

Table 1. Main parameters of the telescope-polarimeter system

Parameter Value
Telescope Cassegrain with
equatorial mounting
Diameter of the main mirror, m 1.4
Effective focal length of the tele- 4480
scope + polarimeter system, mm
Polarimeter numerical aperture F# 3.2
Detector size, in pixels 4000 x 4000
Pixel size, mm 10 x10
Field of view of the telescope- 30 x 30
polarimeter system, arcmin
Image scale, arcsec/pixel 0.44
Spectral range, nm 450—1000
Filters V,R, I(r,1,2)
Focusing system Telescope secondary
mirror
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specific telescope. The EDIPO polarimeter consid-
ered in this paper was designed for a telescope with
a diameter of the main mirror of 1.4 m and a focal
length of 11.2 m. The design of the telescope and its
parameters determine the main requirements for the
characteristics of the telescope-polarimeter system,
which are presented in Table 1.

The ordinary value of the degree of polarization
of the observed celestial objects is 2 %. To achieve a
polarimetric accuracy of 1 % when observing weak
sources, for example, with R = 18, the signal/noise
ratio in the polarimeter should be at least S/N = 141,
with a single exposure of 180 seconds. With this ex-
posure, including calibration frames, that take up to
10 % of the whole observation time, 24 square degrees
of the celestial hemisphere will be surveyed during an
ordinary night of 9 hours. A complete survey of the
celestial hemisphere (20 000 square degrees) should
be carried out in 5 years, taking into account the days
with adverse weather conditions for the observation,
the technical simplicity of the equipment, and the
duration of the optical transients of the afterglow
after the GRB. Based on the polarization measure-
ments, it is planned to select candidates for further
studies to obtain different colors and search for op-
tical variability using the Global BOOTES network
robotic telescopes [6].

3. CONCEPT OF MEASUREMENTS
AND POLARIMETER OPTICAL LAYOUT

3.1. Choose the polarimeter measuring scheme. The
design and parameters of the telescope optical system
and the specifics of the tasks to be solved (polariza-
tion studies of fast-moving processes in several spec-
tral ranges) determined the choice of the polarimeter
measurement layout and the concept of designing its
optical system. In particular, the measuring part of
the EDIPO is based on the approach with the divi-
sion of the amplitude or aperture (Division of Ampli-
tude/Aperture — DoA) [22, 26, 36—39, 42, 50, 65].
According to the DoA approach, the input beam is
divided into several equivalent parts that form spa-
tially separated optical channels. In each channel,
the beam passes/reflects through fixed polarizing el-
ements (polarizers, phase plates) before entering the
photodetector. In such a schematic implementation,
there are no moving elements (at least within one
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spectral channel), and the registration of all values
that are necessary for the complete characterization
of the light polarization is being made in one expo-
sure. This makes it possible to analyze the state of
light polarization of fast-moving processes occurring
on celestial bodies and in interstellar space. Besides
all, the EDIPO is an imaging polarimeter that should
allow observing the distribution of polarization over
the field of view of the corresponding telescope.

3.2. Description of polarized light and detailing of
the EDIPO measurement scheme. For a complete de-
scription of light with a certain wavelength with an
arbitrary state of polarization, it is convenient to use
the Stokes parameters /, Q, U, and V'[9, 10]. They
can be used to describe the degree of polarization
DoP (Degree of Polarization), the azimuth of polar-
ization AoP (Azimuth of polarization), and the angle
of ellipticity EoP (Ellipticity of Polarization) of the
radiation polarization ellipse:

DoP=Q*+U*+V?*/I,

AoP:%arctg(U/Q) , (1)

EoP =%arctg(V/ Q*+U’ ) .

The first Stokes parameter / corresponds to the to-
tal radiation intensity. Parameters Q and U determine
the predominance of the linearly polarized compo-
nent in the beam with polarization azimuth 0°, 90°,
45°, and 135°. The parameter V' — determines the
predominance of components with left or right cir-
cular polarization.

The star’s light, as well as the light of other emit-
ting celestial bodies, is mostly unpolarized, but due
to the scattering of this light by gases, dust, and the
surface of celestial bodies, it can acquire partial lin-
ear polarization. Therefore, most astronomical po-
larimeters are focused on the exact determination of
the parameters of linear polarization, in particular,
the degree of linear polarization (Degree of Linear
Polarization — DoLP) and azimuth of linear polar-
ization (Angle of Lineart Polarization — AoLP).

The polarization of GRB afterglows is also linear
with a different degree and azimuth of polarization.
Therefore, when designing EDIPO, emphasis was
placed on the accurate determination of the linearly
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Figure 1. Scheme of a polarimeter with divided of intensity/
aperture for measuring the parameters of linearly polarized
radiation: /;, — the intensity of the incoming beam, An , —
linear analyzer (polarizer) of the n-th channel with azimuth
an, Dn — photodetector in the n-th channel, DPU (Data
Processing Unit) is a data collection and processing unit

Figure 2. EDIPO polarimeter optical layout model (a) and its
sectional view (b). Two polarization channels 0° and 90° are
shown: I — telescope focal plane, 2 — collimator, 3 — polar-
ization analyzer, 4 — spectral filter, 5 — field lens, 6 — mirror
division system, 7 — camera lenses, § — detectors

polarized light parameters. For a complete descrip-
tion of linearly polarized light, the first three Stokes
parameters are sufficient. They make it possible to
characterize the intensity of light /, the degree of
DoLP, and the azimuth of AoLP polarization [9]:

DolLP=+Q*+U" /I,

. @)
AoLP = Earctg(U / Q) .

96

To determine Stokes parameters in DoA polarim-
eters, a common approach that is schematically de-
picted in (Fig. 1), is used. The polarimeter’s separa-
tion system divides its aperture into four equivalent
parts, forming four independent spatial optical chan-
nels. In each channel, the beam, before entering the
photodetector, passes through an analyzer (a linear
polarizer with a fixed azimuth). It is common to ori-
ent the azimuths of the analyzers in the optical chan-
nels at the angles o = 0°, 90°, 45,° and 135°. Then, the
Stokes parameters of light at the input of the polar-
imeter are calculated as:

I_:IO+I9(?:I4_5+II35; (3)
Q = Io _190’ U= 145 _1135’

where [, Iy, 1,5, I35 — light intensity at the analyzer
output with the corresponding azimuth.

3.3. The EDIPO polarimeter optical layout model.
The EDIPO optical layout is shown in Figure 2, a,
and its cross-section is in Figure 2, b. It allows the
implementation of the described measuring scheme
(Fig. 1). In Figure 2, the image of the observed object
(field) is formed in the focal plane of the telescope.
The collimator of the polarimeter forms an image of
the telescope’s entrance pupil and directs it through
a combined polarization analyzer (a set of linear po-
larizers with the required orientation) and a spectral
filter to the pupil division system. The polarization
analyzer shown in Fig. 2, b is divided into four seg-
ments of equal size. It is placed in front of the mirror
division system, but, in fact, it already divides the fo-
cal plane into four parts, each of which passes through
a polarizing element (a sequence of elements). Next,
the mirror division system spatially divides the parts,
which are then focused on the detectors by four cam-
era lenses. To determine the parameters of linear po-
larization, a linear polarizer with the required orienta-
tion of the transmission axis or an equivalent system of
polarization converters (prisms, films, plates) must be
installed in each segment of the analyzer in Fig. 2, b.
If it is necessary to measure full light polarization pa-
rameters, additional waveplates can be installed in the
analyzer sectors of Fig. 2, b. The intensity of the split
light is registered by the detectors. It is used to calcu-
late the Stokes parameters using equation (3).

3.4. Detailing the design and parameters of EDIPO
optical elements. The structural and optical param-
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eters of the telescope (Table 1) and the tasks to be
solved are mentioned above, specifying the structure
of the optical system and the parameters of the polar-
imeter elements. The key parameters of the EDIPO
optical system are listed in Table 2.

A detailed description, purpose, and possible im-
plementation of elements of the EDIPO’s optical
system are given below.

The polarimeter collimator consists of four spheri-
cal lenses. The linear field of view of the collimator
is 97 x 97 mm. It forms an image of the telescope’s
main mirror (pupil) with 60 mm diameter. The effec-
tive focal length of the collimator is 455 mm, the total
length is 550 mm.

Spectral filters. To provide multispectral polari-
metric measurements in the range of 450—1000 nm,
the replaceable spectral filters V, R, I (r, i, 7) are sup-
posed.

Polarization analyzer. High-quality optical polar-
ization analyzers are based on birefringent prisms [1,
11, 42]. The possible design of combined segmented
prism analyzers of the type shown in Fig. 2, b is de-
scribed in [13, 22]. Thus, in [40], this analyzer is built
based on the use of a pair of two-beam Wollaston po-
larizing prisms, the optical axes of which are oriented
at an angle of 45° to each other, and the prisms them-
selves fill sectors 1-2 and 3-4, respectively, and have
an efficiency equal to 100 %. In [40], a double wedge

Table 2. EDIPO optical system parameters

Parameter Value
Spectral range, nm 450—1000
Camera lens aperture ratio D/f 1/3.2
Collimator diameter, mm max/min 160/84
Collimator length, mm 600
Number of collimator lenses 4
Camera lens length, mm 160
Camera lens diameter, mm 76
Number of camera lens lenses 7
Polarimeter pupil diameter, mm 60
Mirror division system diameter, mm 180
Number of detectors, 4
Detector size, pixels 4000 x 4000
Pixel size, mm 10
Polarimeter aperture ratio D/f 3.2
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Figure 3. Ray’s propagation in the part of polarimeter optical
system collimator — polarization analyzer for option the ana-
lyzer based of achromatized Wollaston prisms: / — telescope
focal plane, 2 — collimator, 3 — double Wollaston prism

Wollaston prism was proposed to determine the first
three Stokes parameters of linearly polarized light. In
[39, 43, 47, 51], in addition to the array of Wollaston
prisms, a quarter wave plate is also used as a polar-
ization analyzer to determine all Stokes parameters.
However, the own dispersion of the prisms requires
the use of additional compensation wedges. The [28]
presents the development of a polarimeter based
on pairs of Wollaston prisms, which use a system of
wedges for dispersion compensation.

The advantage of using polarizing prisms based on
birefringent crystals is the highest polarization con-
trast (extinction ratio) (1:105...1:10°) and the lowest
absorption in a wide range of wavelengths (300—
2500 nm) compared to other types of linear polarizers.

Thus, the use of polarizing prisms for the design
of the segmented polarizer EDIPO (Fig. 2, b) was
also considered. In particular, the optical system of
the polarimeter was modeled, where the analyzer is
built on the basis of a pair of Wollaston prisms. The
optical axes are at an angle of 45° relative to each
other. One of the disadvantages of Wollaston prisms
is the dependence of the angle between the ordinary
and extraordinary output rays on the wavelength of
the input light. Simulation shows that achromati-
zation of the Wollaston prism in the spectral range
of EDIPO operation (450—1000 nm) is possible.
For that purpose, one should be three-component.
It is also necessary to use additional compensating
prisms, which should include at least 3 wedges. The
path of rays in the optical system of the polarimeter
in the collimator-analyzer part, if the design of the
analyzer is based on achromatic Wollaston prismes, is
presented in Fig. 3.

Figure 4 show the structure and dimensions of the
analyzer unit based on two Wollaston prisms with
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Figure 4. General view of the of Wollaston prisms unit with compensating wedges (a)
and composition of one Wollaston prism with compensation wedges (b). B — side

view, A — top view

compensating wedges. Figure 4, a shows the general
view of the analyzer, and Figure 4, b shows the ap-
pearance and composition of one of its prisms. The
appropriate combination of birefringent crystals and
crystals is CaCO; + LiNbO; + TeO,. This combina-
tion, together with the PSK58 + KZFSN4 + FTLS
(Schott and Ohara) glass apochromatic wedge sys-
tem, can deflect light beams at angles up to 6° and
forms two channels (camera lens, detector) for ana-
lyzing the polarized light parameters.

With a light diameter of 60 mm, the total thickness
of the analyzer unit in Fig. 4, a should be 95 mm.
The analyzer in Fig. 4, a is equivalent to the segment-
ed analyzer in Fig. 2, b. Each prism of the block in
Fig. 4, a forms two adjacent segments of the analyzer
in Fig. 2, b (1-2 and 3-4).

The main disadvantages of the considered ana-
lyzer are:

— large dimensions,

— vignetting of rays at the edge of two adjacent
Wollaston prisms (for edge rays can be up to 20—
25 %),

— different dispersion of Wollaston prisms for two
orthogonal directions of light propagation, as a re-
sult of which the images of the object constructed by
camera lenses are not identical.

98

The analysis showed that it would be technologi-
cally difficult to ensure the necessary homogeneity
and uniformity of Wollaston prism parameters within
the light beam diameter of 60 mm and wavelength
range of 400—1000 nm. The errors caused by these
imperfections will be difficult to account for and
will greatly complicate the calibration procedure.
Furthermore, it is expected the described assemble
would be too expensive. Therefore, the use of consid-
ered prism analyzers is impractical.

As an alternative way, the design of a segmented
analyzer based on polarization cubes with a polariza-
tion multilayer coating was also analyzed [44]. The
design of the segmented analyzer proposed by the au-
thors is presented in Fig. 5. As can be seen, the speci-
fied system is cumbersome and structurally complex.
The main advantage of using polarization cubes
is their relatively low cost compared to Wollaston
prisms. At the same time, the cubes have a selective
transmittance and cannot cover wide spectral ranges.
On the other hand, the complexity of assemble con-
figuration Fig. 5 precludes a quick change of cubes
for different ranges, which also makes this solution
unsuitable for use in EDIPO.

The use of polarizing films simplifies the design of
the segmented analyzer significantly. All we have to
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do is place polarizing films with a given azimuth of
the transmission axis in the corresponding segments
of the analyzer (Fig. 2, ). The polarization analyzer
commonly installed in the image plane of the en-
trance pupil (main mirror of the telescope), which
is formed by a system of parallel rays, with angles of
incidence different from 0°. The actual value of the
incidence rays’ angle on the segments of the analyz-
er, on the one side, is determined by the constructive
displacement of the segments relative to the optical
axis of the polarimeter, on the other side, by the ac-
tual field of view (FOV) of the telescope.

With a wide FOV, vignetting of oblique field rays
occurs at the edges of contact of the analyzer seg-
ments. The thicker the polarization analyzer, the
greater the vignetting (see Fig. 4, b). The use of films
minimizes the thickness of the analyzer and, accord-
ingly, additional vignetting since the range of permis-
sible input angles of polarizing films is tens of de-
grees, which is an order more than available for prism
polarizers and polarizing cubes.

The disadvantage of polarizing films, operating in
a wide spectral range, for example, 400—700 nm, is
relatively low transmittance (actually below 47 %)
and relatively low polarization contrast that does not
exceed 1:10* [https://www.edmundoptics.com/f/
high-contrast-linear-polarizing-film/14385/]. How-
ever, polarizing films, operating in narrow spectral
ranges, have a polarization contrast greater than
1:10* and a transmittance of 60—80 %. The use of
a set of narrow-band polarization films for several
wavelength ranges will allow covering the spectral
range of 450—1000 nm [https://www.codixx.de/en/
colorpolr-polarisationen/uv-polarisatoren|. A sig-
nificant advantage of using the polarizing films-based
segmented analyzers is the simplicity of replacing
analyzers simultaneously with a spectral filter when
changing the desired spectral range during the obser-
vation process.

Taking into account the disadvantages and advan-
tages of the considered different implementations of
segmented polarization analyzer, the EDIPO analyz-
er was designed with the use of codixx VIS 500 BC4
and VIS 700 BC4 polarization films, which overlap
the spectral range 550—1100 nm.

The field lens (Fig. 1, 2) has a low optical power
of 1/f~ 1.7 1073 m~! and is installed in front of
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Figure 5. Segmented polarization analyzer based on polariza-
tion cubes: / — collimator, 2 — camera lens 0°, 3 — camera
lens 45°, 4 — polarizing cube 0°—90°, 5 — polarizing cube
45°—135°, 6 — to camera lens 0°, 7 — to camera lens 45°, § —
to camera lens 90°, 9 — to camera lens 135°

Figure 6. Mirror division system: / — to camera lens 0°, 2— to
camera lens 45°, 3 — to camera lens 90°, 4 — to camera lens
135°

the mirror division system. It is intended to reduce
the diameter of the off-axis beams, which are then
spread in the optical system.

Mirror division system. The polarimeter has a mir-
ror division system for the spatial division of input
light parts that have passed through the correspond-
ing segments of the analyzer. It consists of a pyramid
with four reflective faces and four mirrors (Fig. 6).
Each pyramid surface is positioned to reflect part of
the light that has passed through a certain segment of
the analyzer onto one of the mirrors. Next, the di-
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Figure 7. Model spot diagrams (artificial star) in the focal
plane of a camera lens
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Figure 8. Forming of the input field image on EDIPO matrix
detectors

vided rays are directed by mirrors into four camera
lenses. In this way, four spatially divided channels are
obtained, and the light of each is registered by the de-
tector. This mirror system does not have chromatic
aberrations, unlike, for example, the wedge system
[54, 57, 58], and its location after the analyzer (along
the path of light propagation) does not affect the de-
termination of the input light polarization param-
eters. The contribution of the system to the effective
values of the transmission coefficients of the polar-
imeter channels will be automatically taken into ac-
count during calibration.
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Camera lenses. The general view of the camera lens
optical system is shown in Fig. 2, a. Each camera lens
consists of a triplet and four single lenses. The focal
length of the lens is 225 mm, the maximum light di-
ameter of lenses is 76 mm. After passing through the
mirror division system, Y4 of the total light goes to
each camera lens. At the same time, the light diame-
ters have an asymmetric shape, and therefore, asym-
metric spots are formed in the camera lenses’ focal
planes. In Fig. 7, the model spot diagrams (artificial
star), which are formed by the polarimeter optical
system in the focal plane of one of the four camera
lenses, are presented. Spots are modeled for differ-
ent coordinates of the FOV (center, middle, edge).
The scale of the figure is 30", which corresponds to
the telescope FOV. In Fig. 7, the scale of spots has
been increased to better illustrate the distribution of
asymmetry along the plane of the detector. As shown
in Fig. 7, the difference in the spot size in the center
and on the corner does not exceed 1 pixel (10 um) in
the focal plane of the camera lens.

Detectors. A matrix detector is placed in the focal
plane of each of the four camera lenses. Schemati-
cally, the correspondence of the points on the polar-
imeter matrix detector to the points of the input field
of the polarimeter is shown in Fig. 8. In the right part
of the figure, the numbers in brackets indicate which
segment of the analyzer this spatial channel corre-
sponds to. The asymmetry of the shape of the light
rays in the camera lenses leads to different asymme-
try of the spots in the corresponding spatial channels
of the polarimeter, which can be compensated for by
geometrical calibration of the polarimeter.

4. POLARIMETER MECHANICAL DESIGN

Details and features of the EDIPO polarimeter de-
sign, which implements the concept discussed in the
previous section, are given below.

The design simulation of the instrument is shown
in Fig. 9. The polarimeter consists of the units: the
collimator unit /, the unit of polarizers and spectral
filters 2, the mirror division system unit 3, the camera
lens unit 4, and the matrix detector.

The front part of the polarimeter contains a col-
limator tube, which consists of two parts. The first
collimator lens is installed in the first part of the tube.
The rear part of the tube is centered and attached to
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the unit of polarizers and spectral filters. Structur-
ally, other collimator lenses are attached to the unit
of polarizers and spectral filters. The tolerance for
centering the collimator lenses is 0.1 mm and is fully
achievable in the design.

The unit of polarizers and spectral filters is a com-
posite frame. It has three wheels which have 6 positions
each. The main wheel is for polarizers, the others are
for spectral selection elements (spectral filters, trans-
missive diffraction gratings). Changing the elements’
position in each wheel is carried out using stepper mo-
tors. A field lens is coaxial with the optical axis of the
collimator, and it is also attached to the unit. A colli-
mator is attached to the unit’s front part, and the mir-
ror division system is attached to the unit’s rear part.

The model of the mirror division system unit in
section 3/4 is presented in Fig. 10, a. The elements
of the system are a mirror pyramid, which consists
of four separate mirrors glued to an aluminum pyra-
mid, four units of diagonal mirrors, and a frame. The
design includes a system of adjusting screws. The ad-
ditional baffles are provided between adjacent mirror
faces in the mirror pyramid to block the stray light.

The camera lens unit is presented in Fig. 10, b.
It consists of four lenses of the same type placed in
a housing. The design allows you to focus each lens
separately during adjustment and adjust the unit as
a whole. The camera lens unit is connected to the
mirror division system unit by the flange of the left
part (relative to the ray propagation). The unit is con-
nected to the detector with the right flange.

5. ADJUSTMENT AND PRELIMINARY
EXPERIMENTAL RESULTS

Simulation of the errors in the alignment of optical
elements of the polarimeter has provided to separate
the most critical of them. As a result, the permissible
deviations of the design parameters and spatial posi-
tions of these optical elements were determined. The
most stringent requirements are defined for the spa-
tial placement of the mirrors of the division system
and the relative placement of the camera lens lenses.
The error in the spatial arrangement of the faces of
the monolithic pyramid and the fold mirrors of the
division system is <3 arcsec, and the error in the
relative location of the lenses of the camera lenses is
<0.1 mm.
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Figure 9. Design simulation of the EDIPO polarimeter: 1 —
collimator unit, 2 — unit of polarizers and spectral filters, 3 —
mirror division system unit, 4 — camera lens unit

c

Figure 10. Mirror division system unit (a) and camera lenses
unit (b) of EDIPO polarimeter and its general view (c, d re-
spectively): I — input light, 2 — fold mirrors, 3 — mirror pyra-
mid, 4 — output light, 5 — flange to mirror division system,
6 — camera lenses, 7 — housing, § — mechanism for adjust-
ment, 9 — flange to detector

All the design elements of the EDIPO polarimeter
were produced by Added Value Solutions company
(AVS) https://www.a-v-s.es/. The assembly and ad-
justment of the polarimeter were also carried out in
the optical laboratory of the company according to
the correspondingly developed procedures. For the
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a b

Figure 11. EDIPO camera and control electronics unit assem-
bly (a) and general view of the assembled EDIPO polarimeter

(b)

Figure 12. Stokes polarimeter EDIPO installed on the tele-
scope of the Caral Alto Observatory

a b
Figure 13. Four images of the sky around galaxy M 101 on po-

larimeter detectors 1—4 (a) and central part of the polarim-
eter’s FOV, obtained as a result of the sum of this four images

(b)
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intermediate step of checking each camera lens unit,
the classic method was used. The “artificial star” in
the focal plane of the collimator was installed, the
image of which was then analyzed by each lens. The
results of testing the camera lenses showed a correla-
tion between real and modeled image quality param-
eters (Fig. 7).

The spatial position of each fold mirror relative
to the corresponding face mirror of the pyramid was
controlled by the collimation method. This ensured
the necessary accuracy in the relative location of the
mirror faces of the prism and the rotating mirrors
within 3 arcsec.

For the polarimeter, a camera containing four
separate matrix detectors was developed (Fig. 11,
a). The control electronics unit and detectors are
made in a single housing. The size of each detector is
4000 x 4000 pixels with a pixel size of 10 um.

The general view of the assembled EDIPO polar-
imeter is shown in Figure 11, b.

The first images on the polarimeter were obtained
at the Caral Alto observatory using a telescope with
a mirror diameter of 1.2 m [https://www.caha.es/
CAHA/Telescopes/1.2m.html] (Fig. 12). The imag-
es of the sky were obtained without the use of polariz-
ers. We estimated only the image quality at this stage.

Figure 13, a shows images of 1—4 of the polar-
imeter detectors when observing the area of the sky
around the galaxy M101. Figure 13, b shows the re-
sult of the sum of images 1—4 (displays the double
value of the intensity distribution through the ob-
served scene). Figure 13, b shows an enlarged central
part of the FOV with an image of the M 101 galaxy to
illustrate the resolution of the polarimeter-telescope
system.

6. GEOMETRIC AND POLARIZATION
CALIBRATION EDIPO

The next step to ensure the full functioning of
EDIPO as a part of the telescope is the geometric and
polarization calibration. In this case, the essence of
geometric calibration is to estimate offsets of pixel
coordinates in each of the four received images.

For this purpose, it is planned to use a labora-
tory calibration stand with an image of a “check-
erboard” type structure [41] or chess mates [3, 64]
with subsequent localization of the coordinates of the
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“checkerboard” nodes on the images in the EDIPO
channels. There are techniques of geometric cali-
bration based on using reference light sources with
a well-defined direction of view [4] and that utilize
precise turntables [8, 17]. The final relative values of
coordinate offsets in the channels will be determined
by averaging the offsets obtained for the nodes of the
calibration image. The maximum distortion of the
EDIPO optical system is 1.2 %, so its compensation
is provided according to the method proposed by the
authors in [32].

Polarization imperfections of the optical system
of the telescope and polarimeter (birefringence in
the lenses caused by mechanical stresses in their
material), errors in the orientation of the polarizing
films in the analyzer segments, the finite polariza-
tion contrast of the polarizing films, the difference
in the photoelectric characteristics of the detectors
will increase the systematic polarimetric error of the
system. The influence of these negative factors on the
polarization measurements of polarimeters is usually
described by the instrumental matrix [62] or instru-
mental polarizations [5, 13]. Determining the instru-
mental matrix/polarizations of the polarimeter and
using it to adjust the results of subsequent measure-
ments is the essence of polarimetric calibration.

For the polarimetric calibration of the telescope-
EDIPO system, the approach described in [32, 59]
can be partially used. The measurement equation of
the system for each pixel of the input image has the
form:

I, 1 a coslg a,sin2g, I

I, _ 1 —QZC(.)SZSZ —a,sin2g, lal. @
I, 1 —a,sin2e,  a,cosle, U

I 1  a,sin2g, -—a,cos2g,

M

where /, Q, U— Stokes parameters for an image with-
in a pixel, indices — 0, 90, 45, 135, indicate the corre-
sponding spatial (polarization) channels 0°, 90°, 45°,
135°; I,=ARD,, 1y, =AK1RD?0, 145.=.AK2RD45 35=
= AK;RD ;5 — are the light intensities on the detec-
tor pixels of the corresponding spatial channel. At the
same time RDy g9 45, 135 = Ry 99,45, 135~ Do, 90, 45, 135
data from the analog-to-digital converter (ADC) of
the EDIPO camera corrected for the offset of the
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“electrical zero”, Do, 90,45, 135 — determines the dark
signal level (“electrical zero”) of the detector when
the EDIPO input light is blocked, 4 — is a radiomet-
ric coefficient for converting digital ADC values into
an absolute radiometric scale, if necessary, K;—K;
coefficients, compensating for the difference in sig-
nals at EDIPO detectors when observing a non-po-
larized source, e, — polarization contrast of polariz-
ing films in the analyzer segments (0° + ¢, 90° +¢,,
45°+¢4,135° +¢,) (Fig. 2,b),a,= (e,— 1)/(e,+ 1) —
effective factor that takes into account the finite po-
larization contrast of polarizing films of the EDIPO
analyzer, ¢, — effective angular errors in setting the
azimuths of polarizers in the analyzer segments.

The corresponding coefficients are effective values
since they take into account the effect on the polar-
ization measurements of both the EDIPO elements
and the telescope. M, , in eq. (4) is the instrumental
matrix of the telescope- EDIPO system. Note that the
form of measurement equation (4) is general for all
points of the input image of the system. At the same
time, each point of the input image corresponds to its
own numerical instrumental matrix.

Calibration procedures are described in [32],
which allow determining the coefficients of the in-
strumental matrix in (4) at laboratory conditions.
However, the use of such procedures is impossible for
the telescope-EDIPO system due to the stationary
placement and significant dimensions of the entire
measuring system. In astronomical research, the in-
strumental matrix or polarization is determined us-
ing observations of standard stars with low polariza-
tion [13, 16].

When observing the source of unpolarized radia-
tion in (4), it becomes possible to determine the val-
ues of the coefficients K, —K; as:

KlzRD90 , K2=RD45 , K, =—22. (%)
RD RD RD

It will obviously be necessary to determine the val-
ue of these coefficients for a discrete set of different
angles of observation of the source and to carry out
an approximation over the entire field of view based
on the discrete values.

To determine the instrumental matrix M, _ , it is
necessary to measure the intensities in the EDIPO
channels when observing three different polarization
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standard stars, which have maximally different and
well-known light polarization azimuths. Then, the
expression for determining the instrumental matrix
of the telescope-EDIPO system will have the form:

o 7@ 73
L I I o @ e !
Iy Ly I9 | 0w o o
— 1 2
M, o @ o Q7 Q Q ,  (6)
45 45 45 U(l) U(z) U(s)
I(l) 1(2) 1(3)
135 135 135

where the lowercase letter (m) denotes the values
determined for the m-th polarization standard.

One of the advantages of the described procedure
is the automatic accounting of atmospheric effects
in the instrumental matrix (6), which can also lead
to additional instrumental polarization in the case of
the possibility of its practical implementation.

7. RESULTS AND DISCUSSION

One of the tasks of the EDIPO polarimeter design
is to ensure its versatility and multifunctionality. The
polarimeter should ensure the operation of the tele-
scope in the photometric multispectral mode and the
mode of polarization measurements. To ensure this
functionality, the design of the polarimeter involves
the installation of a unit of polarizers and spectral fil-
ters (Fig. 9). These units include three wheels with
fixed spectral filters, polarization analyzers, phase
plates, or a combination of them. To ensure astro-
nomical observations, one of the wheel’s hole posi-
tions can be empty or contain a fused silica window.
Since the polarimeter collimator forms a system of
parallel beams, only elements that work in converg-
ing beams — narrow-band interference filters and
diffraction gratings — can be installed in the wheel.
Any combination of filters, film polarizers, phase
plates, and diffraction gratings can be inserted into
the pupil sectors.

The versatility of EDIPO requires a multi-step
setup and testing process. The first step, the results
of which are presented above, involved the optical
adjustment of EDIPO on the telescope of the Calar
Alto Observatory with a main mirror diameter of
1.2 m (Fig. 12) to ensure their full compatibility,
without spectral filters and polarizing elements. As a
result, test observations showed that the optical ab-
errations of EDIPO agree with the calculated values
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for the four channels of the polarimeter. The differ-
ence in the geometric parameters of the images in the
channels does not exceed 1 pixel.

In this way, the complete compatibility of the
optical parameters of the polarimeter and the tele-
scope was established, which allows them to be used
in a complex for conducting astronomical observa-
tions. At the same time, parallel measurements in
four EDIPO channels of equivalent images of ob-
jects can be used for an additional 4-fold averaging
of the observed picture without increasing the expo-
sure time.

In the next step, photometric and polarimetric
calibration of EDIPO is planned following the pro-
cedure described in the previous section using celes-
tial stellar standards.

Although the analysis of the light polarization
parameters is performed simultaneously for the en-
tire FOV in the polarimeter, to ensure multispectral
measurements using EDPO in the range of 450—
1000 nm, it will be necessary to change the spectral
filters and polarization analyzers by rotation of the
wheels. This disadvantage can be partially eliminated
by using combined spectral filters or diffraction grat-
ings as spectrally selective elements, as in the HARP
case [30], for instance. However, such a decision will
inevitably lead to a decrease in the resolution of the
proportional to the increase in the number of simul-
taneously registered spectral channels.

8. CONCLUSIONS

The EDIPO imaging polarimeter was developed,
intended for use in conjunction with astronomical
telescopes of the BOOTES network to study the po-
larization features of the rapid processes of the after-
glow of gamma-ray bursts (GRB).

The design of the polarimeter, optical parameters,
and the choice of measurement scheme are deter-
mined by the design features of the BOOTES net-
work telescopes and the specifics of the polarization
studies. The possibility of studying polarization dis-
tributions in fast light-emitting processes is provided
by a one-moment analysis of the polarization of the
observed scene in four azimuthal directions of 0°,
45°,90° and 135°.

The design of EDIPO allows it to be used as a
conventional telescope registration system and as a
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spectrophotometer and polarimeter after appropriate
calibration. Such universality is provided by the use
in the design of the polarimeter changeable wheels
with elements of spectral selection and polarization
analyzers.

The polarimeter was manufactured, assembled,
and tested in the AVS optical laboratory. Test ob-
servations of celestial objects were carried out at the

Calar Alto observatory on a telescope with a main
mirror diameter of 1.2 m. Testing was carried out in
non-polarization mode. The experimentally demon-
strated image quality is in agreement with the theo-
retical assessments.

Further work involves testing the polarimeter in
polarization mode using celestial polarization stan-
dards.
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2 IncturyT actpodizuku AHpamycii

Glorieta de la Astronomia s/n, 18008, Ipanana, Icnanis

3 YopHOMOpCHKUIT HalliOHANbHUIA YHiBepcuTeT im. [letpa Moruin

ByJ1. 68 lecantHukiB 10, Mukonais, Ykpaina, 54000

4 KuiBcbkuii HaLioHanbHKit yHiBepcuTeT iMeHi Tapaca LlleBuenka

ByJ1. Bomonumupcenka 60, Kuis, Ykpaina, 01033

HNIMPOKOKYTHUM CTOKC-TTOJSPUMETP U1 MEPEXI TEJIECKOITIB BOOTES.
ONTUYHUUN TA MEXAHIYHUUN JU3AVH

Posrnsnyro 306paxkysanbHuii monsipumetp EDIPO (Efficient & Dedicated wide-field Imaging Polarimeter), sikuit y kom0GiHa-
11ii 3 actpoHoMiuHuMU TesteckonaMu Mepexxi BOOTES (Burst Observer and Optical Transient Exploring System) npusHayeHuit
IUTISL IOCTIIKEHHS TTOJISIpU3alliiHMX OCOOIMBOCTEM 1IBUAKOIJIMHHUX MPOLIECIB MiCASCBITIHHS raMma-crnaiaxis (Gamma-ray
burst — GRB). KoHcTpykilis monsipumeTpa J03BOJISIE BCTAHOBIIOBATH OTO Ha TEJIECKOITN MepeXi 3 AiaMeTpoM TOJIOBHOTO
n3epkaia 1o 1.4 M. [ToasipuMeTp CIpOEKTOBAHO IS ITPOBEICHHS aHAIi3y TTapaMeTpiB MOJISIPU3allii TOBHICTIO Ta YaCTKOBO JTi-
HilfHO TTOJISIPM30BaHOTO BUTIPOMiHIOBAaHHS Y CIIeKTpaibHOMY Aiama3zoHi 450 —1000 HM. AHajizaTtop mojsipu3allii He MiCTUTh
PYXOMUX €JIEMEHTIB i I03BOJISIE MPOBOAUTHU BUMiploBaHHs napaMmeTpiB Ctokca /, Q, U BurnipoMiHioBaHHs y noui 3opy 30'x 30"
OJHOMOMEHTHO JUISI OIHI€T CITeKTPaJbHOI CMYTH pOoOOYOTro CIEKTPaIbHOTO Aiarna3oHy. ONTUYHY YacTUHY ToJsipuMeTpa 6e3
CcreKTpaibHUX (BibTPiB Ta aHai3aTOpa MOJISIpU3allii BATOTOBJIEHO, 3i0paHO Ta BUITPOOYBAHO Ha TEJIECKOTIi 3 1iaMeTPOM 3ep-
kana 1.23 M. Po3mIstHyTO MOKJIMBI TIXOMU IO TTOJISIPUMETPUYHOTO KaTiOpyBaHHST CUCTEMU TTOJISIPUMETP —TeJIECKOIL.

Karouoei caosa: nonsipusaitisi, CTOKC-IOJIPUMETP, TEIECKOIL.
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