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SOLUTIONS TO THE PROBLEMS OF THE THEORETICAL COMPETITION
Attention. Points in grading are not divided!
Problem 1 (10.0 points)
Problem 1.1 (3.0 points)
Since the bicone rolls along the slats without slipping, its translational speed v and angular speed of
rotation w are related through the rolling radius r by the relation
V= wr. (1)

The kinetic energy of the translational motion of the bicone is equal to
2

W, =", @

and the corresponding rotational energy is written as
I 2

W, =, 3)
where the moment of inertia of the bicone is introduced

I ==mR?. (4)

The change in potential energy of the bicone during its motion is

W, = —mgR (1 - %), (5)
and according to the law of conservation of energy the relation must be satisfied

Wy + W, = —W,. (6)

From the geometric relationships the relation between the rolling radius r and the coordinate x is
obtained in the following form

r=R (1 — %tany), (7
s0, putting together equations (1)-(7), we get
ftany
v(x) = |gD L — . (8)
1+3/10(1-tany)

In particular, for the value x, = 50.0 cm the calculations
vo = v(xy) = 42.2 cm/s. 9)
From the same expressions (1)-(7) the dependence of the square of the angular velocity of rotation on
the rolling radius is found as

s 2o m, (o), (10)
R I (1+m11")

which has a maximum value at r = 0, equal to

Omax = /% = 40.4 rad/s. (11)

It is interesting to note that the bicone in this position actually rotates in one place, that is, its translational
speed actually becomes zero in accordance with formula (1).

Content Points
Formula (1): v = wr 0.2
Formula (2): W, = mTUZ 0.2
Formula (3): W, =~ 0.2
Formula (4): I = f—OmR2 0.5
Formula (5): W, = —mgR (1 — %) 0.2
Formula (6): Wy + W, = —WW, 0.2
Formula (7):r = R (1 — %tan y) 0.5
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Formula (8): v(x) = (gD Ry 5 0.2
1+0,3/(1—%tan Y)

Formula (9): vy = 42.2 cm/s 0.2
2 (1-I

Formula (10): w? = 22. 2%, ( RZ 0.2

R I (1 +m11” )

Formula (11): wyex = % 0.2

Numerical value in formula (11): w4, = 40.4 rad/s 0.2

Total 3.0

Problem 1.2 (4.0 points)
1) The total internal energy of the system as a whole does not change during the process of temperature
equalization, since it does not do any external work and no heat is supplied to it, that is
U =U,. (1)
It follows that when the partition moves, the gas pressures in each part of the vessel, which are equal
to each other in this quasi-static process, do not change. Indeed, the initial internal energy of the system is
equal to

Up =7 Po2Vo, @)
where
C, ==R. 3)
The internal energy at an arbitrary moment of time is
U =PV, )
where P stands for the gas pressure in both parts of the vessel, which is obtained from equations (1)-(4)
P =P, (5)

that is, the processes occurring with gases are isobaric.
Let us write down the equation of state of an ideal gas for each part of the vessel at the initial moment
of time as
PyVy = v4RTy, (6)
PyVy = v,RT,, (7)
where v; and v, denote the number of moles of nitrogen in each half of the vessel, respectively.
In the final state, the gas is at a certain temperature T, and its equation of state has the form

P02VO = VRTo, (8)
where the total number of moles of nitrogen in the vessel is equal to
V=v +V,. )
From formulas (6)-(9) we determine the final temperature of the gas in the vessel
2Ty T,
) = 20T, (10)
T +T,

Since the process is isobaric, the amount of heat Q exchanged between the two parts of the vessel is

derived as
T2-T
T +T,

Q = Cpvy(Ty — Ty) = ZPoVy - 2 = 70.0 Jix, (1)

where
¢, =C/+R (12)
2) When the partition returns to its original position, the work of external forces is to be minimal if the
movement process is slow, quasi-equilibrium without disturbing the thermal equilibrium between both parts
of the vessel
T,=T,=T, (13)
that is, unlike the previous case, in both parts of the vessel the pressure is not the same, but the temperature
is, which, however, changes.
The initial volumes of each part of the vessel are determined by the Gay-Lussac law and are equal to
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Vo T,

Vo1 = _OTIO, (14)
Vo T,

VOZ = %. (15)

Let us denote the pressure in parts of the vessel as P; and P,, and the corresponding volumes as V; and
V,. In accordance with the equation of state, at an arbitrary moment of time the following relations must be
satisfied

PV, = wRT, (16)

P,V, = v,RT. (17)
In this process, the change in the internal energy of the gas in the system is equal to

dU = v(Cy,dT, (18)

and if the gas does work A4 on external bodies, then according to the first law of thermodynamics, under the
conditions of vessel thermal insulation as a whole, the supplied amount of heat becomes zero
6Q =dU + 6A =0. (19)
In a quasi-static process, the work of the gas as a whole consists of the work of the gases in each part
of the vessel

514 = Pldvl + PZdVZ' (20)
Writing (18)-(20) together and using equations (3), (6), (7), (9), (10), (14) and (15)-(17), we obtain
S dT + —dV, + —dV, = 0, 21)
To " LV,
whose integration gives the final temperature
To To
— To\sT1 (To\5T2 _
Ty = To (2)" (2)™ = 200 K. (22)

The work done by external forces on the partition to move it is opposite in sign to the work done by
the gas itself, therefore, from expressions (16) and (17) the work can easily be found in the form

A= —A =AU =vC,(T; — To) = 5PyVo L= = 4.041. (23)
0
2) Alternative solution. The process of returning the partition to its original position is adiabatic, i.e.

occurs without change in entropy

S = const. (24)

The total change in entropy of an ideal gas in both parts of the vessel is equal to:
AS=vlCVInT—f+v1R1n&+szV1nT—f+szln&=O, (25)

To Vo1 To Voz
from where, using (6), (7), (10), (14), (15) we obtain the final temperature of the system
To To
— To\5T1 (To\5T2 _

T, =T, (T) ( 2) =290 K. (26)

The work of the external force is spent on changing the internal energy of the gas:
Tr=To

A’ = AU = (Vl + Vz)Cv(Tf - To) = 5POV0 To = 4.04 J. (27)
Content Points

Formula (1): U = U, 0.1
Formula (2): U, = %VPOZVO 0.1
Formula (3): ¢, = SR 0.1
Formula (4): U = %VP(ZVO) 0.1
Formula (5): P = P, 0.4
Formula (6): PyV, = v{RT; 0.1
Formula (7): PyV, = v,RT, 0.1
Formula (8): Py2V, = vRT, 0.1
Formula (9):v =v; + v, 0.1
Formula (10): T, = 222 0.4

Ty +T,

7 T,—T.
Formula (11): @ = 2Pyl - Ti+T: 0.4
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Numerical value in formula (11): Q = 70.0J 0.1
Formula (12): C, = Cy + R 0.1
Formula (13): T =T, =T, 0.4
Formula (14): Vy; = @ 0.1
1
Formula (15): Vy, = @ 0.1
2
Formula (16): P;V; = v4RT 0.1
Formula (17): P,V, = v,R 0.1
Formula (18): dU = vCy,dT 0.1
Formula (19): 6Q =dU+6A =0 0.1
Formula (20): 64 = P,dV; + P,dV, 0.1
Formula (21): SdT + LdVl + - dV, =0 0.1
To T, Vy T,V,
sTT0 T STTO 0.2
1 0 2
Formula (22): Ty =Ty, ( ) (Tz)
Formula (23): A" = vCy (T; — To) = 5PV L 0.2
0
Numerical value in formula (23): A’ = 4.04 ] 0.2
Alternative solution to 2)
Formula (13): T =T, =T, 0.4
YoTo 0.1
Formula (14): Vy; = p .
1
Formula (15): Vy, = @ 0.1
2
Formula (24): S = const. 0.2
Formula (25): AS = v, Cy, ln + V4R ln— +v,Cy ln + V2R ln o =0 0.4
T° 7\ 0.2
5T 0\5T>
Formula (26): T = T, ( ) ! (Tz)
Formula (27): A" = vCy (T; — To) = 5PV L 0.2
0
Numerical value in formula (27): A’ = 4.04 ] 0.2
Total 4.0

Problems 1.3 (3.0 points)

The power of the battery is spent on mechanical work of lifting the load, as well as on the power of
thermal losses on the internal resistance of the battery r and on the ohmic resistance R of the motor winding.
If the torque required to uniformly lift a load of mass m; = m is equal to M and the shaft rotates at an angular
speed w,; = ¢@/t;, where @ is the angle of rotation of the shaft when lifting the load to the height h, then
according to the law of conservation of energy:

Ul = Mw, +1*(r + R), (1)
where U is the emf of the battery, I designates the current strength that creates the torque necessary to lift a
load of mass m.
Taking into account the proportionality of torque to current strength

M = al, )
with a being the proportionality coefficient, equation (1) is rewritten in the form
U=aw,;+I(r+R). (3)

Obviously, to uniformly lift a load of mass m, = 2m, twice the torque and, accordingly, twice the
current are required. If the shaft rotation speed is equal to w, = tg, where t, = t; + At is the time of lifting
2

the load m,, then the corresponding equation has the form:
U=oaw, + 2I(r +R). 4)
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For uniform lifting of a load with a mass of m,, = nm, the required current is equal to I,, = nl. If this
load is lifted in time t,, at a speed of w,, = tﬂ, then the corresponding equation looks like this:

U=aw, +nl(r +R). &)
From equations (3)-(5) w, is easily expressed through w, w,:
Wy = (M= Dw, — (0 — 2wy, (6)
whence the time for lifting a load of mass m,, is equal to
t, = tita — titz ' (7)
(n-1t1—-(n—-2)t, t,—(n—-1)At
From the condition
t, >0, (8)
we find thatn < % + 1, which means that the number of loads n should not exceed
Nmax = |2 + 1] = [122%] = [106...] = 10. (9)
The lifting time of n = n,,,,, loads is equal to
t1t t1(t1+At
max = ¢ oA = tl—(lrfmlax—z))m =101-10°s. (10)
Content Points
Formula (1): Ul = Mw; + I*’(r + R) 0.3
Formula (2): M = al 0.1
Formula (3): U = aw; + I(r + R) 0.2
Formula (4): U = aw, + 2I(r + R) 0.2
Formula (5): U = aw, + nl(r + R) 0.2
Formula (6): w, = (n— Dw, —(n —2)w; 0.2
Formula (7): t,, = fute = hb 0.2
(n-1Dt;—(n—-2)t, t,—(n—-1At
Formula (8): ¢, > 0 0.4
Formula (9): gy = [% + 1] = [tlzm] 0.4
Numerical value in formula (9): n,,,, = 10 0,2
Formula (10): t,,,qx = tz_(n::i_l) vl tl_t(ln(rila:A_tz)) At 0,4
Numerical value in formula (10): t,,,, = 1.01-103 s 0,2
Total 3.0

Problem 2. Lagrange points (10.0 points)
Two body problem
2.1 The radii of the bodies' orbits are equal to the distances from the bodies to the center of mass and are
determined from the equations

Rl + RZ = Ro, (1)
mlRl = msz, (2)
and we find the required radii of trajectories
—_M2
Ry =~ R,, 3)
—_™M
R, = =R, )

2.2 To calculate the angular velocity w, of bodies rotation, we write the equation of Newton’s second law for

one of the bodies, for example for the first, in the form

mla)(z)Rl = G m;%nz, (5)

which, taking into account equation (3), gives

wo = [cmatme (6)
0

Lagrange points in a three-body system
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2.3 The expression for the projection of the force acting on a small body m, follows from Newton’s law of
universal gravitation, which, taking into account the direction of the forces, yields

F,=—G6G2" (X+R)— G2 (X —R,). (7)

|X+Rq |3 IX—Rz|3
Taking into account the dimensionless relations given in the problem formulation, we obtain an
expression for the projection of force in relative units

f;c |x+u|3( M)_lx 1+#|3( _1+ﬂ) (8)
The equation of Newton's second law for a small body is
—mowiX = F,, 9)

having nondimensionalized it by the given values, we obtain the required equation for determining the
coordinate x

1_
—x =St s (- 1+, (10)

2.4 To construct a graph of function (8), it is enough to construct graphs of functions describing attraction to
the body m; (two branches with an asymptote at x = —0.2 — graph 1 in the figure) and attraction to the body
m, (two branches with an asymptote at x = 0.8 — graph 2 in the figure) and sum them up (graph 3 in the
figure). This graph has three branches.

e

[

3
(-]

1\ A /SN
= stom El e > L?«\

l =l L/

| s e e
r-4 / (/ "y
(4] 77 pa
/V N

i

16 14 12 -1 -0,8 06 -04 -02 0 02 04 06 08 1 1,2 14 1,6

[
AN—
&
\

N W AR T D

\
,‘s

X
]
|

REa
r—-\/f
i

7
&
W
—

& & A b L

2.5 On the constructed graph we draw a straight line described by the equation f, = —x. The coordinates of
the points of intersection of this line with the graph of the dependence f,(x) are the real roots of equation
(10), i.e. are the coordinates of Lagrange points lying on the X axis. As follows from the construction, there
are exactly 3 such points.
2.6 Equation (10) is a fifth degree equation and therefore cannot be solved analytically. However, the problem
formulation requires calculating numerical values with a low error. To do this, it is enough to calculate the
numerical values of the force acting on a small body with a step of change in x equal to 0.1, and determine
the interval in which the corresponding root is located.

Let us calculate the value of the coordinate of the Lagrange point L4, located between the bodies m,
and m,. For this point, equation (10) can be rewritten as

_1-p
Cw? (1-pmx)? (11)

The table below shows the values of the left and right hand sides of equation (11) at © = 0.20
0,2 0,3 0,4 0,5 0,6
f(x) 444| 240| 097 -0,59] -3,75
It follows from the table that the root of the equation lies in the range from 0.4 to 0.5, i.e.

x; = 0.45. (12)
For the coordinate of the point L, lying behind the body m,,, we have the equation
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x=—H 4 _# (13)

T Hw? (-4
and in the following table the values of the left and right hand sides of this equation are calculated
X 1 1,1 1,2 1,3 1,4
f(x) 556 2,70 1,66| 1,16 0,87
From the data in this table it follows that the root of this equation lies in the range between 1.2 and 1.3,

Le.
x, = 1.25. (14)
Finally, for point L3 lying behind body m; we have the equation (here the direction of the axis is
changed)

1-p I
= -py? + (1-u+x)?’ (15)

and the following table shows the results of similar calculations

X 0,8 0,9 1 1,1 1,2
f(x) 2,30 1,70 1,31 1,04 | 0,85
from which it follows that the root of equation (15) lies in the range from 1.0 to 1.1, and, therefore, the
coordinate of the Lagrange point L is found as

x3 = 1.05. (16)

2.7 To prove that the vertex of an equilateral triangle is the Lagrange point
L4, we write the expression for the total force acting on a body of small mass
m, in a vector form:

F=c¢Tluy 4 g2y (17)

R3 RS
The expression on the right hand side of formula (17) is expressed
through the radius vector of the center of mass
myT +myr; = (my + my)7e, (18)
then the equation of Newton’s second law for this body in projection onto the (o
direction of the vector 7 has the form:

Mow?re = G’;—g(ml + my)re. (19)

From this equation it follows that the angular velocity of the body m, is equal to
= /G—’”ﬂ”z = w,, (20)
0
which coincides with the angular velocity of rotation of massive bodies (6), therefore the position of the body
m, remains unchanged relative to the massive bodies. Therefore, the vertex of an equilateral triangle is indeed
a Lagrange point.
Lagrange points in the Solar System

2.8 In order for the SOHO spacecraft to remain unchanged relative to the Earth and the Sun, it must be at the
Lagrange point L,. In order to determine its position, it is necessary to solve equation (11). First we calculate
the value of the parameter u for the Sun-Earth system:

pu=—2_=300-107°. (21)

My +M,
This value is significantly less than 1, so the distance [ from the spacecraft to the Earth is significantly

less than the radius of the Earth's orbit. In the used system of units we denote z = RL =1 — u — x, then from
0
equation (11) we obtain
l-p—z=—"H & (22)

(1-2)2 22

Since z, u < 1, we can use the expansion

1

(1-2)?

simplified and its solution is obtained as z = (/3)/3, that is, the required distance is equal to
3| M,

le =Ry’ |22 = 1,50 106 km. (23)

3M,

~ 1 + 2z and in this case equation (22) is significantly

2.9 Obviously, the James Webb telescope is located at the Lagrange point L,, therefore, to determine its
position, it is necessary to solve equation (13) using a method similar to the method in 2.8:
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l+z=—-+4 (24)

(1+2)2 * z?
i.e. the space telescope is located at the same distance from the Earth (only on the other side):

Ly = R03/ "If; = 1.50 - 10° km. (25)

2.10 If an asteroid accidentally ends up at the Lagrange point L,, or the point L5 symmetrical to it for the
Jupiter-Sun system, then its position relative to Jupiter and the Sun remains unchanged for a long time.
Asteroids located at other points constantly change their position relative to Jupiter and the Sun. Consequently,
the centers of groups of Trojan asteroids are located at the lateral Lagrange points. Therefore, the distance
from Jupiter to these points is equal to the distance from Jupiter to the Sun. The mass of Jupiter is significantly
less than the mass of the Sun, so the distance between them is almost equal to the radius of Jupiter's orbit,
which can be found using Kepler's third law

2/3
I, =R, (;—’) = 7.82- 108 km, (26)
0
where Ty = 1.00 year stands for the period of rotation of the Earth around the Sun.

Content Points
Formula (1): R + R, = R, 0.1
Formula (2): m;R; = myR, 0.1
2.1 . _ _m2 0.4
Formula (3): R, = — R, 0.1
. — M
Formula (4): R, = ——— R, 0.1
Formula (5): m;w3R, = G m;%nz 0.1
2.2 0.2
Formula (6): wy = |G % 0.1
0
— o Mmemy _ Mmoem, _ .
Formula (7): F, = -G —>-% |X+R 5 X+R)-G TENE (X —R,) 0.5
. _ _ 0.5
23 Formula (8): f, = |x+#|3 (x+w . 1+#|3 (x—=14+p 20
Formula (9): —mgwiX = F, 0.5
1
Formula (10): —x = — |x+;|3 (x+p)— PETE (x—1+pw 0.5
)4 Positions of vertical asymptotes on the graph 0.2 0.8
) 3 branches of the graph 3x0.2=0,6 )
2.5 | Straight line f, = —x on the graph 0.2 0.3
Three intersection points are indicated, corresponding to 3 Lagrange points 0.1
For each point: 3x(0.1+0.2)
2.6 | - position is pointed; =0.9 0.9
- numerical value is obtained.
Formula (17): F = G m°’3”1 T+ G 0.2
0
Formula (18): myry + m,r, = (g + my)7c 0.2
2.7 | Formula (19): mow?re = G =2 (my + my)re 0.3 1.0
0
Formula (20): w = |G % = W 0.3
0
Numerical value in equation (21): u = 3.00- 107 0.2
. 1_
’s Exact equation (22): 1 —pu—z = (1_2‘;2 - :—2 0.2 y
. Formula (23): I = Rf’ﬁ 0.7 .
3M,
Numerical value in formula (23): [g = 1.50 - 10° km. 0.5
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. —_1 * 0.2
Formula (24): 1+ z = RS 3
0.7
2.9 | Formula 25): Ly, = RO3 M 1.4
3M,
Numerical value in formula (25): [, = 1.50 - 10° km. 0.5
Formula (26): [, = R (T—’)Z/3 10
2.10 | Formula 20):; = Ro (7 1.4
Numerical value in formula (26): [; = 7.82 - 10® km 0.4
Total 10.0
Problem 3. Geometric optics and photodetector (10.0 points)
3.1 According to the law of light reflection, the following relation holds
o=p. (1)
3.2 According to Snell's law of refraction of light, the following relation also holds
sina = nsinf. (2)
3.3 At small angles, the sines can be replaced by the arguments themselves, which leads to the expression
a=np. 3)
3.4 Since the lamp radiates uniformly in all directions, the required radiation power is
Wy =W (4)
Thus, the radiation power of the lamp in a certain direction is determined by the corresponding angle.
Thin plate
3.5 To solve the problem, let's draw the figure shown below.
screen
L »
v
o 10C) A
a
lamp a/2
plate U
Here the following notation is used for angles, which, if they are small, are found from the relations:
a
0(x) =7 (6)

In accordance with 3.4, the radiation power catched by the detector is proportional to the angle,
therefore the formula for calculating the milliammeter readings has the form

M) = I (FREEEED ) —S<x < (7)
and it is obvious that

Al(x)=0 at x < —g, (8)
and

Al(x) = I,(t — 1) at x>2 9)

The graph of the corresponding function is presented in the figure below, while the coordinates of two
characteristic points of the graph are found as
Al = 0.00 mA at x = —2.50 cm, (10)
Al = =5.00 mA at x = 2.50 cm. (11)
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0,
-1r
< ol
£ -2
£3

3 -3
4L

=5t l l l ‘ !

-4 -2 0 2 4

X,cm
Thick plate

3.6 The appearance of point x; on the graph is due to the fact that light begins to be additionally reflected

from the horizontal part of the plate, while the path of the beam from the lamp to the edge of the slit is shown
in the figure below.

screen

plate
Since the angles are equal during reflection, we can easily find the desired value as
a L-d
Xy == (12)

3.7 The first maximum is reached when all the light reflected by the horizontal surface of the plate enters the

slit and then into the detector. The path of the rays is shown in the figure below, and the corresponding
coordinate value is obviously equal to
a

X, =—2. (13)

screen

A4

plate

3.8 The value of Al,,,,,, at point x, is found from the relation
6
Alpax = Iy (% - 1)7 (14)

where the angle « is still determined by expression (5), and the angle 6 is derived as
a

6 = 2ady (15)
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wherefrom we finally get
I, d

Alpax = P (L-dy (16)
3.9 The coordinate x5 is determined from the condition that the ray refracted in the plate first hits the lower
edge of the slit; the path of the rays is shown in the figure below.
screen

|‘ L

plate

From the figure it follows that the angles are equal
o=— a7)

L-a)
y=2-, (18)
and according to the law of refraction

6 = ny. (19)

Then from expressions (17)-(19), we finally obtain

a (L-4d)

X3 =~ E(L—d(1—%))'
3.10 The graph section from coordinate x5 to zero is due to the fact that the light partially passes directly
through the slit, and partially enters through the plate, being refracted and reflected in it. The path of the rays
is shown in the figure below.

(20)

screen

d
plate
The angle a is still determined by expression (5), and the corresponding angles in the figure are equal
to
X
- @
X3 a
= — = 22
(s s A (@)
then the value AI(x) takes the form
Al(x) = I, (%f”’) - 1), (23)
wherefrom we get the slope coefficient
dAI(x) _ _ (1-7)L (24)

dx 0 qL-ay
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3.11 Based on the graph given in the problem formulation, we have x; = —2.50 cm, x, = —2.00 cm, x3 =
—1.75 cm, AL, = 10.0 mA and dAI(x)/dx = —1.20 mA/cm, we obtain the following values of the
required parameters

a =4.0cm, (25)
n =14, (26)
7 = 0.96, (27)
Iy = 100 mA, (28)
L/d = 6.0. (29)

3.12 To construct a complete graph, we have to establish all its characteristic points, shown in the figure below
as Xq, Xy, X3, X4, X5, Xg-
screen

d

< »
»

plate |

The coordinates of the points x4, x,, x3 have been determined above; it is necessary to establish the
coordinates of other characteristic points. To do this, we describe the appearance of various branches of the
graph, gradually moving the plate from negative to positive values.

Coordinates of the graph branch Physical processes
from —oo to x; Full direct hit into the slit.
from x4 to x, Full direct hit into the slit; reflection from the horizontal section of
the plate.
from x, to x3 Partial direct hit into the slit; reflection from the horizontal section
of the plate.
from x5 to x, Partial direct hit into the slit; reflection from the horizontal section

of the plate (directly from above and from below passing through
the plate); passing through a plate with refraction.

from x, to x5 Full direct hit into the slit, passing through the plate; reflection from
below from a horizontal section passing through the plate.
from x5 to x4 Full direct hit into the slit, passing through the plate; partial
reflection from below from a horizontal section passing through the
plate.
from x4 to +o0 Full direct hit into the slit, passing through the plate.

Let us find the coordinates of the corresponding characteristic points. The x, coordinate is easily found

and is equal to
al-d

X4 = ET =1.7 cm, (30)
and the readings of the milliammeter are determined by the expression
_ (a+B) -
Al, = 10( 9 1) = —1.9 mA. 31)
The coordinate x5 is obtained as
xs =2=2.0cwm, (32)

- =
and the readings of the milliammeter are determined by the expression
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t(a+——r
Als = I, (% — 1) = 7.7 mA. (33)
The angles indicated in the figure are equal
— X6
6= il (34)
p=" (35)
and are related by the equation
6 = ng. (36)
Thus, the coordinate of point x4 is found to be
a (L-4d)
=————— =24 cm, 37
X6 =3 (L—d(1+%)) cm (37
whereas the readings of the milliammeter are determined by the expression
Al = I, (%f) - 1) = 0.24 mA. (38)
The full relationship graph is shown in the figure below.
10F
8F
< O
E
= 4l
Lt
0
-2 \l
-3 -2 -1 0 1 2
X,cm
Conep:xanue Baanbl
3.1 |Formula(l):a=p 0.2 0.2
3.2 | Formula (2): sina = nsinf 0.2 0.2
3.3 | Formula (3): ¢ =npf 0.2 0.2
3.4 | Formula (4): W, = W% 0.4 0.4
Formula (5): a = % 0.2
Formula (6): 8(x) = % 0.2
. _ a—-0(x)+t(a+6(x)) _ _a a
Formula (7): AI(x) = I, ( - 1) at—S<x <3 0.4
3.5 | Formula (8): AI(x) =0 atx < —% 0.4 3.5
Formula (9): AI(x) = I,(t — 1) atx > % 0.4
Graph: 0.5 for each correct line in numerical values 1.5
Formula (10): A = 0.00 mA atx = —2.50 cm 0.2
Formula (11): Al = =5.0 mA atx = 2.50 cm 0.2
3.6 | Formula (12):x, = — 222 0.2 0.2
2 L-2d
3.7 | Formula (13): x, = —g 0.1 0.1
6
Formula (14): Al = I, (% - 1) 0.1
a
3.8 | Formula (15): 6 = 2-d) 0.1 0.4
. _lo_ad 0.2
Formula (16): Al 4y = 2 -
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g = __*3
Formula (17): 6 = -0 0.2
2 2
4o | Formula(18):y = 2 0 o
Formula (19): 8 = ny 0.2
i . a (L—-4d)
Formula (20): x3 = — Em 0.2
. _ X
Formula (21): 8 = = 0.2
f= - = 4 0.2
Formula (22): T 2(L—d(1—1))
3.10 a—9+‘t([3+9)n 0.8
Formula (23): AI(x) = I, (T - 1) 0.2
JdAI(x) _ , (1-T)L 0.2
Formula (24): = o
Numerical value in formula (25): a = 4.0 cm 0.2
Numerical value in formula (26): n = 1.4 0.2
3.11 | Numerical value in formula (27): T = 0.96 0.2 1.0
Numerical value in formula (28): [, = 100 mA 0.2
Numerical value in formula (29): L/d = 6.0 0.2
Numerical value in formula (30): x, = 1.7 cm 0.2
Numerical value in formula (31): Al, = —=1.9 mA 0.2
Numerical value in formula (32): xs = 2.0 cm 0.2
Numerical value in formula (33): Al; = 7.7 mA 0.2
Formula (34): § = L"_—Gd 0.2
3.12 XG_E 02 2.2
Formula (35): ¢ = — 2 '
Formula (36): 6 = ng 0.2
Numerical value in formula (37): xo = 2.4 cm 0.2
Numerical value in formula (38): Al = 0.24 mA 0.2
Correct 4 straight lines on the graph from 0.00 to 3.00 cm 4x0.1
Total 10.0
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TEOPUAIIBIK CAHBICT bIH ECEINITEPIHIH LHIELIIIMI
Ha3zap aynapeinbi3: 0arajay ynaijiapbl 0esmieKkrenoemi!
Ecen 1 (10.0 ymaii)
Ecen 1.1 (3.0 ymaii)
bukonyc peiikameH chIpraHaMmail JOMAaTalThIH OONFaHIBIKTAaH OHBIH 1IrepiieMeNi KbIIIaMIbIFbl U
’KOHE alfHATYBIHBIH OYPBIIITHIK KbUIAAMIBIFBI () JIOMaJIay PaJnyChl ' apKbLUIBI MbIHA OPHEKIICH OailjlaHbICKAH
V= wr. (D)

BUKOHYCTBIH inrepieMeni KO3FalbIChIHBIH KHHETUKAIIBIK SHEPTHSCHI
2

mv
W =", 2)
Caiikec aifHaIMalbl KO3FAJILICBIHBIH SHEPTUSCHI
Tw?
W, ==, (3)
r/ie BBEICH MOMEHT WHEPIIMU OMKOHYCa
3
I = —mR?. 4)
10
BuKOHYCTBIH KO3FaJbIC KE€31H/IET1 TOTEHIIMAABIK SHEPTUSCBIHBIH 63repyl
T
W, = —mgR (1 - E)’ (5)
aJl SHEPTUSHBIH CaKTaTy 3aHbl OOMBIHIIIA MBIHA KATHIHAC KAHAFATTAHIBIPBLITYBI KEPEK
Wy + W, = —W,. (6

['eoMeTpHsIIBIK KaThIHACTAPJAAH 7 PAJAWyChl MEH X KOOpIMHATAchl apachlHIa MbIHaAall OaiiaHbIC
LIBIFA/IbI

X
r =R(1—Etany), (7)
Opnan opi (1)-(7) TenaeynepaeH MBIHAHBI aTaMbI3

X
ptany

v(x) = |gD (3

1+3/10(1—%tany)2'
Haxrsusl sxarnaiina xo = 50.0 cM yiiH ecenTeysiep MbIHaHbI Oepei
vy = v(xy) = 42.2 c™/c. 9)
Ocor (1)-(7) TtenmeynepieH OyYpBILTHIK >KbUITAMIBIKTBIH KBaJpPATHIHBIH alHAy paJnyChIHaH
TOYeNIUTIr
2 _ 29 mR? (1_%)
W == —— (10)
R 1 (1 L )
1

On r = 0 Oosraga MeIHAAAH MaKCUMaJbAl MOH KaObLUIAA b

Omax = /% = 40.4 pag/c. (11)

byn xarnaiina Gukonyc Oip opHBIHIA aifHANa kI, SFHA (1) OpHEKKE COMKeC OHBIH UIrepiieMei K bUTIaMIbIFbI
HeJITe TeH 001abl

Ma3MyHBI Ymnaiibl
@opmyna (1): v = wr 0.2
2
®opwmyna (2): W, = % 0.2
2
®opmyna (3): W, = - 0.2
®opmyna (4): 1 = f—OmR2 0.5
®opmyna (5): W, = —mgR (1 — %) 0.2
®opmyna (6): Wy, + W, = —W, 0.2
®opmyna (7):r = R (1 — %tan y) 0.5
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ftany
®opmyna (8): v(x) = gD b — 5 0.2
1+0,3/(1—Htan Y)
Dopmyna (9): vy = 42.2 cM/c 0.2
2 1——
®opmyna (10): w? = 2. 2%, (—RZ 0.2
R I (1 +m11” )
@opmyna (11): wypgy = % 0.2
(11) dpopmynachIHBIH CaH MOHI: W4, = 40.4 pan/c 0.2
BapJbirsl 3.0

Ecen 1.2 (4.0 ynaii)
1) XKyiieHiH TOJBIK iIIKI SHEPTUACHI TEMIlepaTypa TE€Hecy Ke3iHae esrepMeiial, ce0edi ol KYMBIC
icTeMeiiIl JKoHe OFaH XXbUTy OeplimMeiiai
U =U,. (1)
OcpiMeH OallTaHBICThI KAJIKAHIIA KO3FAJIFaH Ke3/1e OHBIH €Ki KaFbIHAAFbl Ta3/Iap IbIH KbICHIMBI J1a Oip
6ipine TeH Ooblir, e3repmeiiai. JKyleHiH 6acTanKspl ilIKi JHEPTUsACHl MbIHAFaH T€H

Uo = <L Py2V,, )
MYH/IaFbI
C, ==R. 3)
Ke3 kenreH yakpIT Me3eTiHAET1 11IKi SHEPrus
U =Py, )
MyHnarsl P — BIABICTBIH €Ki O6MiTiHIer] ra3ablH KbICBIMBI 011 (1)-(4) TeHaeynepiHeH aHbIKTala bl
P =P, (5)

SIFHU razga eTeTiH Npolecc n300apanbIK OO TaObLIab.
VYakbITTBIH 0acTanmKbl ME3ETiH/AE BIABICTBIH opOip 06iri YIIiH uaean ra3asiH Kyl TeHIeyi
PyVy = v{RTy, (6)
PyVy = v4RT,, (7)
MYH/JIaFbl V; XKOHE V, — BIIBICTBIH op0ip >KapThICHIHAAFBI @30TTHIH MOJIb CaHBI.
CoHFBI Me3eTTer1 ra3blH TeMiepatypacol Ty , al Ky TeHaeyl MbIHagai 6oa bl

Py2Vy = VRT,, (8)
MYyYHIaFbl BIIBICTAFBI A30TTHIH TOJBIK MOJIBIEP CAHBI
V=v +V,. )
I"a3npiH coHFBI TEMIIEpaTypachiH (6)-(9) epHEKTEepiHEH aHbIKTaMBbI3
2Ty T,
0o— m (10)
Ypaic n3o0apanblk OONFaHIBIKTaH ra3iap aaMacatbiH Q KbUTY Meiepi
Q = Cpvi(Ty = Ty) = 2PV ;;2 = 70.0 JIx, (11)
MYH/IaF bl
¢, =C/+R (12)

2) KankaHianel OacTankbl OpHBIHA KENTIPreHae Kyl )KYMBICBI MUHUMANb/Ii 00aIbl, erep KaJlKaHIa
0asty BIFBICCA )KBUTYJIBIK TETe TEHIIK Oy3blIMaii b1
T{=T,=T, (13)
SIFHU MYHBIH aJIIbIHIaFbI )KaFJaliIaH e3TelIeNiri coll, Oy Ke3/1e KbIMBIM eMec, TeMIieparypa Oipeit 0onaisl,
Oipak oJ1 e3repe/i.
Exi GenikTiH anramkel kenemaepi [ eii-Jlroccak TeHIEyiHEH MBIHA TYPJI€ aHBIKTAIAIbI

Vo, = 22, (14)
Vy, = 200 (15)
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blneic GemikTepinaeri KeichiMuapasl P; sxone P,, anm kememaepni V; sxone V, nmen Oenrinewik.
O0o3HaunM JaBlIeHHWE B YacTsAX cocyna kak P; u P,, a coorBercTBytomue oobembl — V; u V,. OHna mMbiHa
KaThIHACTap OPBIHA 00Ja bl

PV, = wRT, (16)

P,V, = v,RT. (17)
By ypaicreri ra3apiy ilIki 3HEPTrUsCHIHBIH ©3repyi

dU = v(C,dT, (18)

M €CIM Ta3 COBEpINaeT HaJl BHEIITHUMHU TelaMmu paboTy A, TO MO mepBOMYy Hadaly TEPMOJWHAMUKHA B
YCIIOBUSX TETIOU3OJISIIUH COCY/Ia B I[EJIOM MOJBOIUMOE KOJTUYECTBO TETUIOTHI 00paIaeTcs B HY b
6Q=dU+6A=0. (19)
B xBazuctarmueckom mpoiiecce paboTa rasa B IEIOM CKJIQIbIBAETCS U3 padOT ra3zoB B KaXKIOW W3
yacTen cocyna
6A = P,dV; + P,dV,. (20)
3anuceiBas (18)-(20) coBmecTHO U ucnonb3ys ypaBHenus (3), (6), (7), (9), (10), (14) u (15)-(17),
MOJIy4yaeM

5 T T
EdT +T1V1 dVl +de2 -_ O, (21)
MHTErPUPOBAHUE KOTOPOTO JIAeT OTBET
To To
_ o (To)oTs (To\sTs _
T, =T, (n) (TZ) 290 K. (22)

PalGora, coBepiiaemasi BHEITHUMH CHIJIAMH HAJT IEPETOPOAKOMN JITsI €€ TIepeMelIeHUs TPOTUBOTIOIO0KHA
0 3HaKy paboTe, COBEPIIAeMOI caMUM Ta30M, TOTOMY U3 BeIpaxkerwuit (16) u (17) paboTa 1erko HaXoAUTCS
B BUJIE
TF—To
A= —A =AU =vCy(Tf — Ty) = 5PV, fTO = 4.04 Jx. (23)
2) AnprepHaTHBHO pemeHue. IIporecc Bo3BpalleHMs NMEPETOPOAKH B HCXOJHOE IOJOXKEHHE —
aanabaTHYECKUid, T.€. MPOUCXOTUT 0€3 U3MEHEHUS SHTPOTTUHI

S = const. (24)
[TonmHOE W3MEHEHHE SHTPOIUHU UICaTHHOIO Ta3a B 00CHX YacTAX COCy/ia PaBHO:
AS=vlCVInT—f+v1R1n&+szV1nT—f+szln&=O, (25)
To Vo1 To Voz
OTKyJa, ucnonb3ys (6), (7), (10), (14), (15) noayyaeM KOHEUHYIO TEMIIEPATYPY CUCTEMBI
To 0
_ To\5T1 (To\5T2 _
T, =T, (T) (TZ) = 290 K. (26)
PaGora BHemHE# cUTbl pacxolyeTcs Ha U3MEHEHUE BHYTPEHHEH SHepruu rasa:
A" = AU = (v; +v5)Cy(T; — To) = 5PV, TfT‘OT° = 4.04 Jix. 27)
Conep:xanue Bananbl
®opwmyna (1): U = U, 0.1
®opwmyna (2): Uy = %VPOZVO 0.1
®opmyna (3): Cy = SR 0.1
Dopmyna (4): U = %VP(ZVO) 0.1
®opmyna (5): P = P, 0.4
(DOpMyJIa (6): POVO = leTl 0.1
(DOpMyJIa (7): POVO = VZRTZ 0.1
®opmyna (8): Py2V, = vRT, 0.1
Qopmyna (9):v = vy + Vv, 0.1
o= 2Ll 0.4
®opmyna (10): Ty = AT,
0="1 LTh 0.4

®opmyna (11): Q = 5 PyV, AT
Yucnennoe 3HaueHue B popmyie (11): Q@ = 70.0 JIx 0.1




XX MexayHapoaHaa XXaytbikoBckaa Onumnuaga/TeopeTnyeckun Typ c. 4/15

®opmyna (12): €, = Cy + R 0.1
Qopmyna (13): T =T, =T, 0.4
®opmyna (14): Voy = 22 0.1
1
®opmyna (15): Vo, = @ 0.1
2
®opwmyna (16): PV, = v4RT 0.1
®opwmyna (17): P,V, = v,R 0.1
®opmyna (18): dU = vCy,dT 0.1
@opmyna (19): 6Q =dU+ A =0 0.1
(DOpMyJIa (20): 514 = Pldvl + PZdVZ 0.1
5 T T
(DopMyJIa (21)EdT +ﬁdV1 +de2 =0 0.1
R 0.2
5T1 (10 \5T2
®opmyna (22): Ty = T, ( ) (TZ)
®opmyna (23): A’ = vCy (Ty — Ty) = 5PyVy L2 0.2
To
Yucnennoe 3HaueHue B popmyne (23): A" = 4.04 Ix 0.2
AnpTEpHAaTUBHOE pelIeHHE 2)
Qopmyna (13): T =T, =T, 0.4
®opmyna (14): Voy = 22 0.1
1
®opmyna (15): Vo, = @ 0.1
2
Dopmyna (24): S = const. 0.2
®opmyna (25): AS = v, Cy ln + ;R ln— +v,Cy ln + V2R ln =0 0.4
Vo2
L. 02
5T1 (10 \5T2
®opmyna (26): Ty = T, ( ) (TZ)
®opmyna (27): A’ = vCy (Ty — Ty) = 5PyVy L2 0.2
To
Yucnennoe 3HaueHue B popmyne (27): A" = 4.04 Ix 0.2
HTroro 4.0

3agaua 1.3 (3.0 0au1a)

MOIIIHOCTh aKKyMYJISITOPHOM OaTapen pacxoayercs Ha MEXaHM4YecKylo paboTy Mo moabéMy rpysa, a
TaKKe Ha MOIIHOCTh TEIUIOBBIX MOTEph HA BHYTPEHHEM COIPOTHBIIEHUM OaTaper M Ha OMHUYECKOM
CONPOTHBIEHUH R 0OMOTKM nBurarens. Eciam KpyTsSmuid MOMEHT, HEOOXOAMMBIH IJIi paBHOMEPHOTO
nobEMa rpy3a Maccel my = m paBeH M W Baj P 3TOM BpAIAeTCs C YIIOBOM CKOPOCThIO W, = @ /ty, T1Ie
( — YroJ IoBOpoOTa BaJia MpH MoAbEME I'py3a Ha BBICOTY h, TO IO 3aKOHY COXPaHEHHS SHEPTHU:

Ul = Mw, +1*(r + R), (1)

rae U — DJIC akkymymsitopa, | — cuja TOKa, CO3JAIOMIEro HEOOXOIUMBINA sl TOabEMA Tpy3a MacChl m
KpyTALIUNA MOMEHT.

C yuéroM nponopuroHaNbHOCTH KPYTSAIIEr0O MOMEHTA CUJIE TOKA

M = al, 2)
rae a — ko3¢ UIMEHT MPONOPLUOHATBHOCTH, YpaBHeHuE (1) mepenumeTcs B BUe
U=oaw, +I(r +R). 3)

OueBUIHO, YTO Ui paBHOMEPHOrO NMOabEMA Irpy3a Maccoil m, = 2m notpedyercst BIBOE OOJbIIHIA
KPYTSAIINA MOMEHT U, COOTBETCTBEHHO, BABOE OOJIBIINI TOK. ECIIN Ipr 3TOM CKOPOCTH BpallleHHs Bajia paBHa

Wy = % ,rne t, = t; + At — BpeMst moabpEma rpysa m,, TO COOTBETCTBYIOILIEE YPAaBHEHUE UMEET BUI:
U=oaw,+ 2I(r +R). 4)
Jlnist paBHOMEPHOTO MOoABEMA TPy3a Maccoi m,, = nm HeoOXOIUMBIN TOK paBeH [, = nl. Eciu sToT

rpy3 MOJHUMAETCS 3a BpeMsi t,, CO CKOPOCTBIO W, = tﬂ, TO COOTBETCTBYIOILIEE YPAaBHEHHUE BHITJIAIUT TaK:
n
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U=aw, +nl(r +R). &)
N3 ypaBuenwii (3)-(5) w,, 1erko BeIpaXaeTcs 4epe3 w1, Wy:
wp,=Mm—Dw, —(n—2)w,q, (6)
OTKYJla BpeMs II0AbEMA I'py3a Maccor m,, paBHO
t _ tl tZ _ tltZ (7)
T (m-1)t;-(n-2)t,  t;—(n—1)At
U3 ycnoBus
ty >0, 8)
HaXOOHUM, 4To N < % + 1, a 3TO 03HAYAET, YTO KOJIMYECTBO IPYy30B N HE JOJDKHO IIPEBBIIIATH
t t1+2At
Mmax = |2 + 1] = [122%] = [106...] = 10. 9)
Bpems nogséma n = 1,4, TPy30B COCTABIISAET
tmax = fuf = L1ty +A0) =1.01- 103 C. (10)

t2—(Mmax—1)At t1—(Mmax—2)At

Conep:xanue Bananbl
®opmyina (1): Ul = Mw, + I*(r + R) 0.3
Qopmyna (2): M = al 0.1
@opmyna (3): U = aw; +I(r + R) 0.2
@opmyna (4): U = aw, + 2I(r + R) 0.2
@opmyna (5): U = aw, + nl(r + R) 0.2
@opmyna (6): w, = (n—Dw, —(n—2)w, 0.2
tit tit
(DOPMyHa (7) tn - (n—l)tll—én—Z)tz - tz—(Tll—Zl)At 02
®opmyna (8):t, >0 0.4
®opmyna (9): Ny = [% + 1] = [%] 0.4
Uucnennoe 3HaueHue B popmyne (9): nyq, = 10 0,2
Dopuya (10): by = Tt 2 = T 0.4
Yucnennoe 35adenne B opmyie (10): t0 = 1.01-103 ¢ 0,2
HTroro 3.0

3anaua 2. Touxku Jlarpansxka (10.0 0asna)
3agaua aByX Tell.
2.1 Pagimychl OpOMT TeI paBHBI PACCTOSIHUSAM OT TN JI0 EHTPa MacC U ONPENEeNIIOTCs U3 ypaBHEHUN

Rl + RZ = Ro, (1)
mlRl = msz, (2)
OTKYyJa Hax0JUM UCKOMBIC paJnyChbl TpaeKTOpI/Iﬁ
— M2
Ry =" R, 3)
—_ M
Ry =" R, )

2.2 ]Jlns pacueTa yrioBOM CKOPOCTH BpalLEHUS TENl W 3alMIlIeM ypaBHEHHE BTOpOro 3akoHa HbroToHa s
OJIHOT'O M3 TEJI, HAl[PUMED IS IEPBOr0, B BUIE

mla)(z)Rl = Gm;—%nz, (5)

KOTOpoeE ¢ yueToM (3) naet

wo = [cmatme (6)
0

Touxku Jlarpan:ka B cucreMe Tpex TeJl.
2.3 BelpakeHue Ui MPOEKIUHU CHUJIBL, JEHCTBYIOIIEH HAa Majlo€ TEJIO0 My, CIAEAYET U3 3aKOHA BCEMHPHOIO
TaroreHus Her0TOHA, KOTOPBIN ¢ y4€TOM HaIIpaBICHUS CUJ AAET

F,=—G6G-2"_(X+R)— G (X —R,). (7)

|X+R4|3 |X—R|3
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C yderom Oe3pa3MEpHBIX COOTHOIICHUH, MPUBEACHHBIX B YCIOBUH, MOJIYYUM BBIPAKCHHE JUIS
IIPOCKIUU CUJIbI B OTHOCUTENBHBIX €IUHULIAX

- _ 1 —— " x=
f;C - |x+#|3 (x+ﬂ) |x_1+#|3 (x 1 +M) (8)
YpaBHeHue BTOporo 3akoHa HeroToHa 1 Maoro teiia UMeeT BUJL
—mowiX = F,, )

o0e3pa3MepuB KOTOpOE€ Ha 3aJaHHbIE BEJIMYUHBI, MOJY4YUM TpeOdyemMoe ypaBHEHHE IS OIpEleTICHHS
KOOPJMHATHI X

X = nE G o (- 1), (10)
2.4 Jlns moctpoeHust rpaduka QyHKIUU (8) JOCTATOYHO MOCTPOUTH T'padUKu (HYHKIMHA OMUCHIBAIOIIMX
NPUTSDKEHHE K TeTy M, (ABe BeTBU ¢ acuMnToToi npu x = —0.2 — rpaduk 1 Ha pUCYHKE) U IPUTSDKEHHUE K
Teiy m, (aBe BeTBH ¢ acuMnToTo mpu x = 0.8 — rpaduk 2 Ha pUCYHKE) U IPOCYMMHUPOBATh UX (KpuBas 3

Ha PUCYHKE). DTOT rpa)MK UMEET TPU BETBH.

/
: | FH
A
g il i Y

. e aaanl Easem e S BUASS oS " } \

A 7K:;::- ] X
2 21 A fe=s
(e 77 A

; N B

: O

16 -14 12 1 -0.8 06 -04 -02 0 02 04 06 08 1 12 14 1,6

2.5 Ha moctpoeHHOM rpauke npoBeaeM IpsMyro, OMUCHIBAEMYIO YpaBHEHUEM f, = —X. KoopauHATHI TOYEK
nepeceueHust 3TOM NpsMON ¢ rpaduKOM 3aBUCHUMOCTH f,(X) SBISIOTCA JEHCTBUTENBHBIMU KOPHSMHU
ypaBHeHus (10), T.e. sBisIOTCS KoopAMHAaTaMu Touek Jlarpanika, yexamux Ha ocu X. Kak cienyer us
IIPOBEJIEHHOT'O TIOCTPOEHUE TAKUX TOYEK POBHO 3.
2.6 YpaBuenue (10) siBisieTcss ypaBHEHHEM IATOM CTETICHH, TIO9TOMY HE MOKET ObITh PEIICHO aHATUTUYECKH.
OnHako 1Mo yciaoBHIO TPeOYeTCsl pacCUUTATh YMCICHHbIE 3HAYCHHS C HEBBICOKON MOTPEIIHOCTBI0. JIJIsl 3TOr0
JOCTATOYHO MOJCUNTATh YACICHHBIE 3HAUEHUS CUJIBL, IEHCTBYIOIIEH HAa MaJIOe TEJIO, C IIaroM U3MEHEHUS X,
paBHbIM 0,1, 1 onpenenuTs UHTEPBA, B KOTOPOM HAaXOAUTCS COOTBETCTBYIOLIUI KOPEHb.

Paccunrtaem 3HaueHne kKoopAuHaThl TOUKM Jlarpanxka L, HAXOIAIIEUCS MEXIY TeIaMu My U m,. [{ns
3Toi Touku ypaBHeHue (10) MoxxHO nepenucaTh B BUIE

1-
x= (x+:)2 - (1—:—x)2' (an
B Tabnuue Huke npuBEACHBI 3HaYCHHUS JIEBOM 1 npaBoii yacteit ypaBHenus (11) mpu u = 0.20
X 0,2 0,3 0,4 0,5 0,6

f(x) 444 240| 097] -0,59| -3,75
W3 Tabnuibl crneayeT, 4To KOpeHb ypaBHEHHs JIexkuT B uaTepBaiie ot 0,4 1o 0,5, T.e.

x; = 0.45. (12)
JIns koopAuHaThl TOUKHU L, JIexkKalen 3a TeIoM m,, IMEEM YpaBHEHUE
_ _1-u U
T e T e (13)

a B CIeIyromel TabuIe pacCYMTaHbl 3HAYCHHUS JIEBOM M IPAaBOM yacTei 3TOro ypaBHEHHS
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X 1 1,1 1,2 1,3 1,4
f(x) 5,56 2,70 1,66| 1,16 | 0,87

W3 naHHBIX 3TOI TaONMIIBI CIIEAYET, YTO KOPEHb ATOTO YPaBHEHHS JIXKHUT B UHTEpBasie Mexay 1.2 u
1.3, T.e.

x, = 1.25. (14)
Hakonen, mist Touku Lg, nexaiiei 3a TeJIOM my; UMEEM ypaBHEHHUE (3[1eCh U3BMEHEHO HAIpaBJIEHUE
ocH)
1-p U
X = G + (1-p+x)?’ (15)
a B clieyromeii Tabauie MpuBeICHBI Pe3yIbTaThl AHAJIOTUYHBIX PACUETOB
X 0,8 0,9 1 1,1 1,2
f(x) 230 1,70 1,31 1,04 0,85
13 KOTOPBIX CIIEYeT, 4TO KOpeHb ypaBHeHUs (15) nexurt B untepBasie ot 1.0 mo 1.1, a, ciemoBarensHo,
KoopauHarta To4ku Jlarpanxka Li
x3 = 1.05. (16)
2.7 Jlns nokaszatelbcTBa TOTO, YTO BEPIUIMHA MPABUIBHOTO TPEYTOJbHUKA
ABJISIETCS TOYKOM Jlarpanka L4, 3a1IUIIEM BBIpAXKEHUE JUIsl CYMMAapHOM CHJIBI,
JEUCTBYIOIIEH Ha TEI0 MaJloi Macchl My, B BEKTOPHOU (opme:
F=6"%"r 46522y, (17)
Rg Rg
Breipaxxenue cnpaBa B Qopmyne (17) Bepaxkaercs uepe3 paamyc-
BEKTOP LEHTPA MacCC
myTy +myr; = (my + my)7e, (18)

m C R i)
TOrla ypaBHEHHE BTOPOro 3akoHa HBI0TOHA [y 5TOro Tena B MPOEKIUH Ha 0
HaIpaBJIeHUE BEKTOPA T, UMEET BUJI:
m
mow?r. =G R—;) (my + my)re. (19)
0

N3 31010 ypaBHEHHUs CIeAyeT, 4YTO yIiloBas CKOPOCTh JIBWKECHMS TEJIa M, paBHA

w = /G%gmz:wo, (20)

YTO COBIAJACT C YIJIOBOM CKOPOCTHIO BPAILCHHUSI MAaCCUBHBIX Tl (6), MOITOMY IMOJIOXKEHHE Tela m, Oyaer
OCTaBaTbC HEM3MEHHBIM OTHOCHTEIBHO MAacCHUBHBIX Teil. (ClienoBaTenbHO, BEPLIMHA PABHOCTOPOHHEIO
TpEyroJIbHUKa ACHUCTBUTENBHO SABIIAECTCS TOUKOM Jlarpanixka.

Touxn Jlarpan:xa B CoslHe4UHOMH cucTeMe.
2.8 Urobsr momoxenue ammapara SOHO ocraBamoch HeM3MEHHbIM OTHOcuTenbHO 3emin u ConHIa,
HE00X0IMMO, YTOOBI OH HaxouiIcs B Touke Jlarpanska L, . {7 Toro, 4ro0bl OnpenenuTh ee NoJ0XKEeHNUE, Ha/l0
pemnts ypaBHeHue (11). Paccunraem 3Hauenue napamerpa y uid cuctemsl ComnHile — 3eMis:

p=—2_=300-10"°. (21)

M1+M;
DTO0 3HAUYEHUE 3HAYUTEIILHO MEHbLIE 1, Mo3ToMy paccTosiHue | OT ammapara 10 3eMiM 3HAYUTEeNTbHO

o . l
MEHBIIIE pajnyca 3eMHOW OpOUTHL. B MCHONB30BaHHOW CHUCTEME €IWHUIl 0003HAYUM Z = == 1—pu—x,
0

Torja u3 ypasHeHus (11) nomyunm
l—p—z=—H & (22)

(1-2)2 z2

Tak kak z,4 < 1, TO MOXXHO BOCHOJIb30BAThCSl PA3NIOKEHUEM

1
(1-2)?
ypaBHeHHe (22) CyIECTBEHHO YIPOIIAETCs U N3 Hero Haxoautes Z = (u4/3)Y/3, To ecTh MckoMoe paccTostHuE

pPaBHO
lg = R03/3M721 = 1.50 - 10° xm. (23)

2.9 OuyeBunHoO, uTo Teneckor «/bxeitmc Y200» Haxomutcs B Touke Jlarpanxa L, TO3TOMY Ul ONIpeIeIICHUS
€ro IO0JIOKEHUE Ha/l0 pelInTh ypaBHeHue (13), ucnomnb3ys METOJ, aHaJIOTMYHbIN MeTody II. 2.8:

14z=——+4% (24)

(1+2)2 22
T.€. KOCMHUYECKHUIT TEIECKOI HaXOAUTCS Ha TAKOM K€ PACCTOSHHHU OT 3eMJIH (TOJIBKO C JIPYTOi CTOPOHBI):

~ 1+ 2z u B 3TOM ciy4yae
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lw =R, / - = 1.50-10° km. (25)
1

2.10 Ecou actepoun ciayyailHO okaxercs B Touke Jlarpanxka L,, WIM CUMMETpUYHOM el Touke Lg 1uid
cucrembl FOnutep-ConHue, To ero mnonokeHue orHocurenbHo KOnurtepa n ConmHia OyAer moiroe Bpemst
OCTaBaThCS HEU3MEHHBIM. ACTEpOUbI, HAXOAALINECS B JPYTUX TOYKaX, OyIyT MOCTOSHHO M3MEHSTH CBOE
nosioxkeHne otHocutenbHo IOmurepa u ConnHua. CrenoBaTeNbHO, LEHTPB TPYNIT TPOSHCKUX ACTEPOUJIOB
HaxonmATcsi B OokoBbIX Toukax Jlarpamka. Ilosromy paccrosHue or FOmmrepa 10 3THX TOYEK PaBHO
paccrosiHuto ot HOmurepa no Connua. Macca FOnutepa 3HaunTensHO MeHblle Maccel CoNHIA, TO3TOMY
paccTossHHE MEXJy HHMMHU MpPaKTHYEeCKH DPaBHO paguycy opoutel HOmuTepa, KOTOpBIH MOXHO HaWTH,
UCHOJIB3Ys, TpeTul 3akoH Kemepa

3 T\2/3 _ g
I, =R, (TO) = 7.82 - 108k, (26)
rae To = 1 ron — nepuoy Bpaienust 3emau Bokpyr CosHiia.
Conep:xanue Baanbl
®opmyna (1): R, + R, = R, 0.1
(DOpMyJIa (2): mlRl = m2R2 0.1
2.1 0.4
LR o— M2 0.1
®opmyna (3): Ry —— R,
L 0.1
®opmyna (4): R, —— R,
®opmymna (5): mywiR, =G % 0.1
0
2.2 | dopmyna (6): wy = |G 0.1 0.2
0
mom mom
®opmyna (7): F, = —G IX - 13 X+R)-G lX_°R2}3 (X —R,) 0.5
- f = I — 0.5
)3 Dopmyna (8): fr = =17 |3 () -1+ 20
®opmyna (9): —moa)OX F, 0.5
®opwmyna (10): —x = r +#|3 (x+w— . 1+#|3 (x—=14+p 0.5
)4 [TonoxxeHne BEepTUKAIbHBIX ACHMIITOT Ha rpaduke 0.2 0.8
) 3 BerBu rpaduka 3x0.2=0,6 )
2.5 | Harpaguke fobasneHa npsivas f, = —x 0.2 0.3
Yka3aHbl TpU TOUKH [IEPECEUEHUS], COOTBETCTBYIOT 3 ToukaMm Jlarpanxa 0.1
3a Kax Iy TOUKY: 3x(0.1+0.2)
2.6 | - YKa3aHO MOJIOKEHHUE; =0.9 0.9
- HAJICHO YMCJIEHHOE 3HAYCHHUE.
®opmyna (17): F = G m°’3”1 m+G m°:”2 7 0.2
®opmyna (18): my7r] + myr, = (my + my)re 0.2
2.7 | ®opmymna (19): myw?r. =G % (my + my)re 0.3 1.0
0
®opmyna (20): w = |G ml;mz = W, 0.3
0
2.8 | Yucnennoe 3navenue (21): u = 3.00-107° 0.2 1.6
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Py TR 0.2
Tounoe ypaBHenue (22): 1 —u—z = L 7
®opmyna (23): Iy = R, Mo 0.7
\’ 3M,
Yucnennoe 3nagenue B popmyie (23): Ig = 1.50 - 10° km. 0.5
. —_1 13 0.2
@opmyna (24): 1+ z = 12y t 3
2.9 dopmymna (25): I, = R03’;V1721 0.7 1.4
Yucnennoe 3Havenue B popmyie (25): Ly = 1.50 - 10° km. 0.5
o (1) 1.0
210 | @oPMyTa (26): 1 = Ry (TO) 4
YucneHHoe 3HadeHne B hopmyie (26): [; = 7.82 - 10%km 0.4
HTroro 10.0
3anpaua 3. I'eomerpuueckasi ontuka u gporogerexrop (10.0 6ansoB)
3.1 Ilo 3aKoHY OTpa)keHHUs CBETA BBINOIHIETCS COOTHOILIEHUE
a=p. (1
3.2 I1o 3axoHy npenomiieHus cBeTa CHENIMYCa BIIIOIHSIETCS PaBEHCTBO
sina =nsinp. 2)
3.3 Ilpu MambIX yriax CHHYChl MOKHO 3aMEHUTh CAMUM apryMEHTaMH, YTO MPHUBOJUT K BEIPAKEHUIO
a =np. 3)

34 HOCKOHLKy JlaMIla U3JTy4acT MO0 BCECM HAIPABJIICHUAM PABHOMCPHO, TO HCKOMAasd MOIIHOCTb HU3JIYyYCHHA
COCTaBJISICT
a
W, =W —. 4
a 21 ( )
Takum 06pa30M, MOINHOCTb H3JIYy4YCHHA JIaMIIbl B OHNPCACIICHHOM HAIPABJICHUUN OMIPCACIACTCA
COOTBCTCTBYIOIIIUM YIJIOM.

ToHkas miIacTuHKa
3.5 Jlns pemenus 3aadu NOCTPOUM PUCYHOK, IIOKa3aHHbBIN HIDKE.

3KpaH
L
X
o — \0(x)
[04
JlaMna a/2
IIJIACTHUHKa U

BI[CCB HCIIOJIb30BAHBI CJICOYIOIIUC 0003HaYCHUS JJIS YTJIOB, KOTOPBIC B CIIy4acC UX MAJIOCTU HAXOAATCA

U3 COOTHOILIEHUMN:
a
a=—
2L’ (5)
X
o(x) ="1. (6)
B cootBerctBUM ¢ myHkTOM 3.4 perucrpupyemasi JI€TEKTOPOM MOIIHOCTb  HM3Ty4YeHHUs

MPONOPIMOHANIBHA YTy, IIOATOMY (hOopMyJia JUis BEIYUCICHHS TOKAa3aHUI MUJLTHAMIIEPMETPA UMEET BU
-6 7]
M) = I (RSB g ppy —S<x <t (7)

2a
IIpru 3TOM O4YCBUIHO, YTO
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Al(x)=0 mpu x < —%, (8)

Al(x) =1,(t—1) opu x> % 9)

I'padux cooTBeTcTBYIOUIEH (DYHKIIMU TPEACTABICH Ha PUCYHKE HUKE, IIPH 3TOM KOOPIMHATHI JBYX
XapaKkTepHBIX TOUEK Ipaduka

Al = 0.00 MA mpu  x = —2.50 cMm, (10)
Al = —=5.00 MA mpu  x = 2.50 cm. (11)
0,
-1t
3
e
41
-5t l l l ! ‘
-4 =2 0 2 4
X,CM

ToJicTas miIacTHHKA
3.6 HOHBHGHHG TOYKH x1 Ha rpa(pmce CBA3aHO C TEM, YTO CBCT HA4YMUHACT AOIIOJHUTCIIBHO OTpa)KaTBCH oT
FOpHBOHTaHBHOﬁ YaCTH I1JIaCTHUHBI, HpI/I 3TOM XOI nyqa OT JIaMIIbI A0 Kpaﬂ IS ITOKa3aH Ha pI/ICyHKe HHXKC.

3KpaH
L
ry
JlaMIia a/2
Y X1
v
MJIaCTUHKA

HOCKOHBKy IpHU OTPAKCHUU YIJIbI paBHBI, TO OTCrOAA JICTKO HAXOJUM HCKOMYIO BCIIMUUHY

X1 =—-——. 12
1 2 L-2d (12)
3.7 IlepBblii MakCUMyM JAOCTHIaeTCs, KOIJla BECh CBET, OTPaKEHHBIM TOPU30HTAIBHON IOBEPXHOCTHIO
IJJACTUHKHY, ITONAJAET B ILIEIb M 3aTEM B JECTEKTOp. XOJ Jyded IIPU 3TOM IOKa3aH Ha PUCYHKE HMXKE, a
COOTBETCTBYIOLIEE 3HAYCHUE KOOPAUHATHI, OYEBUTHO, PABHO

a

X, =—2. (13)
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3KpaH
L L
a
JlaMIla 0
X, =aj2
v_
TJIACTHHKA
3.8 3nauenue Al ,, B TOUKE X, HAXOAUTCS U3 COOTHOIIECHUS
a+0
Blax = 1o (5 = 1)), (14)
I'/ie BEIUYMHA yTIia & 10 NPEKHEMY OINpeAesaeTCs BIpaxkeHneM (5), a yron 6 cocrtasisieT
a
0 =—— 1
2y (15)
OTKyJla OKOHYATEIbHO MOJIy4aeM
Iy d
Al =— 1
max = 2o, (16)

3.9 Koopaunara x5 omnpeAensercss U3 yClIOBUs, YTO MPEIOMIIEHHBIN B IJIACTHHE JyY BIEPBHIE IONAJAET B
HIDKHUW Kpal [EeIH, X0/ JIy4el [T0Ka3aH Ha PUCYHKE HUXKE.

3KpaH
L
a
JlaMIna 9 s
v
y—|
d
[NJIaCTHHKa
W3 pucyHka cneayeT, 4To yriibl paBHBI
— __*3
0 = ) (17)
24
y =2 d"i (18)
MIPU ATOM I10 3aKOHY MPETOMIICHHUS
6 = ny. (19)
Torna u3 Beipaxkenuit (17)-(19), okoHUaTeNHbHO MOTyYaeM
%y = —2 D (20)

2 (1—a(1-1))
(L d(l n))
3.10 Y4acTOK OT KOOPAMHATHI X3 0 HyJs OOYCIOBIEH TEM, YTO CBET YaCTUYHO HANPIMYIO IIPOXOIUT Yepe3

1eNlb, & YaCTUYHO IIONAAAET 4epe3 IIACTUHY, IPEIOMIISACh U OTPaKasACchb B HeH. XOJ Jydel IOKa3aH Ha
PUCYHKE HUKE.
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3KpaH
L
2 x4
JlaMmna
\-‘——.
d
IJIaCTHHKA

VYron a no-npexxHeMy onpenensiercs BbIpakeHueM (5), a COOTBETCTBYIOLIUE YIJIbl HA PUCYHKE PABHbI

X

=5 e
X3 a
P aa = D) (22)
torja 3Hauenue Al (x) npuHUMAaEeT BUJL
M) = I (FEEE - 1), (23)
OTKy/1a oJy4aeM Kod(ppuumeHT HakIoHa
e P (24)
dx a(L-d)
3.11 Hcxons U3 mpuBeIeHHOTO B YCIOBHHU rpaduka, umeeMm x; = —2.50 cM, x, = —2.00 cM, x3 = —1.75 cm,
AlLg = 10.0 MA u dAI(x)/dx = —1.20 MA/cM, oJTydaeM cileayolInue 3HaYe€HHsT HCKOMBIX TIapaMeTPOB
a = 4.00 cwm, (25)
n = 1.34, (26)
T = 0.960, (27)
I, = 100 MA, (28)
L/d = 6.00. (29)

3.12 JInst mocTpoeHuUs MOJIHOTO TpaduKa yCTAHOBUM BCE €r0 XapaKTEpPHbIE TOUYKH, MIOKAa3aHHBIE Ha PHUCYHKE

HIKE KaK Xq, Xo, X3, X4, X5, Xg.

3KpaH

X3
X2

INJIaCTHHKa

KoopauHatel Touek Xq,X,, X3 OBUIM ONpeAeTeHBI

X1

d

A

»

BBIIIC, HCOGXOZ[I/IMO YCTAaHOBUTH KOOPAWHATHI

JPYTUX XapaKTEepHBIX TodeK. /[ng 3Toro omuineMm MOsSBIEHHE pPa3IMYHBIX BETBEH rpaduka, MOCTENECHHO
IIPOJIBUTIasl INIACTUHKY OT OTPULIATEIBHBIX J0 MTOJ0XKUTEIbHBIX 3HAYCHUMN.

KoopiuHaThl BeTBH rpaguka

Du3nyecKue Npoueccol

OT —00 JI0 X4

IlonHoe MMpsAMOC MOMMaJaHUC B ICJIb.

OT X7 JI0 X5

IlonHoe MpsAMOC MonagaHue B MICHIb, OTPAKCHUEC OT TOPU30OHTAIIBHOT'O
y4acCTKa IJIaCTUHKH.
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OT X JI0 X3

YactuuHoe npsmMoce ImornagaHue B micib, OTpaXCHUC oT
TOPU30OHTAJIBHOI'O YUACTKaA IMJIACTUHKH.

OT X3 JI0 X4

YactuuHoe mpsAMOE IONaJaHue B IIEIb; OTPAKEHUE  OT
TOPU30HTAJIBHOTO y4yacTKa IUIACTUHKY (CBEPXY HANpsSMYIO U CHHU3Y C
IIPOXOXKJECHUEM Yepe3 IJIACTHHKY); IPOXOKIEHHUE Yepe3 MIACTUHKY C
IIPEJIOMJIEHUEM.

OT X4 J0 X5

IlonHoe mpsiMoe momajaHue B IIENb C IPOXOXKIECHUEM UEPE3
IUIACTUHKY; OTPaXXEHUE CHU3Y OT TOPU30HTAIBHOIO YydacTKa C
IIPOXOKJICHUEM UePE3 IIACTHHKY.

OT X5 110 Xg

IlonHoe mpsiMOe ImomajaHue B IIENb C IPOXOXKIECHUEM UEPE3
IUIACTUHKY; YacCTUYHOE OTPAXEHHE CHHU3Y OT TOPHU30HTAIBHOIO
y4acTKa C IPOX0XKACHUEM Yepe3 IIACTUHKY.

OT X¢g OO +00

IlonHoe mpsiMoe momajaHue B IIEIb C IIPOXOXKICHUEM depes
IIJIACTUHKY.

Haiinem xoopanMHAaThl COOTBETCTBYIOLIUX XapaKTepHbIX Touek. KoopauHaTa X, JIETKO HaXOAWUTCS U

paBHa
X, = g% = 1.67 oM, (30)
a TMoKa3aHusl MUJUIHAMIIEpMETpa ONPEEIISIOTCS BEIpAKECHUEM
Al = I, (’(‘;;’” - 1) = —1.88 MA. 31)
Koopaunara Touku x5 paBHa
Xs = g = 2.00 ¢, (32)
a TMoKa3aHUsl MUJUIHAMIIEpMETpa ONPEIEIISIOTCS BEIpaKEHUEM
a
T\at——>
Al = I, % —1)=7.72MA. (33)
Vb1, 0003HaYeHHBIE HA PUCYHKE PaBHBI
— %6
5= (34)
XG—E
o =2 (35)
U CBSI3aHBI COOTHOILICHHEM
6 = ng. (36)
Taxum 06pa3omM, KOOpIUHATA TOUKH X PaBHA
Xg = gﬂ = 2.35 cwm, (37)
(L—d(1+z))
a TMoKa3aHUs MUJUIHAMIIEpMETpa ONPEEIISIOTCS BEIpaKECHUEM
Al = I, (’(ZZ‘” - 1) = 0.239 MA. (38)
[TonHbIi rpaduk 3aBUCUMOCTH TIOKA3aH HA PUCYHKE HUXKE.
10} : ' '
8 L
< O
2
s 4
9
0 \l
-2 H ‘
-3 -2 -1 0 1 2 3

X,CM
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Conep:xanue Baanbl
31 | Popmyna(l):a=p 0.2 0.2
3.2 | ®opmyna (2):sina = nsinf 0.2 0.2
3.3 | ®opmyna (3):a =np 0.2 0.2
3.4 | ®opmyna (4): W, = W% 0.4 0.4
®opmyna (5): a = % 0.2
dopmyna (6): 0(x) = % 0.2
®opmyna (7): Al (x) = I (a_g(x);fﬁg(x)) - 1) npu —% <x< % 0.4
3.5 | ®opmyna (8): AI(x) =0 npu x < —% 0.4 3.5
®opmyia (9): Al(x) = I,(t — 1) npu x > % 0.4
I'paduk: 0.5 3a KaxAyI0 BEpHYIO MPSIMYIO B UUCIIOBBIX 3HAYCHUSAX 1.5
@opmyna (10): AI = 0.00 MA npu x = —2.50 cm 0.2
@opmymna (11): Al = =5.0 MA npu x = 2.50 cm 0.2
Dy = 2 Lmd
3.6 | ®opmymna (12): x; = 212 0.2 0.2
3.7 | ®opmyna (13): x, = — 2 0.1 0.1
6
dopmyna (14): AL, = I, (% - 1) 0.1
. _ a
3.8 | Popmyna (15):0 = 2d) 0.1 0.4
. _fh_a 0.2
®opmyna (16): ALyqx = 2 )
®opmymna (17): 0 = — (L"jd) 0.2
L 0.2
1.9 ®opmyna (18):y = 7 0.8
®opmyna (19): 6 = ny 0.2
VT i) N 0.2
®opmyna (20): x5 = 5 (L—d(l—%))
. _ X
®opmyna (21): 0 = = 0.2
i) 2)f=—-—-22_ = 4 0.2
10 OpMyHa( ) ﬁ (L—d) Z(L—d(l—%)) o
@opmyna (23): Al(x) = I (E2EED 1) 0.2 '
CdAI(x) _ (1-7)L 0.2
®opmyna (24): o - g
UYucnennoe 3Hauenue (25): a = 4.00 cm 0.2
Uucnennoe 3Hauenue (26): n = 1.34 0.2
3.11 | Yucnennoe 3nauenue (27): T = 0.960 0.2 1.0
Uucnennoe 3Hauenue (28): [, = 100 MA 0.2
Uucnennoe 3uauenue (29): L/d = 6.00 0.2
UYucnennoe 3nauenue (30): x, = 1.67 cMm 0.2
Uucnennoe 3nauenue (31): Al, = —1.88 MA 0.2
Uucnennoe 3Hauenue (32): xs = 2.00 cm 0.2
Uucnennoe 3nauenue (33): Al; = 7.72 MA 0.2
3.12 | ®dopmyna (34): 6 = L"Tﬁd 0.2 2.2
-2 2
®opmyna (35): ¢ = de 2 0
®opmymna (36): § = ne 0.2
Uucnennoe 3uauenue (37): xo = 2.35 cm 0.2
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Uucnennoe 3Hauenue (38): Aly = 0.239 MA 0.2
[TpaBunbHble 4 npsmbie Ha rpaduke ot 0.00 1o 3.00 cm 4x0.1

HToro 10.0
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PEIIIEHUE 3A/IAY TEOPETHYECKOI'O TYPA
Baumanmue: 0a/J1bI B OLIEHKAX He JeJIATcs!
3agaua 1 (10.0 6asa)
3agaua 1.1 (3.0 0as1a)

Tak kak OMKOHYC KaTUTCS 1O peiikaM 0e3 MPOCKalb3bIBaHUA, TO €ro MOCTYyNaTelbHas CKOPOCTh V U
YIJI0Basi CKOPOCTb BPAIlEHUs @ CBA3aHbl YEPE3 PAINyC KAUEHUS " COOTHOILIEHUEM

V= wr. (1)
Kunernueckast sHEprusi MOCTyNaTeIbHOTO IBUKEHUSI OUKOHYCa paBHA
2
mv
Wy ==, (2)
a COOTBCTCTBYIOIIIAA SHCPrusd BpallICHUA 3alIUCbIBACTCA B BU/IC
Tw?
W =—, 3)
r/ie BBEICH MOMEHT WHEPIIMU OMKOHYCa
3
I = =mR?. (4)
10
M3MeHeHne MOoTeHIMaTbHON SHEPrui OMKOHYCa B IPOIIECCE IBUKEHHS COCTABIISIET
T
W, = —mgR (1-1). (5)
" 110 3aKOHY COXPaHCHHA SHCPIrUU JOJIZKHO BBIIIOJIHATHCA COOTHOMICHUC
Wy + W, = —W,. (6
N3 reoMeTpU4ECKUX COOTHOILLIECHHUM CIIELYET CBSA3b MEKY PaJIUyCOM Ka4eHUsS ' U KOOPAUHATOU X
X
T =R(1—Etany), (7

TaKk 4to, cobupas Bmecte ypaBHenus (1)-(7), moixydaem

X
ptany

v(x) = [gD ®)

2
1+3/10(1-tany)
B vactHoCTH, 11 3HaUeHHS Xy = 50.0 cM BBIUMCICHUS JAIOT
vy = v(xy) = 42.2 c™/c. 9)
N3 tex xe BbipaxkeHudl (1)-(7) cnemyer 3aBUCHMOCTH KBajJpaTa YIJIOBOM CKOPOCTH BpAIEHMS OT
paanyca KaueHus

0)2 — 2g mR? (1_£) (10)

KOTOPO€ UMECT MAKCUMAJIBHOC 3HAYCHUC IIPU T = O, paBHOC

Omax = /% = 40.4 pag/c. (11)

HHTEepecHO OTMETUTh, YTO OMKOHYC B 3TOM MOJOKEHUU (aKTHMUYECKH BpalllaeTcs Ha OJHOM MECTEe, TO €CTh
€ro MocTynarejabHas CKOpOCTh (PaKTHUECKU 00paIaeTcsi B HyJlb B COOTBETCTBHHU ¢ opmyoit (1).

Conep:xanue Baanbl
@opmyna (1): v = wr 0.2
®opwmyna (2): W, = mTUZ 0.2
Dopuyna (3): W, = 0.2
®opmyna (4): 1 = f—OmR2 0.5
®opmyna (5): W, = —mgR (1 — %) 0.2
®@opmyna (6): Wy, + W, = —W, 0.2
®opmyna (7):r = R (1 — %tan y) 0.5
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ftany
®opmyina (8): v(x) = gD b — 5 0.2
1+0,3/(1—Htan Y)
Dopmyna (9): vy = 42.2 cM/c 0.2
2 1——
®opmyina (10): w? = %g - % - (—m‘fz 0.2
(1+77)
@opmyna (11): wypgy = % 0.2
Uucnennoe 3aaueHue B popmyne (11): w4, = 40.4 pan/c 0.2
HTtoro 3.0

3anaua 1.2 (4.0 6aua)
1) TlonHast BHYTpEHHsISI SHEPrUsi CUCTEMbI B IIEJIOM B IPOLIECCE BHIPABHUBAHUS TEMIIEPATYyp HE
M3MEHSIETCS, TaK KaK OHA HE COBEpIAeT paOdoTy U K HEel He TIOJJBOAUTCS TEIUIO, TO €CTh
U =U,. (D)
Orcrona cineyer, 4To IpHu NEPEeMEIeHUH IEPETOPOIKH HE U3MEHSIOTCS U IaBJICHUS Ta30B B KaXI0U
13 9acTel cocyJia, KOTOPhIE PaBHBI MEXIAY COOOW B JTaHHOM KBa3HCTATUYECKOM Tporiecce. J|elCTBUTENbHO,
HayaJbHasi BHYTPEHHSISI SHEPTUSI CUCTEMbI paBHA

Uo = <L Py2V,, )
rae
C, ==R. 3)
BHyTpeHHsIs SHeprus B IPOU3BOJILHBIIE MOMEHT BPEMEHHU COCTABIISIET
U =Py, )
rae P — naBneHue rasa B 00eHx 4acTsX cocyJia, KOTOpoe Mmoxy4aercst u3 ypaBueHui (1)-(4)
P =P, (5)

TO €CTh MPOUCXOAAIINE C Ta3aMHU MPOLECCHI ABISIOTCA N300apHBIMU.
3anuiieM ypaBHEHUE COCTOSIHUSI MACAIBHOrO ra3a Iyl KaXJOW M3 YacTed cocyla B HayalbHBIN
MOMEHT BpEMEHHU
PyVy = v{RT;, (6)
PyVy = voRT,, (7
TZI€ V4 UV — KOJIMYECTBO MOJIEH a30Ta B KaXJA0M U3 IIOJIOBUH COCYJla COOTBETCTBEHHO.
B KOHEYHOM COCTOSHMM Tra3 HAXOAWTCS IIpU HEKOTOpOW Temieparype T, U €ro ypaBHEHHE
COCTOSIHMSI UMEET BUJL

Py2Vy = vRT,, (8)
/i€ IIOJIHOE YMCIIO MOJIEHN a30Ta B COCYZE PaBHO
V=v; +V,. 9)
U3 dhopmyn (6)-(9) onpenernsieM KOHEUHYIO TEMIIEpATypy Tra3a B cOCyie
2Ty T,
0= m (10)
[Tockonbky mporiecc 1300apHBIA, TO KOJTUYECTBO TEIIOTH ), KOTOPHIM OOMEHHUBAIOTCS Ta3bl
Q = Cpvi(Ty = Ty) = 2PV ;;2 = 70.0 JIx, (11)
rzae
¢, =Cy+R (12)

2) Ilpu BO3BpallEeHUWU TMEPETOPOJAKH B WMCXOAHOE TOJIOKEHHE paboTa BHEUIHUX CHI OyJIeT
MUHUMAaJbHa, €CIIM TpoIlecC MepeMenieHuss OyneT MeIJICHHBIM, KBa3HPaBHOBECHBIM 0O€3 HapyIICHHS
TEIIOBOTO PAaBHOBECHS MEXKY YaCTAMH COCYa

T{=T,=T, (13)
TO €CTh B OTJIMYUE OT MPEABIAYIIETO CIIydas B 00EMX YacTSIX COCYylla OJWHAKOBHEIM OyJeT HE JaBlICHUE, a
TeMIleparypa, KoTopasi TeM He MeHee OyeT U3MEHSThCS.
HavansHbie 00beMBI KXk I0H U3 YacTell cocyna onpenenstorcs 3akoHoMm [ eit-Jlroccaka u paBHBI
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Vo T,
Vo1 = %a (14)
Vy, = 20 (15)

OO0o3HaunM NaBleHUE B 4YaCTSIX cocyaa kKak P; m P,, a cooTBeTcTByromue odoremsr — V) u V,. B
COOTBETCTBUU C YPAaBHEHHUEM COCTOSHHS B IIPOU3BOJIBHBII MOMEHT BPEMEHH JOJIKHBI BBITIOIHATHCS
COOTHOILIEHUS

P;V; = v RT, (16)

P,V, = v,RT. (17)
B nanHOM mporiecce n3MeHeHHe BHYTPEHHEH SHEPruy ra3a B CUCTEME PaBHO

dU =v(ydT, (18)

M €CIM Ta3 COBEpINaeT HaJl BHEIITHUMHU TelaMmu paboTy A, TO MO mepBOMYy Hadaly TEPMOJAWHAMUKHA B
YCIIOBUSX TETIOU3OJISIIUHN COCY/Ia B I[EJIOM MOJBOIUMOE KOJTMIECTBO TETUIOTH 00paIaeTcs B Hy b
6Q=dU+6A=0. (19)
B xBazuctarmueckom mpoiiecce paboTa ra3a B IEJIOM CKJIQIbIBAETCS U3 padOT ra3zoB B KKIOW W3
yacTen cocyna
6A = P,dV; + P,dV,. (20)
3anuceiBas (18)-(20) coBmecTHO M ucnonb3ys ypaBHenus (3), (6), (7), (9), (10), (14) u (15)-(17),
MOJIy4yaeM

5 T T
EdT +T1V1 dVl +de2 -_ O, (21)
HHTCTPUPOBAHUC KOTOPOro AJaCT OTBET
To To
_ o (To)oTs (To\sTs _
T, =T, (n) (TZ) 290 K. (22)

Paborta, coBepumiaemMas BHEIIHMMM CWIAMH HaJ TIEPErOPOAKON Jius ee  IepeMeIieHus
MPOTHBOIIOJIOKHA TIO0 3HAKy paboTe, COBepIIaeMOW CaMUM ra3oM, Mo3ToMy U3 Beipaxkenud (16) u (17)
paboTa JIerKko HaXOAUTCS B BUJIE

A= —A =AU =vCy(Tf — Ty) = 5P,V = 4.04 JTx. (23)

2) AnprepHaTuBHO pemieHue. [lporecc BO3BpalleHMs] NMEPETOPOAKH B HCXOJHOE IOJIOXKEHHE —
aanabaTHYECKUid, T.€. MPOUCXOTUT 0€3 U3MEHEHUS SHTPOITUHI

Tr=To

S = const. (24)
[TonHOE W3MEHEHHE SHTPOIUHU UACaTHHOIO Ta3a B 00CHX YacTAX COCy/ia PaBHO:
AS=vlCVInT—f+v1R1n&+szV1nT—f+szln&=O, (25)
To Vo1 To Voz
OTKyJa, ucnonb3ys (6), (7), (10), (14), (15) noayyaeM KOHEUHYIO TEMIIEPATYPY CUCTEMBI
To To
— To\5T1 (To\5T2 _
T, =T, (T) (TZ) = 290 K. (26)
PaGora BHemHE# cHUTBI pacxolyeTcs Ha U3MEHEHHE BHYTPEHHEH SHEepruu rasa:
A =AU = (v, +v;)Cy (Ty — Ty) = 5PV L= = 4.04 [l 27)
0
Conep:xanue Baanbl

®opwmyna (1): U = U, 0.1
®opwmyna (2): Uy = %VPOZVO 0.1
®opmyna (3): Cy = SR 0.1
Dopmyna (4): U = %VP(ZVO) 0.1
®opmyna (5): P = P, 0.4
(DOpMyJIa (6): POVO = leTl 0.1
(DOpMyJIa (7): POVO = VZRTZ 0.1
®opmyna (8): Py2V, = vRT, 0.1
Qopmyna (9):v = vy + Vv, 0.1
®opmyna (10): Ty = % 0.4
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7 T,—T.
®opmyma (11): Q =2 PoVp - Tj”; 0.4
Yucnennoe 3HaueHue B popmyne (11): Q@ = 70.0 JIx 0.1
®opmyna (12): €, = Cy + R 0.1
Qopmyna (13): T =T, =T, 0.4
®opmyna (14): Vo1 = @ 0.1
1
®opmyna (15): Vo, = @ 0.1
2
®opwmyna (16): PV, = v4RT 0.1
®opwmyna (17): P,V, = v,R 0.1
@opmyna (18): dU = vCy,dT 0.1
@opmyna (19): 6Q =dU+ A =0 0.1
(DOpMyJIa (20): 514 = Pldvl + PZdVZ 0.1
.5 T T — 0.1
®opmyna (21): ™ dT + v dVv; + o dV, =0
e 0.2
. _ To 5T1 To 5T,
®opmyna (22): Ty = T, (n) (TZ)
Dopayna (23): A" = vCy (Ty — Ty) = 5PV, L= 0.2
0
Yucnennoe 3HaueHue B popmyne (23): A" = 4.04 Ix 0.2
AnpTEpHAaTUBHOE pelIeHUE 2)
Qopmyna (13): T =T, =T, 0.4
®opmyna (14): Voy = 22 0.1
1
®opmyna (15): Vy, = @ 0.1
2
®opmyna (24): S = const. 0.2
®opmyna (25): AS = v, Cy InL + ViR In2 + v, Cy In-L + V2R In2 =0 0.4
To Vo1 Ty Vo2
TO\ETs (To)\5T 0.2
. _ To\5T1 (To \5T2
®opmyna (26): Ty = T, (n) (TZ)
Dopuyna (27): A" = vCy (Ty — Ty) = 5PV, L= 0.2
0
Yucnennoe 3HaueHue B popmyne (27): A" = 4.04 Ix 0.2
HTroro 4.0

3angaua 1.3 (3.0 0as1a)

MOIIIHOCTh aKKyMYJISITOPHOM OaTapen pacxoayercs Ha MEXaHU4YecKylo paboTy Mo moabéMy rpysa, a
TaKKe Ha MOIIHOCTh TEIUIOBBIX MOTEPh HA BHYTPEHHEM COIPOTHBICHUH OaTaper M Ha OMHUYECKOM
CONPOTHBIEHUH R 0OMOTKM nBurarens. Eciam KpyTSmuid MOMEHT, HEOOXOAMMBIM IJIi paBHOMEPHOTO
nobEMa rpy3a Maccel my = m paBeH M W Baj P 3TOM BpaIaeTcs C yrIOBOM CKOPOCThIO wq = @ /ty, T1Ie
( — YroJ IoBOpoOTa BaJia MpH MoAbEME I'py3a Ha BBICOTY A, TO IO 3aKOHY COXPAaHEHHS SHEPTHU:

Ul = Mw, +1*(r + R), (1)

rae U — DJIC akkymymstopa, | — cujia TOKa, CO3JAIOMIEro HEOOXOIUMBINA sl TOabEMa Tpy3a MacChl m
KpyTALIUNA MOMEHT.

C yuéroM nponopuroHaNbHOCTH KPYTSAIIEr0O MOMEHTA CUJIE TOKA

M = al, 2)
rae a — ko3¢ UIMEHT MPONOPLUUOHATBHOCTH, YpaBHeHuE (1) mepenumeTcs B BUae
U=oaw, +I(r +R). 3)

OueBUIHO, YTO JUIsE paBHOMEPHOrO NOabEMA Irpy3a Maccoil m, = 2m notpedyercst BIBOE OOJbIIHIA
KPYTAIIMA MOMEHT M, COOTBETCTBEHHO, BJIBOE€ OOJBIIUN TOK. ECiaM mpH 3TOM CKOpPOCTH BpAIllEHHUs BaJa

paBHA W, = tg ,rae t, = t; + At — BpeMs noabséma rpysa m,, To COOTBETCTBYIOLIEE YPaBHEHUE UMEET BUJL:
2
U=aw, + 2I(r +R). 4)
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Jlnist paBHOMEPHOTO MOoABEMA TPy3a MacCcoi m,, = nm HeoOXOIUMBIN TOK paBeH [, = nl. Eciu sToT
Ipy3 OJHUMAETCA 3a BpeM L, CO CKOPOCTBIO Wy, = tﬂ, TO COOTBETCTBYIOILEEC YPABHEHUE BBITJIAINUT TaK:
n

U=aw, +nl(r +R). &)
N3 ypaBuenmii (3)-(5) w,, 1erko BeIpaXaeTcs 4epe3 w1, Wx:
W, = (0= D, — (n = 2wy, (©6)
OTKYJla BpeMs I0AbEMA I'py3a Maccor m,, paBHO
t, = b1t — b1ty ' (7)
(n-1t1—-(n—-2)t, t,—(n—-1)At
U3 ycnoBus
t, >0, (8)
HAXOIHUM, 4To N < % + 1, a 3TO 03HaUaeT, YTO KOJIMYECTBO IPYy30B N HE JOJHKHO MPEBHIIIATh
Nmax = |2+ 1] = [122%] = [106...] = 10. (9)
Bpewms nogséma n = 1,4, TPy30B COCTABIISET
tit t1(t1+At
tmax = G ae = tl—(lrfmlax—z))m =101-10c. (10)
Conep:xanue Baanbl
®opmyina (1): Ul = Mw, + I*(r + R) 0.3
Qopmyna (2): M = al 0.1
@opmyna (3): U = aw; +I(r + R) 0.2
@opmyna (4): U = aw, + 2I(r + R) 0.2
@opmyna (5): U = aw, + nl(r + R) 0.2
Qopmyna (6): w, = (n—Dw, —(n—2)w, 0.2
tit tit
q)OpMyHa (7) tn - (n—l)tll—én—Z)tz - tz—(‘rll—zl)At 02
®opmyna (8):t, >0 0.4
®opmyna (9): Ny = [% + 1] = [tlzm] 0.4
Uucnennoe 3HaueHue B popmyne (9): n,y,, = 10 0,2
Dopuya (10): by = T2 = T 0.4
Yucnennoe 35adenne B opmyie (10): t0, = 1.01-103 ¢ 0,2
HTroro 3.0

3angaua 2. Touxku Jlarpanska (10.0 0asna)
3agaua aByX TeJl.
2.1 Pajimychl OpOMT TeI paBHBI PACCTOSHUSAM OT TN JI0 EHTPa MAcC U ONPENENAIOTCS U3 ypaBHEHUN

Rl + RZ = Ro, (1)
mlRl = msz, (2)
OTKYyJa Hax0JUM UCKOMBIC paJnyChbl TpaeKTOpI/Iﬁ
— M2
Ry = mi+m; Ro. ©)
—_M
Ry =" R, )

2.2 ]Jlns pacueTa yrioBoM CKOPOCTH BpalIEHUS TENl W, 3alMIlIeM ypaBHEHHE BTOpOro 3akoHa HproToHa s
OJIHOT'O M3 TEJI, HAl[pUMED IS IEPBOr0, B BUIE

mm
mla)(z)Rl = G 12

6))

R’
0
KOTOpoeE ¢ yueToM (3) naet

wo = [cmatme (6)
0

Touxku Jlarpan:ka B cucreMe Tpex Tel.
2.3 BelpakeHue Ui NPOEKIUHU CHUJIBL, IEHCTBYIOIIEH HAa Majlo€ TEJIO0 My, CIEAYET U3 3aKOHA BCEMHPHOIO
TaroreHus Her0TOHA, KOTOPBIN ¢ y4€TOM HaIIpaBICHUS CUJ AAET
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_ _ [ Mmomg _Mmomy

C yUuceTOM 663p&3MCpHBIX COOTHOH_ICHI/II/I, NPUBCACHHBIX B YCJIIOBHUH, IMOJIYUUM BBIPAKCHUC JId
MMPOCKIHHU CUJIbI B OTHOCHUTCIIbHBIX C,Z[I/IHI/II_[aX

f;C: |x+u|3( +M)_|x 1+ |3(x_1+ﬂ) (8)
YpaBHeHue BTOpOro 3akoHa HeroToHa 1 Manoro teiia UMeeT BUJL
—mow3X = F,, ©)

o0e3pa3MeprB KOTOpOE€ Ha 3aJaHHbIC BEJIMYUHBI, MOJYYUM TpeOdyemMoe ypaBHEHHE MAJISl OIpEleTICHHS
KOOpPJIMHATHI X

— __1°H ——*  (x—
X = r (x+p PryE (x—=1+p). (10)
2.4 Jlns moctpoeHust rpaduka QyHKIuU (8) JOCTaTOYHO MOCTPOUTH T'padUKu (DYHKIMHA OMUCHIBAIOIIMX
NPUTSDKEHUE K TeTy M, (ABe BeTBU ¢ acuMnToToi npu X = —0.2 — rpaduk 1 Ha pUCYHKE) U IPUTSDKEHUE K

Teiy m, (aBe BeTBH ¢ acuMnToToi mpu x = 0.8 — rpaduk 2 Ha pUCYHKE) U IPOCYMMHUPOBATh UX (KpuBas 3
Ha PUCYHKE). DTOT rpa)MK UMEET TPU BETBH.
J.

e

i
A

A TS
o 3 ) ) Lg«\

e ==l
oo

~

-~
A___

)

[

[ .- TR FUR - SR L I -]

= \ et X
-2 f—4/< / L j?‘:;—hﬁ'
) Gl /4 /6N
) 7\ JEENS

S

N 3
s m ! l

-6

16 14 12 -1 08 06 04 02 0 02 04 06 08 1 12 14 1,6

2.5 Ha mocTtpoeHHOM rpaduke MpoBEAeM IMpsMYIO, ONMUCHIBAEMYIO ypaBHEeHUEM f, = —x. KoopauHatel
TOUYEK MEePEceUeHHsI STOU MPSIMOM ¢ TpapuKOM 3aBUCUMOCTH f, (X) SBISAIOTCS JEHCTBUTEIBHBIMU KOPHSIMHU
ypaBHeHus (10), T.e. sBisIOTCS KoopAMHAaTaMu Touek Jlarpanka, yexammx Ha ocu X. Kak cienyer us
IIPOBEJIEHHOT'O ITOCTPOEHUE TAKUX TOYEK POBHO 3.
2.6 VYpasuenue (10) sBiseTcss ypaBHEHHEM IISITOM CTENEHH, IIOITOMY HE MOXXET OBITh PEIICHO
aHamuTHyecku. OJHAKO TO YCIOBHIO TpeOyeTcss pacCUMTaTh YHMCICHHBIE 3HAYEHUSI C HEBBICOKOM
MOTPEIIHOCTBIO. [[J1s1 3TOr0 10CTaTO4YHO MOACUNTATh YMCICHHbBIE 3HAUEHUS CUIIbI, ICHCTBYIOIIEH Ha Majoe
T€I0, C IIaroM W3MeHeHus Xx, paBHeiM 0,1, M omnpeaenuTs HHTEpPBAJI, B KOTOPOM HAXOIUTCS
COOTBETCTBYIOIIUN KOPEHb.

PaccuuraeM 3HaueHHME KOOpAMHATHI TOYKM Jlarpanika L., HaxoIdIencs MEXAY TEIaMH My U My.
Jist aTol Touku ypaBHenue (10) MOxKHO mepenucarb B BUIE

1-p u
T w? | epen? (an

B Tabnuue Huke IpuBEACHBI 3HaYCHHUS JIEBOM 1 npaBoii yacteit ypaBuenus (11) mpu u = 0.20
0,2 0,3 0,4 0,5 0,6
f(x) 444 240| 097 -0,59 | -3,75
W3 Tabnuibl crneayeT, 4To KOpeHb ypaBHEHHs JIexkuT B uaTepBaiie ot 0,4 1o 0,5, T.e.

x, = 0.45. (12)

JIns koopAuHAThI TOUKHU L, JIexkKalen 3a TeIoM m,, IMEEM YPaBHEHUE




XX MexayHapoaHaa XXaytbikoBckaa Onumnuaga/TeopeTnyeckun Typ c. 7/14

x=—HK 4 # (13)

T Hw? | (x-14m)?
a B CcIeIyromel TabuIe pacCYMTaHbl 3HAYCHHUS JIEBOM M IPAaBOM yacTel 3TOro ypaBHEHUS
X 1 1,1 1,2 1,3 1,4
f(x) 5,56 | 2,70 1,66 1,16 ] 0,87
W3 naHHBIX 3TOI TaONMIIBI CIIEAYET, YTO KOPEHb 3TOTO YPaBHEHMS JIGKHUT B UHTEpBasie Mexay 1.2 u
1.3, T.e.

x, = 1.25. (14)
Hakonen, mist Touku Li, nexaniei 3a TeJIOM m, UMEEM ypaBHEHHUE (3[1eCh U3MEHEHO HAINpaBIIEHUE
ocH)

1-p U
= w? + (1-p+x)?’ (15)

a B CIIeIyIomIei TabiuIe MpUBeIeHbl PE3yJIbTaThl AHATOTMYHBIX PACYETOB

X 0,8 0,9 1 1,1 1,2
f(x) 2,30 1,70 1,31 ] 1,04 0,85
13 KOTOPBIX CIIEYeT, 4TO KOpeHb ypaBHeHUs (15) nexurt B untepBasie ot 1.0 mo 1.1, a, ciemoBarensHoO,
KoopauHarta To4ku Jlarpanxka Li

x3 = 1.05. (16)

2.7 Jlna nokasarenbCcTBa TOrO, YTO BEPIIMHA MPABWIIBHOIO TPEYTrOJbHHUKA
aBisieTcss Toukou Jlarpamxka L,, 3amuineM BbIpaKEHHE I CyMMapHOU
CHWJIBI, ICHCTBYIOIIEH Ha TEJIO MaJlOi MacChl M, B BEKTOPHOU (opme:

F=GT"y 4 g2 (17)

R3 R3
Bripaxkenue cmnpaBa B (opmynie (17) Bblpaxkaercs depe3 paauyc-
BEKTOp LIEHTpa Macc
myT +myr; = (my + my)7e, (18)
TOTJla ypaBHEHHE BTOPOro 3akoHa HpIOTOHA 171 3TOro Tena B MPOEKLUU Ha
HaIpaBJICHUE BEKTOPA T, UMEET B

Mow?re = G’;—g(ml + my)re. (19)

N3 31010 ypaBHEHHUs claeayeT, 4YTO yIiloBas CKOPOCTh JIBWKECHUS TEJIa M, paBHA

w = /G%gmz:wo, (20)

YTO COBMAJACT C YIJIOBOM CKOPOCTHIO BPAILEHHUSI MAaCCUBHBIX Tl (6), MOITOMY IMOJIOXKEHHE Tela m, OyJer
OCTaBaTbC HEU3MEHHBIM OTHOCHTEIBHO MAacCHUBHBIX Teil. (ClienoBaTenbHO, BEPLIMHA PABHOCTOPOHHEIO
TpEyroJIbHUKa ACHUCTBUTENBHO SABIIAECTCS TOUKOM Jlarpanixka.

Touxn Jlarpan:xa B CotHeYHOM cucTeMe.
2.8 Urobsr momoxenue ammapara SOHO ocraBamoch HeM3MeHHbIM OTHOcuTenbHO 3emin u ConHIa,
HE00X0IMMO, YTOObI OH Haxoawscs B Touke Jlarpamwxka L. [[ng Toro, uToOBl OMpeAeuTh ee MOJOKEHHUE,
Hajo pemnTs ypaBHeHue (11). Paccuntaem 3naueHne napamerpa p s cucreMsl CoiHie — 3emiis:

M, -
p=—>2=-=3.00-107°. (21)
My+M,
OTO0 3HAUYEHUE 3HAYUTEIILHO MEHbLIE 1, Mo3ToMy paccTosiHue | OT amnmapara 10 3eMiM 3HAYUTEeNTbHO
. o !
MEHbIIIE pajnuyca 3eMHONH OpOHMTHL. B HCIONB30BaHHON cHUCTeMe €IUHHII 0003HAYHM Z = —=1-u—x,
0
Torja u3 ypasHeHus (11) nomyunm
1-p _u
1—-pu—z= - =. 22
H (1-2)2 z2 (22)
1
Tak kak z,u < 1, ToO MOXXHO BOCIOJIB30BaThCS Pa3I0KEHUEM o 1+ 2z u B 3TOM Cciyuae
—Z

ypaBHeHHe (22) CyIIECTBEHHO yHpomlaeTcsi M U3 Hero Haxoaures z = (u/3)Y3, 1o ecTh mckomoe
paccTosiHuEe PaBHO

lg = R03/3M721 = 1.50 - 10° xm. (23)
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2.9 OueBuaHo, uto Tteneckon «Jbxeiimc VY»00» Haxomutrcs B Touke Jlarpamxka L,, mostomy amis
OIIpEAETIEHUS €r0 MOJOXKEHUE HAl0 PEelInTh ypaBHeHHE (13), ncnonb3ys METOA, aHAJOTUYHBIA METOLy II.
2.8:

l+z=—-+4 (24)

(1+2)2 =~ z?
T.€. KOCMHYECKHUIT TEIECKOI HaXOAUTCS Ha TAKOM K€ PACCTOSHHHU OT 3eMJIH (TOJIBKO C JIPYTOM CTOPOHBI):

Ly = R03/ "If; = 1.50 - 10° kM. (25)

2.10 Ecou actepoun ciayyailHO okaxercs B Touke Jlarpanxka L,, WIM CUMMETpUYHOW el Touke Lg 1uid
cucrembl FOnutep-ConHue, To ero mnonokeHue orHocurenbHo HOmurtepa n ConmHia OyAer moiroe Bpems
OCTaBaThCs HEU3MEHHBIM. ACTEpOUbI, HAXOAALINECS B JIPYTUX TOYKaxX, OyIyT MOCTOSHHO M3MEHSITH CBOE
nosioxkeHue otHocutenbHo IOmurepa u Connua. CenoBaTeNbHO, LEHTPBI TPYNI TPOSHCKUX ACTEPOUJIOB
HaxonmATcsi B OokoBbIX Toukax Jlarpamxka. Ilosromy paccrosHue or FOmmrepa [0 3THX TOYEK PaBHO
paccrosiHuto ot HOmurepa no Connua. Macca FOnutepa 3HaunTensHO MeHblle Maccel CoNHIA, TO3TOMY
paccTossHHE MEXJy HHMMH MpPaKTHYEeCKH DPaBHO paguycy opoutel HOmuTepa, KOTOpBI MOXXHO HaWTH,
UCHOJIB3Ys, TpeTul 3akoH Kemepa

2/3
I, =R, (%) = 7.82 - 10%kwm, (26)

rae To = 1 ron — nepuoy Bpaiienust 3emau Bokpyr ComHIa.

Conep:xanue Baanbl
®opmyna (1): R, + R, = R, 0.1
(DOpMyJIa (2): mlRl = m2R2 0.1
2.1 o 3): R R 01 0.4
opmyna (3): Ry = m +m2 0 :
®opmyna (4): R, = ——— R, 0.1
®opmyna (5): mywiR, =G m;;gnz 0.1
2.2 0.2
dopmyna (6): wy = |G % 0.1
0
mom mom
®opmyna (7): F, = —G |fo 13 X+R)-G lX_°R2}3 (X —R,) 0.5
D — ___H _ 0.5
)3 ®opmyuna (8): fy |x+m3 () -1+ 20
Dopmyna (9): —mywiX = F, 0.5
®opmyna (10): —x = r +#|3 (x+uw— ﬁ(x —-1+uw 0.5
)4 [Tono)xeHne BEePTUKAIBHBIX ACHMIITOT Ha rpaduke 0.2 0.8
) 3 BerBH rpaduka 3x0.2=0,6 )
25 |Ha rpaduke no0asieHa npsamas f, = —x 0.2 0.3
Yka3aHbl TpU TOUKH [IEPECEUEHMS], COOTBETCTBYIOT 3 ToukaMm Jlarpanxka 0.1
3a Kax Iy TOUKY: 3x(0.1+0.2)
2.6 | - YKa3aHO II0JIO)KEHHUE; =0.9 0.9
- HAUJICHO YMCJIEHHOE 3HAYCHHUE.
®opmyna (17): F = G m°’3”1 m+G m°:”2 7 0.2
®opmyna (18): my7r] + myr, = (my + my)re 0.2
2.7 | ®opmyna (19): mow?r, = G%(m1 +my)re 0.3 1.0
0
®opmyna (20): w = |G mll;mz = W, 0.3
0
Yucnennoe 3navenue (21): u = 3.00-107° 0.2
2.8 X _ 1-u u 0.2 1.6
Tounoe ypaBHenue (22): 1 —u—z = G2 2 .
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®opmyna (23): Is = R, M 0.7
\’ 3M,
Yucnennoe 3nagenue B popmyie (23): Ig = 1.50 - 10° km. 0.5
. —_1 13 0.2
@opmyna (24): 1+ z = i0)? t 3
2.9 dopmymna (25): I, = R03’;V1721 0.7 1.4
Yucnennoe 3Havenue B popmyie (25): Ly = 1.50 - 10° km. 0.5
@ 26):1, = R (ﬂ)y3 10
2.10 | PoPMyna (20):h = Ro (G 1.4
YucneHHoe 3HaueHne B hopmyie (26): [; = 7.82 - 10%km 0.4
HTroro 10.0
3angaua 3. I'eomerpuueckasi ontuka u gporogerexrop (10.0 6ansoB)
3.1 Ilo 3axoHY OTpa)keHHUs CBETA BBINOIHIETCS COOTHOILIEHNE
a=p. (M
3.2 I1o 3axoHy npenomiieHus cBeTa CHENIMYCa BIIOIHSIETCS PaBEHCTBO
sina =nsinp. 2)
3.3 Ilpu MasbIX yriax CHHYChl MO’KHO 3aMEHUTh CAMUM apryMEHTaMH, YTO MPHUBOJUT K BEIPAKEHUIO
a =np. 3)

3.4 IlockonpKy J1aMIa M3JIy4aeT [0 BCEM HAIPABICHHUSIM PaBHOMEPHO, TO MCKOMAasi MOILHOCTb M3JIy4ECHHUS
COCTAaBJISIET
a
Wy =W )

Takum 00pa3oM, MOLIHOCTh M3JIyY€HHs JIaMIIbl B ONPEICICHHOM HAalpaBJICHUH ONpeAessieTcs

COOTBETCTBYIOLIUM yTJIOM.
ToHkas miacTuHKa

3.5 Jlns pemenus 3aadu NOCTPOUM PUCYHOK, ITOKa3aHHbBIN HIDKE.

3KpaH
L
X
o _—_ \0(x)
[04
JlaMna a/2
IIJIACTHUHKa U

3/1ech HCMONBb30BaHbl CIEAYIONME OO0O3HAYCHUs IJIs YTJIOB, KOTOphIE B Clydae WX MajoCTH
HaXOOATCI U3 COOTHOILIEHUMN:

a
a=—
2L’ (5)
X
o(x) ="1. (6)
B cootBerctBUM ¢ myHkTOM 3.4 perucrpupyemasi JI€TEKTOPOM MOIIHOCTb  HM3Ty4YeHHUs
MPOMOPLIHOHAIIbHA YIIIY, IOOTOMY (bopMyJIa JUISl BBIYMCIIEHUS TTOKA3aHU MUJUITMAMIIEPMETPA UMEET BUJT

—0(x)+T(a+6(x))
AI(x)zIO(a ad ;aa ad —1) pu —§<x<§, (7)
IIpru 3TOM O4YCBUIHO, YTO
Al(x)=0 npu x<—§ (8)
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Al(x) =I,(t — 1) mp x> )

I'padux cooTBeTCTBYIOUIECH (DYHKIIMU MPEACTABICH Ha PUCYHKE HUKE, IIPH 3TOM KOOPIMHATHI JBYX
XapaKkTepHBIX TOUEK rpaduka

Al = 0.00 MA npu  x = —2.50 cMm, (10)
Al = —=5.00 MA npu  x = 2.50 cm. (11)
Ot
-1t
=<
e
41
51 l l l ! ‘
-4 -2 0 2 4
X,CM

ToJcTras IJIACTUHKA
3.6 HOHBHGHI/IG TOYKHN x1 Ha rpa(bmce CBA3aHO C TEM, YTO CBCT HA4YMUHACT AOIIOJHUTCIIBHO OTpa)KaTBCSI oT
FOpHBOHTaHBHOﬁ YaCTHu I1JIaCTHUHBI, HpI/I 3TOM XOI nyqa OT JIaMIIbI A0 Kpaﬂ IS ITOKa3aH Ha pI/ICyHKe HUXCE.
3KpaH

> »
ol

VI

JlaMIia a/2
Y X

IIJIACTHHKa

ITockonbKy IIpY OTPaKEHUU YIJIbl PABHBI, TO OTCIOZA JIETKO HAXOUM HUCKOMYIO BEJIMUHUHY
x, = -2 (12)
17 2r-2a
3.7 IlepBblii MakCUMyM JAOCTHIaeTCs, KOIZla BECh CBET, OTPaKEHHBIM TOPU30HTAIBHON ITOBEPXHOCTBHIO
IJJACTUHKHY, [TONAJAeT B ILIEIb M 3aTEM B JECTEKTOp. XOJ Jyded IPU 3TOM IOKa3aH Ha PUCYHKE HMXKE, a
COOTBETCTBYIOLIEE 3HAYECHUE KOOPAUHATHI, OYEBUTHO, PABHO
a

Xy = =7 (13)
3KpaH

< L .

IJIACTHHKA
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3.8 3nauenue Al ,, B TOUKE X, HAXOAUTCS U3 COOTHOIIECHUS

0

Blax = 1o (5 = 1), (14)

I'/ie BEIUYMHA yTria & 10 NPEKHEMY OINpeAeseTCs BIpaxkeHneM (5), a yron 6 cocrtasisieT
a

0= 2(L-d)’ (15)

OTKyJla OKOHYATEIbHO MOJIy4aeM
Iy d
Alpax = ;O(L_d)a (16)

3.9 Koopaunara x5 omnpeaensercss U3 yClIOBUs, YTO MPEJIOMIIEHHBIN B IJIACTHHE JyY BIEPBBIE NONAJAET B
HIDKHUW Kpal [eIH, X0/ JIy4el [T0Ka3aH Ha PUCYHKE HUXKE.

aKpaH
« L .
[24
A
JlaMIla o X3
A4
y— |
d
IJIACTHHKA
W3 pucyHka cnemyeT, 4To yriibl paBHBI
— __*3
0 = ) (17)
a
—+x
y=2-, (18)
IIPH 3TOM T10 3aKOHY MPEIOMIICHHUS
0 =ny. (19)
Torna u3 Beipaxkenuit (17)-(19), okoHUaTENHbHO MOTyYaeM
xy = -2 4 (20)

*(i-a(-D)
3.10 Y4acTok OT KOOPJIUHATHI X3 10 HYJIsE 00YCIOBIEH TEM, YTO CBET YACTUYHO HANPSAMYIO MPOXOHUT Yepe3
1eNlb, & YaCTUYHO IIONAAAeT 4epe3 IIACTUHY, IPEIOMIISISACh U OTPaKasachb B HEH. XOJ Jydel IOKa3aH Ha
PUCYHKE HUXKE.

3KpaH

»
L

JlaMIIa

IIJIAaCTHUHKa

Yron a mno-npexHeMmy omnpenensercss BblpaxkeHHeM (5), a COOTBETCTBYIOIME YIJIbI HA PUCYHKE

paBHBI
X

= (21)
B=— X3 a — (22)
)

(L-d) Z(L—d(l—z
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torja 3Hauenue Al (x) npuHUMAaeT BUJL

Al(x) = I, (%f”’) - 1), (23)
OTKy/1a oJy4aeM Kod(ppuimeHT HakIoHa

dAI(x (1-7)L

T = i @4
3.11 Hcxons u3 mpHUBEIEHHOrO B ycioBHM rpaduka, mmeem x; = —2.50cM, x, = —2.00 cM, x3 =
—1.75 cM, Al = 10.0 MA u dAI(x)/dx = —1.20 MA/cMm, ToTydaeM CIEIYIOIIUE 3HAYEHHS MCKOMBIX
napameTpoB

a=4.0cwm, (25)

n=13, (26)

T = 0.96, (27)

I, =100 MA, (28)

L/d = 6.0. (29)

3.12 JInst mocTpoeHus MOJIHOTO TpaduKa yCTAHOBUM BCE €r0 XapaKTEpPHbIE TOUYKH, MTOKAa3aHHBIE Ha PUCYHKE
HUKE KaK X1, X5, X3, X4, X5, X
9KpaH

X6
— X5
X4

X3
X2

X1

d

»

A

IJIaCTHHKa

KoopauHaTbl TOYEK Xq,X,,X3 OBLIM OIpeIesieHbl BbIIIE, HEOOXOAMMO YCTAaHOBUTH KOOPIMHATHI
IPYTUX XapaKTEepPHBIX TodeK. /[ns 3Toro omuineMm MOsSBICHHE Pa3IMYHBIX BETBEH rpaduka, MOCTENECHHO
IIPOJIBUTasl INIACTUHKY OT OTPULIATEIBHBIX [0 MOJ0XKUTEIbHBIX 3HAYCHUMN.

Koopaunatel BeTBU rpagpuka Pu3nyecKHe npouecesl
OT —00 10 X ITomHOEC MMpsAMOC MOIMaJaHUC B IICJIb.
OT X1 10 X5 ITonHoe mpsiMOe 1NoNajaHue B ILIEIb; OTPAXKEHUE OT TOPU3OHTAIBHOIO
y4acCTKa IJIaCTUHKH.
OT X5 JI0 X3 YactuyHoe mpsAMoOe  IONAJaHWE B LIENb, OTPAXKEHHE  OT
TOPU30OHTAJIBHOI'O YUACTKaA IMJIACTUHKH.
OT X3 JI0 X4 YactuyHoe mpsAMoOe€  IONAJaHWE B LIENb, OTPAXKEHHE  OT

TOPU30HTAJIIBHOTO Y4acTKa IUIACTUHKH (CBEPXY HANpPSAMYIO M CHU3Y C
IIPOXOXKJECHUEM UYepe3 IUIACTUHKY); MPOXO0XKIEHUE Yepe3 IUIACTUHKY C
IIPETIOMIICHUEM.

OT X4 J10 X5 IlonHoe mnpsMoe mnonagaHue B WIEIb C IPOXOXKACHUEM UEPE3
IUIACTUHKY; OTPaXXEHHE CHU3Yy OT TOPU3OHTAJIBHOIO YydacTKa ¢
IIPOXOKJICHUEM UEPE3 IIIACTUHKY.

OT X5 J10 Xg IlonHoe mnpsMoe mnonagaHue B WIEIb C IPOXOXKACHUEM UEPE3
IUIACTUHKY; YAacTUYHOE OTPAXEHWE CHU3Y OT TOPHU30HTAIBHOIO
y4acTKa C IPOX0XKACHUEM depe3 IIIACTUHKY.

OT X¢ 10 +00 [lonHoe mnpsMoe mnonagaHue B WIENb C IPOXOXKACHUEM UEPE3
IJIACTHUHKY.

Haiinem xoopanMHaThl COOTBETCTBYIOIUX XapaKTepHbIX Touek. KoopauHaTa X, JIETKO HaXOAWUTCS U
paBHa
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X, = g% =17 cm, (30)
a TIOKa3aHUs MIWIJIMaMIIEPMETPA ONPEIEIIAIOTCS BBIPAKEHUEM
_ T(a+p) _ _
Al = I, ( 9 1) = —1.9 MA. 31)
Koopaunara Touku x5 paBHa
Xs = g =2.0 cMm, (32)
a MIOKa3aHUs MIWIIMaMIIEPMETPA OIPEIEIISAIOTCS BBIPAKEHUEM
t(a+—2—
Al = I, (% — 1) = 7.7 MA. (33)
Vb1, 0003HaYeHHBIE HA PUCYHKE PaBHBI
— %o
6= = (34)
p=" (35)
U CBSA3aHbl COOTHOUIEHUEM
6 = ng. (36)
Taxum o6pa3omM, KOOpIUHATA TOYKH X PaBHA
a (L—-4d)
X =—7——7x = 2.4 cm, 37
62 (L—d(1+%)) o (37)
a TIOKa3aHUs MIWIIMaMIIEPMETPA OIPEIEIISAIOTCS BEIPAKEHUEM
Al = I, (%f) - 1) = 0.24 MA. (38)
[TonHbIi rpaduk 3aBUCHMOCTH TIOKA3aH HA PUCYHKE HUXKE.
10H
8 L
< &
=
= 4
<,
0 \l
-2 H . . ‘ ]
-3 -2 -1 0 1 2
X,CM
Conep:xanue Baanbl
31 | ®opmyna(l):a=p 0.2 0.2
3.2 | ®opmyna (2):sina = nsinf 0.2 0.2
3.3 | ®opmyna (3):a =np 0.2 0.2
3.4 | Dopmyna (4): W, = W~ 0.4 0.4
Dopmyna (5): a = % 0.2
dopmyna (6): 0(x) = % 0.2
®opwmyina (7): Al(x) = I (a_g(x);faw(x)) - 1) npu —% <x< % 0.4
3.5 | ®opmyna (8): AI(x) =0 npu x < —% 0.4 3.5
®opmyna (9): Al(x) = Iy(t — 1) npu x > % 0.4
I'paduk: 0.5 3a Kax/AyI0 BEpHYIO MPSIMYIO B UUCIIOBBIX 3HAYCHUSAX 1.5
@opmyna (10): AI = 0.00 MA npu x = —2.50 cm 0.2
@opmymna (11): Al = =5.0 MA npu x = 2.50 cm 0.2
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36 | @ 12): %, = — 22 0.2 0.2
. opmyna (12): x; = 2i-2d . .
3.7 | ®opmymna (13): x, = — 2 0.1 0.1

6
dopmyna (14): AL, = I, (% - 1) 0.1
. _ a
3.8 | Popmyna(l5):0 = 7= 0.1 0.4
I,b, d
@opmyna (16): Alax = 3o 0.2
g = __*3
®opmyna (17): 0 = ) 0.2
L %"‘xs 0.2
3.9 ®opmyna (18):y = " 0.8
®opmyna (19): 6 = ny 0.2
VT i) N 0.2
®opmyna (20): x5 = 5 (L—d(l—%))
. _ X
®opmyna (21): 0 = = 0.2
O 22):f=——"= - 0.2
P 2 = TG T S a()
3.10 a_9+T(B+9)” 0.8
Dopmyna (23): Al (x) = I (b2 — 1) 0.2
dAI(x) (1-7)L
dopmyna (24): d—xx = —I, a@i) 0.2
Uucnennoe 3Hauenue (25): a = 4.0 cm 0.2
Uucnennoe 3Hauenue (26): n = 1.3 0.2
3.11 | Yucnennoe 3uHaucnue (27): T = 0.96 0.2 1.0
Uucnennoe 3Hauenue (28): [, = 100 MA 0.2
Uucnennoe 3aauenue (29): L/d = 6.0 0.2
Uucnennoe 3nauenue (30): x, = 1.7 cm 0.2
Uucnennoe 3nauenue (31): Al, = —1.9 MA 0.2
Uucnennoe 3Hauenue (32): xs = 2.0 cm 0.2
Uucnennoe 3Hauenue (33): Al; = 7.7 MA 0.2
®opmyna (34): § = LxTGd 0.2
3.12 xg—2 02 2.2
Dopmyna (35): ¢ = — 2 '
@opmyna (36): § = ne 0.2
Uucnennoe 3Hauenue (37): xg = 2.4 cm 0.2
Uucnennoe 3nauenue (38): Alg = 0.24 MA 0.2
[TpaBunbHble 4 npsmbie Ha rpaduke ot 0.00 1o 3.00 cm 4x0.1
Hroro 10.0
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