
Experiment
Serbian (Serbia) G0-1

ƸǙшǜǊ ǝǙǝǜǛǜǌǊ: еǔǛǙеǚиǖеǗǜǊǕǗи ǜеǛǜ
12. ǱǝǕǒ, 2016

ЕǔǛǙǏǚǒǖǏǗǜǊǕǗǒ ǜǏǛǜ ǛǏ ǚǊǎǒ 5 ǛǊǜǒ ǒ ǗǘǛǒ 20 ǙǘǏǗǊ.

ƹǚе ǜеǛǜǊ

• ƷǏ ǛǖǏǜǏ ǎǊ ǘǜǌǊǚǊǜǏ ǔǘǌǏǚǜǏ ǛǊ ǑǊǎǊǠǒǖǊ ǙǚǏ ǑǌǝǡǗǘǍ ǛǒǍǗǊǕǊ ǔǘǱǒ ǘǑǗǊǡǊǌǊ ǙǘǡǏǜǊǔ ǜǊǔǖǒ-
ǡǏǳǊ.

• ƹǘǡǏǜǊǔ ǒ ǔǚǊǱ ǜǏǛǜǊ ǴǏ ǋǒǜǒ ǘǑǗǊǡǏǗ ǑǌǝǡǗǒǖ ǛǒǍǗǊǕǘǖ. ƼǊǔǘђǏ, ǋǒǴǏ ǘǋǊǌǏǢǜǏǳǊ ǗǊ ǛǌǊǔǒ
ǛǊǜ ǘ ǌǚǏǖǏǗǝ ǔǘǱǏ ǱǏ ǙǚǏǘǛǜǊǕǘ ǑǊ ǚǊǎ, ǔǊǘ ǒ ǙǏǜǗǊǏǛǜ ǖǒǗǝǜǊ ǙǚǏ ǔǚǊǱǊ ǜǏǛǜǊ (ǙǚǏ ǑǌǝǡǗǘǍ
ǛǒǍǗǊǕǊ).

Тǘǔǘǖ ǜеǛǜǊ

• ƸǋǏǑǋǏђǏǗǒ Ǜǝ ǙǘǛǏǋǗǒ ǕǒǛǜǘǌǒ ǙǚǏǎǌǒђǏǗǒ ǑǊ ǙǒǛǊǳǏ ǘǎǍǘǌǘǚǊ. ƽǗǏǛǒǜǏ ǚǏǑǝǕǜǊǜǏ Ǚǚǘǝ-
ǡǊǌǊǳǊ ǝ ǘǎǍǘǌǊǚǊǱǝǴǏ ǜǊǋǏǕǏ, ǙǘǲǊ ǒǕǒ ǍǚǊǞǒǔǏ ǗǊ ǘǎǍǘǌǊǚǊǱǝǴǏǖ ǕǒǛǜǝ ǑǊ ǘǎǍǘǌǘǚǏ (ǘǑǗǊ-
ǡǏǗǘǖ ǛǊ ƪ). ЗǊ ǛǌǊǔǒ ǑǊǎǊǜǊǔ ǒǖǊǜǏ ǙǘǛǏǋǊǗ ǙǚǊǑǊǗ ǙǊǙǒǚ ǑǊ ǎǏǜǊǲǗǒǱǒ ǚǊǎ (ǘǑǗǊǡǏǗ ǛǊ W).
ƬǘǎǒǜǏ ǚǊǡǝǗǊ ǎǊ ǝǌǏǔ ǔǘǚǒǛǜǒǜǏ ǙǊǙǒǚ ǑǊ ǚǊǎ ǔǘǱǒ ǙǚǒǙǊǎǊ ǑǊǎǊǜǔǝ ǔǘǱǒ ǜǚǏǗǝǜǗǘ ǚǊǎǒǜǏ
(ǙǚǘǌǏǚǒǜǏ ǋǚǘǱ ǑǊǎǊǜǔǊ ǝ ǑǊǍǕǊǌǲǝ). ƪǔǘ ǛǜǏ ǗǊ ǋǒǕǘ ǔǘǖ ǙǊǙǒǚǝ ǗǊǙǒǛǊǕǒ ǗǏǢǜǘ Ǣǜǘ ǗǏ
ǐǏǕǒǜǏ ǎǊ ǋǝǎǏ ǙǚǏǍǕǏǎǊǗǘ, ǙǚǏǠǚǜǊǱǜǏ ǜǘ.

• ƼǚǝǎǒǜǏ ǛǏ ǎǊ ǋǝǎǏǜǏ Ǣǜǘ ǱǏ ǖǘǍǝǴǏ ǛǊǐǏǜǒǱǒ ǝ ǘǎǍǘǌǘǚǒǖǊ: ǔǘǚǒǛǜǒǜǏ ǱǏǎǗǊǡǒǗǏ, ǕǘǍǒǡǔǏ ǘǙǏ-
ǚǊǠǒǱǏ ǒ ǛǔǒǠǏ ǎǊ ǙǚǏǎǛǜǊǌǒǜǏ ǌǊǢǊ ǚǊǑǖǒǢǲǊǳǊ, ǔǊǎ Ǎǘǎ ǱǏ ǜǘ ǖǘǍǝǴǏ. ИǑǋǏǍǊǌǊǱǜǏ ǎǝǍǊǡǔǏ
ǚǏǡǏǗǒǠǏ.

• ƷǒǱǏ ǙǘǜǚǏǋǗǘ ǘǎǚǏђǒǌǊǜǒ ǏǔǛǙǏǚǒǖǏǗǜǊǕǗǏ ǍǚǏǢǔǏ ǘǛǒǖ Ǌǔǘ ǛǏ ǜǘ ǏǔǛǙǕǒǠǒǜǗǘ ǗǏ ǜǚǊǐǒ.
ИǙǊǔ, ǜǚǊǐǒ ǛǏ ǎǊ ǎǊǜǏ ǙǚǒǟǌǊǜǲǒǌ ǋǚǘǱ ǑǗǊǡǊǱǗǒǟ ǠǒǞǊǚǊ ǔǊǎǊ ǗǊǌǘǎǒǜǏ ǋǚǘǱǗǏ ǌǚǏǎǗǘǛǜǒ.
ƼǊǔǘђǏ, ǜǚǏǋǊ ǛǊǖǒ ǎǊ ǘǎǕǝǡǒǜǏ ǘ ǙǚǒǟǌǊǜǲǒǌǘǖ ǋǚǘǱǝ ǖǏǚǏǗǒǟ ǜǊǡǊǔǊ ǒǕǒ ǙǘǗǘǌǲǏǗǒǟ ǖǏ-
ǚǏǳǊ, Ǌǔǘ ǑǊ ǜǘ ǗǏ ǙǘǛǜǘǱǏ ǙǘǛǏǋǗǊ ǝǙǝǜǛǜǌǊ.

• ƼǚǏǋǊǕǘ ǋǒ ǎǊ ǛǜǏ ǝ ǛǜǊǳǝ ǎǊ ǡǏǛǜǘ ǚǏǢǒǜǏ ǔǊǛǗǒǱǏ ǎǏǕǘǌǏ ǑǊǎǊǜǔǊ ǒǊǔǘ ǙǚǏǜǟǘǎǗǒ ǎǏǕǘǌǒ
ǗǒǛǝ ǚǏǢǏǗǒ.

• ƷǒǱǏ ǎǘǑǌǘǲǏǗǘ ǗǊǙǝǢǜǊǳǏ ǚǊǎǗǘǍ ǖǏǛǜǊ ǋǏǑ ǎǘǑǌǘǕǏ. ƪǔǘ ǌǊǖ ǱǏ ǙǘǜǚǏǋǗǊ ǋǒǕǘ ǔǊǔǌǊ ǙǘǖǘǴ
(ǎǘǙǝǳǊǌǊǳǏ ǋǘǠǏ ǛǊ ǌǘǎǘǖ, ǙǘǔǌǊǚǏǗǒ ǔǊǕǔǝǕǊǜǘǚ, ǙǘǜǚǏǋǊ ǑǊ ǜǘǊǕǏǜǘǖ ǒǜǎ.), ǙǚǒǌǝǠǒǜǏ
ǙǊǐǳǝ ǌǘǎǒǡǝ ǜǒǖǊ ǜǊǔǘ Ǣǜǘ ǴǏǜǏ ǙǘǛǜǊǌǒǜǒ ǱǏǎǗǝ ǘǎ ǜǚǒ ǑǊǛǜǊǌǒǠǏ ǝ ǎǚǐǊǡ, ǔǘǱǒ ǛǏ ǗǊǕǊǑǒ
ǗǊ ǌǊǢǏǖ ǘǎǏǲǏǳǝ (”ДǘǙǝǗǒǜǏ ǖǒ ǋǘǠǝ, ǖǘǕǒǖ ǌǊǛ”, ”ƶǘǚǊǖ ǎǊ ǒǎǏǖ ǝ ǜǘǊǕǏǜ, ǖǘǕǒǖ ǌǊǛ” ǒǕǒ
”ƼǚǏǋǊ ǖǒ ǙǘǖǘǴ, ǖǘǕǒǖ ǌǊǛ” ǝ Ǜǌǒǖ ǘǛǜǊǕǒǖ ǛǒǜǝǊǠǒǱǊǖǊ).

ƷǊ ǔǚǊјǝ ǜеǛǜǊ

• ƷǊ ǔǚǊǱǝ ǜǏǛǜǊ ǖǘǚǊǜǏ ǎǊ ǙǚǏǛǜǊǗǏǜǏ ǛǊ ǙǒǛǊǳǏǖ.

• ЗǊ ǛǌǊǔǒ ǑǊǎǊǜǊǔ, ǛǕǘǐǒǜǏ ǘǎǍǘǌǊǚǊǱǝǴǏ ǕǒǛǜǘǌǏ ǝ ǛǕǏǎǏǴǏǖ ǚǏǎǘǛǕǏǎǝ: ǘǖǘǜ (C), ǙǒǜǊǳǊ (Q),
ǘǎǍǘǌǘǚǒ (A), ǚǊǎǗǒ ǕǒǛǜǘǌǒ (W).

• ƻǜǊǌǒǜǏ ǛǌǏ ǕǒǛǜǘǌǏ ǌǏǑǊǗǏ ǑǊ ǱǏǎǊǗ ǑǊǎǊǜǊǔ ǝ ǒǛǜǒ ǔǘǌǏǚǊǜ. ƻǜǊǌǒǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ (G) ǝ ǙǚǏ-
ǘǛǜǊǕǒ ǙǘǛǏǋǊǗ ǔǘǌǏǚǊǜ. ƫǝǎǒǜǏ ǛǒǍǝǚǗǒ ǎǊ ǛǏ ǌǊǢǊ ǢǒǞǚǊ ǌǒǎǒ ǔǚǘǑ ǙǚǘǑǘǚǡǒǴ ǗǊ ǛǌǊǔǘǖ
ǔǘǌǏǚǜǝ. ƹǚǏǎǊǱǜǏ ǒ ǙǚǊǑǗǏ ǕǒǛǜǘǌǏ. ƷǒǱǏ ǎǘǑǌǘǲǏǗǘ ǎǊ ǒǑǗǏǛǏǜǏ ǋǒǕǘ ǔǘǱǒ ǕǒǛǜ ǛǊ ǜǏǛǜǊ.



Experiment
Serbian (Serbia) G0-2

• ƻǜǊǌǒǜǏ ǌǊǢ Ǚǚǒǋǘǚ ǑǊ ǙǒǛǊǳǏ (2 ǟǏǖǒǱǛǔǏ ǘǕǘǌǔǏ, 1 ǞǕǘǖǊǛǜǏǚ, 1 ǘǕǘǌǔǝ, 1 ǖǊǔǊǑǏ, 1 ǕǏǳǒǚ,
2 ǙǊǚǊ ǡǏǙǘǌǊ ǑǊ ǝǢǒ) ǔǊǘ ǒ ǘǋǏǑǋǏђǏǗǒ ǔǊǕǔǝǕǊǜǘǚ ǒ ǌǊǢ ǕǒǡǗǒ ǔǊǕǔǝǕǊǜǘǚ (Ǌǔǘ ǍǊ ǒǖǊǜǏ)
ǗǊǑǊǎ ǝ ǙǚǘǌǒǎǗǝ ǜǘǚǋǒǠǝ.

• ƻǊǡǏǔǊǱǜǏ ǑǊ ǌǊǢǒǖ ǛǜǘǕǘǖ ǎǘǔ ǗǏ ǙǘǔǝǙǏ ǌǊǢǏ ǔǘǌǏǚǜǏ. КǊǎǊ ǛǏ Ǜǌǒ ǔǘǌǏǚǜǒ ǛǊǔǝǙǏ ǌǊǢ
ǌǘǎǒǡ ǴǏ ǌǊǛ ǒǑǌǏǛǜǒ ǒǑ ǛǊǕǏ ǑǊ ǜǏǛǜ. ƹǘǗǏǛǒǜǏ Ǚǚǒǋǘǚ ǑǊ ǙǒǛǊǳǏ ǛǊ Ǜǘǋǘǖ ǒ ǙǚǏǎǊǱǜǏ ǍǊ ǗǊ
ǒǑǕǊǑǝ. ƹǘǗǏǛǒǜǏ, ǜǊǔǘђǏ, ǒ ǋǘǠǝ ǛǊ ǌǘǎǘǖ.



Experiment
Serbian (Serbia) G0-3

СǜǊǌǔе

ƯǔǛǙеǚиǖеǗǜ Ư-I: ЕǕǏǔǜǚǒǡǗǊ ǙǚǘǌǘǎǗǘǛǜ ǝ ǎǌǏ ǎǒǖǏǗǑǒǱǏ 10 ǙǘǏǗǊ
ƯǔǛǙеǚиǖеǗǜ E-II: ƹǏǚǕǒǠǏ ǔǘǱǏ ǛǔǊǡǝ - ƶǘǎǏǕ ǞǊǑǗǒǟ ǙǚǏǕǊǑǊ ǒ ǗǏǛǜǊǋǒǕǗǘ-

Ǜǜǒ
10 ǙǘǏǗǊ

ДǏǘ ǙǚǒǋǘǚǊ ǑǊ ǏǔǛǙǏǚǒǖǏǗǜ E-I ǒ E-II ǱǏ ǒǛǜǒ. ƹǘǚǏǎ ǘǛǜǊǕǒǟ, ǒǑǌǘǚ ǒ ǍǏǗǏǚǊǜǘǚ ǛǒǍǗǊǕǊ ǛǏ ǔǘǚǒǛǜǏ
ǝ ǘǋǊ ǏǔǛǙǏǚǒǖǏǗǜǊ, ǊǕǒ ǝ ǚǊǑǕǒǡǒǜǒǖ ǙǘǛǜǊǌǔǊǖǊ.

ƽǙǘǑǘǚǏǳǏ: Дǘǔ ǚǊǛǙǊǔǝǱǏǜǏ ǔǝǜǒǱǝ ǗǏ ǙǘǎǒǐǒǜǏ ǝǚǏђǊǱ ǛǊ ǑǌǝǡǗǒǔǘǖ ǎǚǐǏǴǒ ǍǊ ǑǊ ǙǕǊǛǜǒǡǗǒ Ǡǒ-
ǕǒǗǎǊǚ ǔǘǱǒ ǱǏ ǙǚǒǡǌǚǢǴǏǗ ǑǊ ǖǏǖǋǚǊǗǝ.

ƹǚиǋǘǚ ǔǘји Ǜе ǔǘǚиǛǜи ǝ ǘǋǊ еǔǛǙеǚиǖеǗǜǊ

(1)

(2)(3)

(4)

(5)

(6)

ƻǕǒǔǊ 1: ЗǊǱǏǎǗǒǡǔǒ Ǚǚǒǋǘǚ ǑǊ ǘǋǊ ǏǔǛǙǏǚǒǖǏǗǜǊ.

1. ƫǊǜǏǚǒǱǊ ǛǊ USB ǔǊǋǕǘǖ

2. ƹǘǎǏǛǒǌǒ ǍǏǗǏǚǊǜǘǚ ǛǒǍǗǊǕǊ ǔǘǱǒ ǗǊǙǊǱǊ ǋǊǜǏǚǒǱǊ

3. ƶǊǕǒ ǢǚǊǞǠǒǍǏǚ

4. ДǏǛǏǜ ǔǊǋǕǘǌǊ ǛǊ ǔǚǘǔǘǎǒǕǛǔǒǖ ǢǜǒǙǊǲǔǊǖǊ

5. ШǏǛǜ ǔǊǋǕǘǌǊ ǛǊ 4 mm ǙǚǒǔǲǝǡǠǒǖǊ

6. ДǌǊ ǎǒǍǒǜǊǕǗǊ ǝǗǒǖǏǚǊ

ƼǊǔǘђǏ ǖǘǐǏǜǏ ǎǊ ǔǘǚǒǛǜǒǜǏ ǋǒǕǘ ǢǜǊ ǘǎ ǙǚǒǕǘǐǏǗǘǍ ǙǚǒǋǘǚǊ ǎǊ ǋǒǛǜǏ ǝǚǊǎǒǕǒ ǑǊǎǊǜǊǔ.



Experiment
Serbian (Serbia) G0-4

ƭеǗеǚǊǜǘǚ ǛиǍǗǊǕǊ

(5) (6) (8) (7)

(4)

(3)

(2)
(1)

ƻǕǒǔǊ 2.

1. USB ǔǘǗǏǔǜǘǚ ǑǊ ǗǊǙǊǱǊǳǏ ǍǏǗǏǚǊǜǘǚǊ ǛǒǍǗǊǕǊ

2. ƹǚǒǔǲǝǡǠǒ ǑǌǝǡǗǒǔǊ (ǔǘǚǒǛǜǏ ǛǏ ǛǊǖǘ ǝ E-II)

3. ƹǘǜǏǗǠǒǘǖǏǜǊǚ ǑǊ ǙǘǎǏǢǊǌǊǳǏ ǔǘǗǛǜǊǗǜǗǘǍ ǗǊǙǘǗǊ (ǔǘǚǒǛǜǒ ǛǏ ǛǊǖǘ ǝ E-I)

4. ƹǘǜǏǗǠǒǘǖǏǜǊǚ ǑǊ ǙǘǎǏǢǊǌǊǳǏ ǊǖǙǕǒǜǝǎǏ ǛǒǍǗǊǕǊ (ǔǘǚǒǛǜǒ ǛǏ ǛǊǖǘ ǝ E-II)

5. ƹǚǒǔǲǝǡǊǔ ǑǊ ǱǏǎǗǘǛǖǏǚǗǒ ǗǊǙǘǗ (ǔǘǚǒǛǜǒ ǛǏ ǛǊǖǘ ǝ E-I)

6. ƹǚǒǔǲǝǡǊǔ ǑǊ ǙǘǎǏǢǊǌǊǳǏ ǊǖǙǕǒǜǝǎǏ ǘǛǠǒǕǘǌǊǳǊ (ǔǘǚǒǛǜǒ ǛǏ ǛǊǖǘ ǝ E-II)

7. ЗǊǱǏǎǗǒǡǔǒ ǙǚǒǔǲǝǡǊǔ ǑǊ ǝǑǏǖǲǏǳǏ

8. ƹǚǏǔǒǎǊǡ ǑǊ ǝǔǲǝǡǒǌǊǳǏ ǑǌǝǡǗǒǔǊ

ДǊ ǋǒǛǜǏ ǙǚǒǔǲǝǡǒǕǒ ǗǊǙǊǱǊǳǏ ǗǊ ǍǏǗǏǚǊǜǘǚ ǛǒǍǗǊǕǊ, ǙǚǒǔǲǝǡǒǜǏ ǋǊǜǏǚǒǱǝ ǔǘǚǒǛǜǏǴǒ USB ǔǊǋǕ,
ǗǊ USB ǙǚǒǔǲǝǡǊǔ ǗǊ ǍǏǗǏǚǊǜǘǚǝ ǛǒǍǗǊǕǊ (1).

ƽǘǡǒǜǏ ǎǊ ǱǏ ǗǏǔǘǕǒǔǘ ǔǚǝǍǘǌǊ ǙǘǜǏǗǠǒǘǖǏǜǚǊ ǙǘǜǚǏǋǗǘ ǎǊ ǛǏ ǙǚǏђǏ ǛǊ ǱǏǎǗǘǍ ǔǚǊǱǊ ǘǙǛǏǍǊ ǗǊ ǎǚǝǍǒ.
ƹǘǜǏǗǠǒǘǖǏǜǊǚ ǖǏǟǊǗǒǡǔǏ ǍǚǊǗǒǠǏ ǑǊ ǔǚǊǱ ǘǙǛǏǍǊ.

ƮиǍиǜǊǕǗи ǝǗиǖеǚи

ДǒǍǒǜǊǕǗǒ ǝǗǒǖǏǚǒ ǛǏ ǔǘǚǒǛǜǏ ǑǊ ǖǏǚǏǳǏ ǱǊǡǒǗǏ ǛǜǚǝǱǏ ǒ ǗǊǙǘǗǊ. ƽǌǏǔ ǙǚǒǔǲǝǡǒǜǏ ǎǌǊ ǔǊǋǕǊ
ǝ ǙǚǒǔǲǝǡǔǏ ǘǑǗǊǡǏǗǏ ǛǊ ”VmAΩ” ǒ ”GND” ǒ ǒǑǊǋǏǚǒǜǏ current/voltage (ǛǜǚǝǱǊ/ǗǊǙǘǗ) ǔǊǘ ǒ ǘǙǛǏǍ
ǖǏǚǏǳǊ.



Experiment
Serbian (Serbia) Q1-1

ƯǕǏǔǜǚǒǡǗǊ ǙǚǘǌǘǎǗǘǛǜ ǝ ǎǌǏ ǎǒǖǏǗǑǒјǏ (10 ǙǘǏǗǊ)
ƹǚǏ ǗǏǍǘ Ǣǜǘ ǔǚǏǗǏǜǏ ǛǊ ǚǏǢǊǌǊǳǏǖ ǙǚǘǋǕǏǖǊ ǖǘǕǒǖǘ ǌǊǛ ǎǊ ǙǚǘǡǒǜǊǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ ǔǘǱǊ ǛǏ
ǗǊǕǊǑǏ ǝ ǙǘǛǏǋǗǘǱ ǔǘǌǏǚǜǒ.

ƽǌǘǎ

ƽ ǙǘǜǚǊǑǒ ǑǊ ǚǊǑǌǘǱǏǖ ǗǘǌǏ ǍǏǗǏǚǊǠǒǱǏ ǝǚǏђǊǱǊ ǔǘǱǒ ǛǏ ǑǊǛǗǒǌǊǱǝ ǗǊ ǙǘǕǝǙǚǘǌǘǎǗǒǡǔǘǱ ǜǏǟǗǘǕǘǍǒǱǒ,
ǔǊǘ Ǣǜǘ Ǜǝ ǔǘǖǙǱǝǜǏǚǛǔǒ ǡǒǙǘǌǒ ǒǕǒ ǛǘǕǊǚǗǏ ǴǏǕǒǱǏ, ǒǛǜǚǊǐǒǌǊǡǒ ǜǚǊǐǏ ǗǘǌǏ ǖǊǜǏǚǒǱǊǕǏ ǔǘǱǒ
ǙǘǔǊǑǝǱǝ ǒǛǜǊǔǗǝǜǏ ǜǚǊǗǛǙǘǚǜǗǏ ǘǛǘǋǒǗǏ (ǗǙǚ. ǖǊǕǊ ǏǕǏǔǜǚǒǡǗǊ ǛǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ). ƶǏǚǏǳǏ
ǘǌǒǟ ǘǛǘǋǒǗǊ ǛǏ ǌǚǢǏ ǗǊ ǝǑǘǚǠǒǖǊ ǔǘǗǊǡǗǒǟ ǎǒǖǏǗǑǒǱǊ, ǛǊ ǔǘǗǜǊǔǜǒǖǊ ǔǘǗǊǡǗǏ ǘǜǙǘǚǗǘǛǜǒ ǒ Ǚǚǒ
ǛǙǏǠǒǱǊǕǗǒǖ ǍǏǘǖǏǜǚǒǱǊǖǊ. Ƹǌǒ ǏǞǏǔǜǒ ǛǏ ǖǘǚǊǱǝ ǝǑǏǜǒ ǝ ǘǋǑǒǚ ǔǊǔǘ ǋǒ ǛǏ ǎǘǗǏǕǒ ǑǊǔǲǝǡǠǒ ǘ
ǙǚǊǌǒǖ ǔǊǚǊǔǜǏǚǒǛǜǒǔǊǖǊ ǖǊǜǏǚǒǱǊǕǊ. ƹǘǚǏǎ ǜǘǍǊ, ǜǊǗǔǒ ǞǒǕǖǘǌǒ ǖǘǍǝ ǙǘǔǊǑǒǌǊǜǒ ǚǊǑǕǒǡǒǜǏ
ǘǛǘǋǒǗǏ ǝ ǘǎǗǘǛǝ ǗǊ 3D ǖǊǜǏǚǒǱǊǕǏ.

ƽ ǘǌǘǖ ǑǊǎǊǜǔǝ, ǒǛǜǚǊǐǒǴǏǖǘ ǏǕǏǔǜǚǒǡǗǏ ǘǛǘǋǒǗǏ ǘǎǚǏђǏǗǒǟ ǖǊǜǏǚǒǱǊǕǊ. ƴǘǚǒǛǜǴǏǖǘ ǛǕǏǎǏǴǏ
ǎǏǞǒǗǒǠǒǱǏ:

• ОǜǙǘǚǗǘǛǜ �: ƸǜǙǘǚǗǘǛǜ ǱǏ ǏǕǏǔǜǚǒǡǗǊ ǘǛǘǋǒǗǊ ǝǑǘǚǔǊ ǒǕǒ ǝǚǏђǊǱǊ. ƹǚǏǎǛǜǊǌǲǊ ǌǏǕǒǡǒǗǝ
ǔǘǱǝ ǖǏǚǒǖǘ ǗǊ ǘǎǚǏђǏǗǘǖ ǝǑǘǚǔǝ ǛǊ ǎǊǜǒǖ ǎǒǖǏǗǑǒǱǊǖǊ.

• ƻǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ �: ƻǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ ǱǏ ǘǛǘǋǒǗǊ ǖǊǜǏǚǒǱǊǕǊ ǔǘǱǊ ǘǎǚǏђǝǱǏ ǳǏǗǝ
ǘǜǙǘǚǗǘǛǜ. ƸǌǊ ǌǏǕǒǡǒǗǊ ǑǊǌǒǛǒ ǘǎ ǌǚǛǜǏ ǖǊǜǏǚǒǱǊǕǊ ǒ ǘǎ ǛǙǘǲǊǢǳǒǟ ǙǊǚǊǖǏǜǊǚǊ ǔǊǘ Ǣǜǘ
Ǜǝ ǜǏǖǙǏǚǊǜǝǚǊ, ǊǕǒ ǗǏ ǑǊǌǒǛǒ ǘǎ ǍǏǘǖǏǚǒǱǏ (ǒ ǌǏǕǒǡǒǗǏ) ǝǑǘǚǔǊ.

ƽ ǘǌǘǖ ǑǊǎǊǜǔǝ, ǖǏǚǒǴǏǖǘ ǜǊǔǘǑǌǊǗǝ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǜǊǗǔǘǍ ǞǒǕǖǊ (sheet resistivity). ƸǌǊ
ǌǏǕǒǡǒǗǊ ǙǚǏǎǛǜǊǌǲǊ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǙǘǎǏǲǏǗǝ ǛǊ ǎǏǋǲǒǗǘǖ ǌǏǘǖǊ ǜǊǗǔǘǍ ǕǒǛǜǊ (ǛǕǘǱǊ).

ИǛǜǚǊǐǒǴǏǖǘ ǝǜǒǠǊǱ ǛǕǏǎǏǴǒǟ ǙǊǚǊǖǏǜǊǚǊ ǗǊ ǏǕǏǔǜǚǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǜǊǗǔǒǟ ǞǒǕǖǘǌǊ:

• ǗǊǡǒǗǊ ǙǘǌǏǑǒǌǊǳǊ ǏǕǏǔǜǚǒǡǗǘǍ ǔǘǕǊ,

• ǍǏǘǖǏǜǚǒǱǏ ǝǑǘǚǊǔǊ,

• ǒ ǎǒǖǏǗǑǒǱǏ ǝǑǘǚǊǔǊ.

ƵǒǛǜ ǙǚǘǌǘǎǗǘǍ ǙǊǙǒǚǊ ǒ ǛǒǕǒǔǘǗ ǘǋǕǘǐǏǗ ǖǏǜǊǕǘǖ ǴǏ ǛǏ ǔǘǚǒǛǜǒǜǒ ǔǊǘ ǝǑǘǚǠǒ.



Experiment
Serbian (Serbia) Q1-2

АǙǊǚǊǜǝǚǊ

(1)

(2) (4) (5)(3)

ƻǕǒǔǊ 1: ДǘǎǊǜǗǊ ǘǙǚǏǖǊ ǑǊ ǘǌǊǱ ǏǔǛǙǏǚǒǖǏǗǜ.

1. ƹǊǙǒǚ ǘǋǕǘǐǏǗ ǍǚǊǞǒǜǘǖ (ǜǊǔǘ ǎǊ ǙǘǛǜǊǱǏ ǙǚǘǌǘǎǊǗ)

2. ƻǒǕǒǠǒǱǝǖ ǘǋǕǘǐǏǗ ǜǊǗǔǒǖ ǞǒǕǖǘǖ ǟǚǘǖǊ (ǗǊǕǑǒ ǛǏ ǝ ǙǘǛǏǋǗǘǱ ǙǘǛǝǎǒ)

3. ДǚǐǊǡ ǘǎ ǙǕǏǔǛǒǍǕǊǛǊ ǛǊ 8 ǛǜǚǝǱǗǒǟ ǙǚǒǔǲǝǡǊǔǊ

4. ƸǖǛǔǒ ǘǜǙǘǚǗǒǔ

5. ƸǋǘǱǏǗǏ ǗǊǕǏǙǗǒǠǏ

ƬǊǐǗǏ ǗǊǙǘǖǏǗǏ

• ƻǒǕǒǠǒǱǝǖ ǘǋǕǘǐǏǗ ǜǊǗǔǒǖ ǞǒǕǖǘǖ ǟǚǘǖǊ ǛǏ ǕǊǔǘ ǖǘǐǏ ǘǢǜǏǜǒǜǒ ǝǔǘǕǒǔǘ ǌǊǖ ǒǛǙǊǎǗǏ. ƷǏ
ǙǒǙǊǜǒ ǒ ǗǏ ǍǚǏǋǊǜǒ ǛǱǊǱǗǝ ǖǏǜǊǕǗǝ ǙǘǌǚǢǒǗǝ.

ƽǙǝǜǛǜǌǊ

• ƽ ǘǌǘǖ ǏǔǛǙǏǚǒǖǏǗǜǝ, ǍǏǗǏǚǊǜǘǚ ǛǒǍǗǊǕǊ ǴǏ ǋǒǜǒ ǔǘǚǒǢǴǏǗ ǔǊǘ ǒǑǌǘǚ ǗǊǙǘǗǊ ǱǏǎǗǘǛǖǏǚǗǏ
ǛǜǚǝǱǏ. ƽ ǘǌǘǖ ǖǘǎǝ, ǛǒǍǗǊǕ ǍǏǗǏǚǊǜǘǚ ǎǊǱǏ ǔǘǗǛǜǊǗǜǊǗ ǗǊǙǘǗ ǒǑǖǏђǝ ǗǊǙǘǗǛǔǏ ǝǜǒǡǗǒǠǏ (vol-
tage socket) (5) ǒ ǝǑǏǖǲǏǳǊ (GND socket) (7).

(ƫǚǘǱǏǌǒ ǛǏ ǘǎǗǘǛǏ ǗǊ ǞǘǜǘǍǚǊǞǒǱǝ ǝ ǘǙǢǜǒǖ ǝǙǝǜǛǜǌǒǖǊ.)

• ƷǊǙǘǗ (ǘǙǛǏǍ: 0- 5 V) ǛǏ ǖǘǐǏ ǖǏǳǊǜǒ ǙǘǖǘǴǝ ǙǘǜǏǗǠǒǘǖǏǜǚǊ (ǘǑǗǊǡǏǗǘǍ ǛǊ Ǚǘдешавање Ǘа-
ǙǘǗа (adjust voltage)) ǙǘǖǘǴǝ ǢǚǊǞǠǒǍǏǚǊ (3).

• ƹǚǒ ǌǚǢǏǳǝ ǏǔǛǙǏǚǒǖǏǗǜǊ, ǋǝǎǒǜǏ ǛǒǍǝǚǗǒ ǎǊ ǛǜǏ ǑǌǝǡǗǒǔ (loudspeaker drive section) ǛǒǍǗǊǕ
ǍǏǗǏǚǊǜǘǚǊ ǒǛǲǝǡǒǕǒ ǙǘǖǘǴǝ ǙǚǏǔǒǎǊǡǊ (8). Ƹǌǘ ǛǏ ǖǘǐǏ ǙǚǘǌǏǚǒǜǒ ǖǏǚǏǳǏǖ ǗǊǙǘǗǊ ǒǑ-
ǖǏђǝ ǝǜǒǡǗǒǠǏ ǑǊ ǑǌǝǡǗǒǔ (speaker amplitude monitor socket) (6) ǒ ǝǑǏǖǲǏǳǊ (GND socket) (7).
ƽǔǘǕǒǔǘ ǱǏ ǑǌǝǡǗǒǔ ǒǛǔǲǝǡǏǗ ǗǊǙǘǗ ǒǑǖǏђǝ ǘǌǊ ǎǌǊ ǒǑǕǊǑǊ ǴǏ ǋǒǜǒ ǱǏǎǗǊǔ ǗǝǕǒ.



Experiment
Serbian (Serbia) Q1-3



Experiment
Serbian (Serbia) Q1-4

ƮǏǘ А. МǏǚǏњǊ ǖǏǜǘǎǘǖ ǡǏǜǒǚǒ ǜǊǡǔǏ (М4Ƽ) (Four-point-probe (4PP)) (1.2 ǙǘǏǗǊ)
ƴǊǔǘ ǋǒ ǙǚǏǠǒǑǗǘ ǒǑǖǏǚǒǕǒ ǛǙǏǠǒǞǒǡǗǝ ǙǚǘǌǘǎǗǘǛǜ, ǔǘǗǜǊǔǜǒ ǑǊ ǖǏǚǏǳǏ ǗǊǙǘǗǊ ǒ ǛǜǚǝǱǏ ǋǒ ǜǚǏ-
ǋǊǕǘ ǎǊ ǋǝǎǝ ǚǊǑǎǌǘǱǏǗǒ.

ƸǌǊ ǜǏǟǗǒǔǊ ǛǏ ǗǊǑǒǌǊ ǖǏǜǘǎ ǡǏǜǒǚǒ ǜǊǡǔǏ (ƶ4Ƽ). ЧǏǜǒǚǒ ǔǘǗǜǊǔǜǊ Ǜǝ ǚǊǛǙǘǚǏђǏǗǊ ǛǒǖǏǜǚǒǡǗǘ
ǜǊǔǘ ǎǊ ǞǘǚǖǒǚǊǱǝ ǗǊǱǱǏǎǗǘǛǜǊǌǗǒǱǝ ǖǘǍǝǴǝ ǔǘǗǞǒǍǝǚǊǠǒǱǝ: ƻǜǚǝǱǊ � ǜǏǡǏ ǔǚǘǑ ǝǑǘǚǊǔ ǔǚǘǑ ǱǏǎǊǗ ǘǎ
ǛǙǘǲǊǢǳǒǟ ǔǘǗǜǊǔǊǜǊ, ǑǊǜǒǖ ǜǏǡǏ Ǚǘ Ǜǌǒǖ ǖǘǍǝǴǖ ǙǝǜǏǌǒǖǊ ǔǚǘǑ ǝǑǘǚǊǔ ǒ ǑǊǜǒǖ ǒǑǕǊǑǒ ǒǑ ǝǑǘǚǔǊ
ǔǚǘǑ ǎǚǝǍǒ ǔǘǗǜǊǔǜ. ИǑǖǏђǝ ǳǒǟ, ǗǊǙǘǗ � ǱǏ ǖǏǚǏǗ ǎǝǐ ǘǎǚǏђǏǗǘǍ ǙǝǜǊ � ǗǊ ǝǑǘǚǔǝ.

ƻǒǖǏǜǚǒǡǗǊ ǙǘǛǜǊǌǔǊ ǔǘǱǊ ǴǏ ǛǏ ǔǘǚǒǛǜǒǜǒ ǝ ǘǌǘǖ ǎǏǕǝ ǑǊǎǊǜǔǊ ǱǏ ǙǚǏǎǛǜǊǌǲǏǗǊ ǗǊ ǛǕǏǎǏǴǘǱ ǛǕǒǠǒ
(ǚǊǛǜǘǱǊǳǏ � ǱǏ ǒǛǜǘ ǒǑǖǏђǝ ǛǌǊǔǊ ǎǌǊ ǝǑǊǛǜǘǙǗǊ ǔǘǗǜǊǔǜǊ):

V
+
_

Батерија I

Rконтакт

Узорак

Rконтакт

s

s

s

ƴǚǒǌǊ ǑǊǌǒǛǗǘǛǜǒ ǛǜǚǝǱǏ � ǘǎ ǗǊǙǘǗǊ � ǙǚǏǎǛǜǊǌǲǊ � −� -ǔǊǚǊǔǜǏǚǒǛǜǒǔǝ ǝǑǘǚǔǊ ǒ ǘǖǘǍǝǴǊǌǊ ǘǎǚǏ-
ђǒǌǊǳǏ ǘǜǙǘǚǗǘǛǜǒ ǘǌǘǍ ǎǏǕǊ ǝǑǘǚǔǊ. ƽ ǗǊǛǜǊǌǔǝ ǴǏǖǘ ǔǘǚǒǛǜǒǜǒ ǛǊǖǘ ƶ4Ƽ ǜǏǟǗǒǔǝ. ƽ ǘǌǘǖ ǎǏǕǝ
ǑǊǎǊǜǔǊ ǴǏǖǘ ǔǘǚǒǛǜǒǜǒ ǡǏǜǒǚǒ (ǝǗǝǜǚǊǢǳǊ) ǘǎ ǎǊǜǒǟ ǘǛǊǖ ǔǘǗǜǊǔǊǜǊ ǙǚǒǔǊǑǊǗǒǟ ǗǊ ǛǕǒǠǒ.

ƻǕǒǔǊ 2: ДǚǐǊǡ ǑǊ ƶ4Ƽ ǖǏǚǏǳǊ ǛǊ ǡǏǜǒǚǒ ǍǝǖǏǗǏ ǗǘǐǒǠǏ ǒ ǘǛǊǖ ǔǘǗǜǊǔǊǜǊ (ǖǏǛǜǊ ǑǊ
ǙǚǒǔǲǝǡǒǌǊǳǏ ǛǘǗǎǒ).

ЗǊ ǛǕǏǎǏǴǊ ǖǏǚǏǳǊ, ǔǘǚǒǛǜǒǜǒ ǠǏǘ ǕǒǛǜ ǙǚǘǌǘǎǗǘǍ ǙǊǙǒǚǊ.



Experiment
Serbian (Serbia) Q1-5

ƬǊǐǗǏ ǗǊǙǘǖǏǗǏ ǑǊ ǛǌǊ ǗǊǚǏǎǗǊ ǖǏǚǏњǊ:

• ƴǘǚǒǛǜǒǜǒ ǎǝǐǝ ǛǜǚǊǗǝ ǕǒǛǜǊ ǙǊǙǒǚǊ ǔǊǘ ǚǏǞǏǚǏǗǜǗǝ ǛǜǚǊǗǝ. ЧǏǜǒǚǒ ǔǘǗǜǊǔǜǊ ǜǚǏǋǊ ǎǊ ǋǝǎǝ
ǙǘǚǊǌǗǊǜǒ ǙǊǚǊǕǏǕǗǘ ǛǊ ǎǝǐǘǖ ǛǜǚǊǗǘǖ ǙǊǙǒǚǊ.

• ƸǋǚǊǜǒǜǏ ǙǊǐǳǝ ǎǊ ǔǘǚǒǛǜǒǜǏ ǘǋǕǘǐǏǗǝ (ǠǚǗǝ) ǛǜǚǊǗǝ ǙǊǙǒǚǊ, Ǌ ǗǏ ǋǚǊǘǗ ǛǜǚǊǗǝ (ǙǘǕǏђǒǗǝ
ǙǊǙǒǚǊ). ƶǘǐǏǜǏ ǘǑǗǊǡǒǜǒ ǜǊǡǗǝ ǘǚǒǱǏǗǜǊǠǒǱǝ ǙǘǖǘǴǝ ǘǋǘǱǏǗǒǟ ǗǊǕǏǙǗǒǠǊ.

• ƹǚǘǌǏǚǒǜǒ ǎǊ ǝ ǙǊǙǒǚǝ ǗǏǖǊ ǚǝǙǊ ǒ ǎǊ ǙǊǙǒǚ ǗǒǱǏ ǒǛǏǡǏǗ.

• ЗǊ ǘǌǊ ǖǏǚǏǳǊ ǙǘǛǜǊǌǒǜǒ ǔǘǗǜǊǔǜǏ Ǣǜǘ ǋǕǒǐǏ ǠǏǗǜǚǝ ǝǑǘǚǔǊ.

• ƹǚǒǜǒǛǗǝǜǒ ǔǘǗǜǊǔǜǏ ǎǘǌǘǲǗǘ ǱǊǔǘǖ ǛǒǕǘǖ ǔǊǔǘ ǋǒ ǛǏ ǘǋǏǑǋǏǎǒǘ ǎǘǋǊǚ ǔǘǗǜǊǔǜ ǛǊ ǝǑǘǚǔǘǖ.
ДǘǌǘǲǊǗ ǙǚǒǜǒǛǊǔ ǱǏ ǘǗǊǱ Ǚǚǒ ǡǏǖǝ ǙǕǊǛǜǒǡǗǏ ǗǘǐǒǠǏ ǛǊǖǘ ǎǘǜǊǔǗǝ ǙǘǌǚǢǒǗǝ.

A.1 ƶǏǚǏǳǏ ǙǘǖǘǴǝ ǖǏǜǘǎǏ 4 ǜǊǡǔǏ (ƶ4Ƽ): ИǑǖǏǚǒǜǒ ǙǊǎ ǗǊǙǘǗǊ � ǎǝǐ ǛǚǏǎǒ-
ǢǳǏǍ ǛǏǍǖǏǗǜǊ ǎǝǐǒǗǏ � ǔǊǘ ǞǝǗǔǠǒǱǝ ǱǊǡǒǗǏ ǛǜǚǝǱǏ � ǔǘǱǊ ǙǚǘǕǊǑǒ ǘǌǊǱ ǛǏǍ-
ǖǏǗǜ. ƽǑǏǜǒ ǋǊǚ 4 ǌǚǏǎǗǘǛǜǒ, ǗǊǙǚǊǌǒǜǒ ǜǊǋǏǕǝ ǒ ǗǊǠǚǜǊǜǒ ǍǚǊǞǒǔ ǑǊǌǒ-
ǛǗǘǛǜǒ ǙǊǎǊ ǗǊǙǘǗǊ � ǘǎ ǱǊǡǒǗǏ ǛǜǚǝǱǏ � ǗǊ ƭǚǊǞǒǔǝ А.1.

0.6pt

A.2 ƸǎǚǏǎǒǜǒ ǏǞǏǔǜǒǌǗǝ ǏǕǏǔǜǚǒǡǗǝ ǘǜǙǘǚǗǘǛǜ � = �� ǠǏǕǘǍ ǕǒǛǜǊ ǙǊǙǒǚǊ ǛǊ
ƭǚǊǞǒǔǊ А.1.

0.2pt

A.3 ƴǘǚǒǛǜǏǴǒ ƭǚǊǞǒǔ А.1 ǘǎǚǏǎǒǜǒ ǍǚǏǢǔǝ ǘǎǚǏђǒǌǊǳǊ ǘǜǙǘǚǗǘǛǜǒ Δ� . 0.4pt



Experiment
Serbian (Serbia) Q1-6

ƮǏǘ B. ƻǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ ǙǊǙǒǚǊ (0.3 ǙǘǏǗǊ)
ƻǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ � ǙǚǏǎǛǜǊǌǲǊ ǔǊǚǊǔǜǏǚǒǛǜǒǔǝ ǖǊǜǏǚǒǱǊǕǊ, ǙǘǖǘǴǝ ǔǘǱǏ ǛǏ ǘǜǙǘǚǗǘǛǜ 3D
ǙǚǘǌǘǎǗǒǔǊ ǎǊǜǒǟ ǎǒǖǏǗǑǒǱǊ ǖǘǐǏ ǒǑǚǊǡǝǗǊǜǒ. ƸǌǎǏ ǚǊǑǖǊǜǚǊǖǘ ǖǊǜǏǚǒǱǊǕ ǘǋǕǒǔǊ ǙǊǚǊǕǘǕǏǙǒ-
ǙǏǎǊ ǎǝǐǒǗǏ ԛ, ǢǒǚǒǗǏ �, ǒ ǎǏǋǲǒǗǏ �:

l

w

t

ρ I

ЕǕǏǔǜǒǡǗǊ ǘǜǙǘǚǗǘǛǜ � ǙǚǘǌǘǎǗǒǔǊ ǙǚǏǎǛǜǊǌǲǏǗǘǍ ǗǊ ǍǘǚǳǘǱ ǛǕǒǠǒ ǱǏ ǎǊǜǊ ǱǏǎǗǊǡǒǗǘǖ:� = �3D = � ⋅ ԛ� ⋅ � (1)

ИǛǜǒǖ ǚǏǑǘǗǘǌǊǳǏǖ ǖǘǐǏ ǛǏ ǎǏǞǒǗǒǛǊǜǒ ǘǜǙǘǚǗǘǛǜ 2D ǙǚǘǌǘǎǗǒǔǊ ǎǏǋǲǒǗǏ �, Ǚǚǒ ǡǏǖǝ ǱǏ � ≪ �
ǒ � ≪ ԛ :

l

w

tρ☐

� = �2D = �□ ⋅ ԛ� , (2)

ǔǘǚǒǛǜǏǴǒ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ (sheet resistivity) �□ ≡ �/� (”rho box”). ЈǏǎǒǗǒǠǊ ǘǌǊǔǘ ǎǏǞǒ-
ǗǒǛǊǗǏ ǌǏǕǒǡǒǗǏ ǱǏ Ƹǖ: [�□] = 1 Ω.

ƬǊǐǗǘ: ЈǏǎǗǊǡǒǗǊ 2 ǌǊǐǒ ǛǊǖǘ ǑǊ ǔǘǗǛǜǊǗǜǗǝ ǍǝǛǜǒǗǝ ǛǜǚǝǱǏ ǒ ǔǘǗǛǜǊǗǜǊǗ ǙǘǜǏǗǠǒǱǊǕ ǗǊ ǙǘǙǚǏǡ-
Ǘǒǖ ǙǚǏǛǏǠǒǖǊ ǙǚǘǌǘǎǗǒǔǊ. ƽ ǛǕǝǡǊǱǝ ǜǊǡǔǊǛǜǒǟ ǔǘǗǜǊǔǊǜǊ ǛǊ ǙǘǌǚǢǒǗǘǖ, ǘǌǊ ǱǏǎǗǊǡǒǗǊ ǗǏ ǌǊǐǒ.
ƽǖǏǛǜǘ ǜǘǍǊ, ǖǘǐǏ ǛǏ ǙǘǔǊǑǊǜǒ ǎǊ ǱǏ ǛǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ ǙǘǌǏǑǊǗǊ ǛǊ ǘǜǙǘǚǗǘǢǴǝ ǙǚǏǔǘ
ǱǏǎǗǊǡǒǗǏ �□ = �

ln(2) ⋅ � (3)

ǑǊ ԛ, � ≫ �.



Experiment
Serbian (Serbia) Q1-7

B.1 ИǑǚǊǡǝǗǊǜǒ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ ǙǊǙǒǚǊ �□ ǙǘǖǘǴǝ ǖǏǚǏǳǊ ǒǑǌǚ-
ǢǏǗǒǟ ǝ ǎǏǕǝ ƪ. ДǘǋǒǱǏǗǝ ǌǚǏǎǗǘǛǜ ǴǏǖǘ ǘǑǗǊǡǒǜǒ ǛǊ �∞ (Ǌ ǒǑǖǏǚǏǗǝ ǘǜ-
ǙǘǚǗǘǛǜ ǝ ǎǏǕǝ ƪ ǛǊ �∞) ǱǏǚ Ǜǝ ǎǒǖǏǗǑǒǱǏ ǠǏǕǘǍ ǙǊǙǒǚǊ ǠǏǕǘǍ ǙǊǙǒǚǊ ǖǗǘǍǘ
ǌǏǴǏ ǘǎ ǚǊǛǜǘǱǊǳǊ � ǒǑǖǏђǝ ǔǘǗǜǊǔǊǜǊ : ԛ, � ≫ �.

0.3pt



Experiment
Serbian (Serbia) Q1-8

ƮǏǘ C. МǏǚǏњǊ ǗǊ ǝǑǘǚǠǒǖǊ ǚǊǑǕǒǡǒǜǒǟ ǎǒǖǏǗǑǒјǊ (3.2 ǙǘǏǗǊ)
Дǘ ǛǊǎǊ ǗǒǱǏ ǝǑǒǖǊǗǘ ǎǊ Ǜǝ ǎǒǖǏǗǑǒǱǏ ǙǊǙǒǚǊ � ǒ ԛ ǔǘǗǊǡǗǏ. ƽǔǘǕǒǔǘ ǛǏ ǝǑǘǚǊǔ ǛǖǊǳǒ, ǘǗ ǖǘǐǏ
ǎǊ ǙǚǏǗǏǛǏ ǖǊǳǏ ǛǜǚǝǱǏ ǑǊ ǒǛǜǒ ǗǊǙǘǗ: ƽǔǘǕǒǔǘ ǙǚǒǖǏǗǒǖǘ ǗǊǙǘǗ ǒǑǖǏђǝ ǎǌǊ ǔǘǗǜǊǔǜǊ (ǋǏǕǒ ǔǚǝ-
ǐǒǴǒ ǗǊ ǛǕǒǠǒ), ǛǜǚǝǱǊ ǴǏ ǜǏǴǒ ǎǝǐ Ǜǌǒǟ ǖǘǍǝǴǒǟ ǗǏ ǙǚǏǛǏǠǊǱǝǴǒǟ ǙǝǜǏǌǊ ǔǚǘǑ ǝǑǘǚǊǔ (ǔǊǘ Ǣǜǘ ǱǏ
ǙǚǏǎǛǜǊǌǲǏǗǘ ǕǒǗǒǱǊǖǊ): Ǣǜǘ ǱǏ ǎǝǐǊ ǕǒǗǒǱǊ, ǖǊǳǊ ǱǏ ǛǜǚǝǱǊ (Ǣǜǘ ǱǏ ǙǚǒǔǊǑǊǗǘ ǎǏǋǲǒǗǘǖ ǕǒǗǒ-
ǱǏ). ЗǊ ǖǊǳǒ ǝǑǘǚǊǔ (ǋ) ǒ ǒǛǜǒ ǗǊǙǘǗ, ǝǔǝǙǗǊ ǛǜǚǝǱǊ ǛǏ ǛǖǊǳǝǱǏ ǙǘǢǜǘ ǙǘǛǜǘǱǒ ǖǊǳǒ ǋǚǘǱ ǖǘǍǝǴǒǟ
ǙǝǜǏǌǊ. ЗǋǘǍ ǜǘǍǊ ǴǏ ǛǏ ǒǑǖǏǚǏǗǊ ǘǜǙǘǚǗǘǛǜ ǙǘǌǏǴǊǜǒ:

(a) (b)

ƻǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ ǛǏ ǗǏǴǏ ǖǏǳǊǜǒ ǔǊǘ ǞǝǗǔǠǒǱǊ ǌǏǕǒǡǒǗǏ ǝǑǘǚǔǊ. ƻǜǘǍǊ, ǔǊǔǘ ǋǒ Ǚǘ-
ǖǘǴǝ ǒǑǖǏǚǏǗǏ ǘǜǙǘǚǗǘǛǜǒ ǖǘǍǕǒ ǎǊ ǒǑǚǊǡǝǗǊǖǘ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǙǘǖǘǴǝ ǱǏǎǗǊǡǒǗǏ 3, Ǚǘ-
ǜǚǏǋǗǘ ǱǏ ǝǌǏǛǜǒ ǔǘǚǏǔǠǒǘǗǒ ǞǊǔǜǘǚ �(�/�):

�□ = �
ln(2) ⋅ �(�/�)�(�/�) . (4)

ЗǊ ǝǑǘǚǊǔ ǎǝǐǒǗǏ ԛ ≫ � , ǞǊǔǜǘǚ � ǑǊǌǒǛǒ ǛǊǖǘ ǘǎ ǘǎǗǘǛǊ �/� ǒ ǝǌǏǔ ǱǏ ǌǏǴǒ ǒǕǒ ǱǏ ǱǏǎǗǊǔ ǱǏǎǒǗǒǠǒ:�(�/�) ≥ 1. ЗǋǘǍ ǱǏǎǗǘǛǜǊǌǗǘǛǜǒ, ǖǒ ǴǏǖǘ ǛǏ ǞǘǔǝǛǒǚǊǜǒ ǗǊ ǑǊǌǛǗǘǛǜ ǘǎ ǢǒǚǒǗǏ � Ǚǚǒǜǘǖ ǌǘǎǏǴǒ
ǚǊǡǝǗǊ ǎǊ ǱǏ ǝǑǘǚǊǔ ǎǘǌǘǲǗǘ ǎǝǍ ǑǊ ǛǌǊ ǖǏǚǏǳǊ. ƹǚǏǜǙǘǛǜǊǌǒǴǏǖǘ ǎǊ ǛǏ ǌǚǏǎǗǘǛǜ ǘǜǙǘǚǗǘǛǜǒ
ǙǚǒǋǕǒǐǊǌǊ ǌǚǏǎǗǘǛǜǒ �∞ ǑǊ ǌǏǕǒǔǏ ǎǒǖǏǗǑǒǱǏ:�(�/�) = �∞ ⋅ �(�/�) ฀฀฀ ฀฀฀฀ �(�/� → ∞) → 1.0. (5)

C.1 ƴǘǚǒǛǜǏǴǒ ƶ4Ƽ ǖǏǜǘǎ, ǒǑǖǏǚǒǜǒ ǘǜǙǘǚ �(�, �) ǑǊ 4 ǌǚǏǎǗǘǛǜǒ �/� ǝ ǒǗǜǏǚ-
ǌǊǕǝ ǘǎ 0.3 ǎǘ 5.0 ǒ ǖǏǚǏǳǊ ǝǙǒǛǊǜǒ ǝ TǊǋǏǕǝ C.1. Ƭǘǎǒǜǒ ǚǊǡǝǗǊ ǎǊ ǎǝǐǒǗǊ
ǝǑǘǚǔǊ ǋǝǎǏ ǌǒǢǏ ǗǏǍǘ ǙǏǜ ǙǝǜǊ ǎǝǐǊ ǘǎ ǚǊǛǜǘǱǊǳǊ ǒǑǖǏђǝ ǔǘǗǜǊǔǊǜǊ: ԛ > 5�
ǒ ǎǊ ǝǑǘǚǊǔ ǝǌǏǔ ǒǖǊ ǒǛǜǝ ǘǚǒǱǏǗǜǊǠǒǱǝ (ǎǊ ǱǏ ǎǝǐǊ ǛǜǚǊǗǒǠǊ ǙǊǙǒǚǊ ǝǌǏǔ
ǙǊǚǊǕǏǕǗǊ ǛǊ ǕǒǗǒǱǘǖ ǔǘǱǝ ǘǋǚǊǑǝǱǝ ǡǏǜǒǚǒ ǔǘǗǜǊǔǜǊ).
ЗǊ ǛǌǊǔǝ ǘǎ ǌǚǏǎǗǘǛǜǒ �/� ǒǑǖǏǚǒǜǒ ǗǊǙǘǗ ǑǊ 4 ǚǊǑǕǒǡǒǜǏ ǱǊǡǒǗǏ ǛǜǚǝǱǊ ǒ
ǒǑǚǊǡǝǗǊǜǒ ǛǚǏǎǳǝ ǘǜǙǘǚǗǘǛǜ �(�/�) ǘǌǊ ǡǏǜǒǚǒ ǖǏǚǏǳǊ. ƺǏǑǝǕǜǊǜǏ ǝǙǒ-
ǛǊǜǒ ǝ TaǋǏǕǝ C.1.

3.0pt

C.2 ИǑǚǊǡǝǗǊǜǒ �̂ = �(�/�) ǑǊ ǛǌǊ ǖǏǚǏǳǊ. 0.2pt

ƮǏǘ D. ƭǏǘǖǏǜǚǒјǛǒ ǔǘǚǏǔǠǒǘǗǒ ǞǊǔǜǘǚ: ǑǊǔǘǗ ǛǔǊǕǒǚǊњǊ (1.9 ǙǘǏǗǊ)
ƬǒǎǏǕǒ Ǜǖǘ ǝ ǎǏǕǝ C ǎǊ ǒǑǖǏǚǏǗǊ ǛǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ ǑǊǌǒǛǒ ǘǎ ǘǎǗǘǛǊ ǢǒǚǒǗǏ ǒ ǚǊǛǜǘǱǊǳǊ



Experiment
Serbian (Serbia) Q1-9

ǒǑǖǏђǝ ǔǘǗǜǊǔǊǜǊ �/�. ƸǌǊ ǑǊǌǒǛǗǘǛǜ ǱǏ ǎǊǜǊ ǙǘǖǘǴǝ ǛǕǏǎǏǴǏ ǞǘǚǖǝǕǏ:�(�/�) = 1.0 + � ⋅ (�� )�
(6)

ƸǋǚǊǜǒǜǒ ǙǊǐǳǝ ǎǊ ǑǊ ǌǏǘǖǊ ǌǏǕǒǔǏ ǌǚǏǎǗǘǛǜǒ �/�, �(�/�) ǖǘǚǊ ǋǒǜǒ ǱǏǎǗǊǔǊ ǱǏǎǒǗǒǠǒ.

D.1 ƴǊǔǘ ǋǒ ǞǒǜǘǌǊǕǒ ǒǑǖǏǚǏǗǏ ǙǘǎǊǜǔǏ ǝ ǎǏǕǝ C ǘǌǘǖ ǑǊǌǒǛǗǢǘǴǝ, ǘǎǊǋǚǊ-
ǜǒ ǘǎǍǘǌǊǚǊǱǝǴǒ ǙǊǙǒǚ (ǕǒǗǏǊǚǗǒ ƭǚǊǞǒǔ D.1a, ǙǘǕǝ-ǕǘǍǊǚǒǜǊǖǛǔǒ ƭǚǊ-
Ǟǒǔ D.1b, ǒǕǒ ǎǌǘǛǜǚǝǔǘ-ǕǘǍǊǚǒǜǊǖǛǔǒ ƭǚǊǞǒǔ D1.c) ǑǊ ǠǚǜǊǳǏ ǍǚǊǞǒǔǊ(�(�/�) − 1) ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ ǘǎǍǘǌǊǚǊǱǝǴǏ ǌǏǕǒǡǒǗǏ.

1.0pt

D.2 ƸǎǚǏǎǒǜǒ ǙǊǚǊǖǏǜǚǏ � ǒ � . 0.9pt



Experiment
Serbian (Serbia) Q1-10

ƮǏǘ E. ƽǑǘǚǊǔ ǟǚǘǖǊ ǛǊ ǛǒǕǒǠǒјǝǖǛǔǘǖ ǘǛǗǘǌǘǖ ǒ van der Pauw-ǘǌ ǖǏǜǘǎ (3.4 ǙǘǏǗǊ)
ƽ ǙǘǕǝǙǚǘǌǘǎǗǒǡǔǘǱ ǒǗǎǝǛǜǚǒǱǒ, ǙǘǑǗǊǌǊǳǏ ǏǕǏǔǜǚǒǡǗǏ ǘǜǙǘǚǗǘǛǜǒ (ǜǊǗǔǘǍ ǞǒǕǖǊ) ǙǘǕǝǙǚǘǌǘǎ-
ǗǒǔǊ ǒ ǜǊǗǔǒǟ ǖǏǜǊǕǗǒǟ ǛǕǘǱǏǌǊ ǱǏ ǌǏǘǖǊ ǌǊǐǗǘ ǱǏǚ Ǜǝ ǜǒǖǏ ǘǎǚǏђǏǗǏ ǘǛǜǊǕǏ ǔǊǚǊǔǜǏǚǒǛǜǒǔǏ ǝǚǏ-
ђǊǱǊ. ƽ ǘǌǘǖ ǎǏǕǝ ǏǔǛǙǏǚǒǖǏǜǗǊ ǴǏ ǛǏ ǔǘǚǒǛǜǒǜǒ ǙǘǕǝǙǚǘǌǘǎǗǊ ”ǘǛǗǘǌǊ” ǘǎ ǛǒǕǒǠǒǱǝǖǊ ǔǘǱǊ ǱǏ ǙǚǏ-
ǛǌǝǡǏǗǊ ǜǊǗǔǒǖ ǛǕǘǱǏǖ ǖǏǜǊǕǊ ǟǚǘǖǊ (ǛǱǊǱǗǊ ǛǜǚǊǗǊ ǝǑǘǚǔǊ).

Ƹǜǌǘǚǒǜǒ ǔǝǜǒǱǝ ǛǊ ǛǒǕǒǠǒǱǝǖǘǖ ǘǋǕǘǐǏǗǒǖ ǜǊǗǔǒǖ ǛǕǘǱǏǖ ǖǏǜǊǕǊ (ǚǘǜǒǚǊǜǒ ǝ ǙǚǊǌǠǝ ǛǜǚǏǕǒǠǏ
”RELEASE”) ǒ ǒǑǌǊǎǒǜǒ ǝǑǘǚǊǔ. ƫǝǎǒǜǏ ǙǊǐǲǒǌǒ ǎǊ ǗǏ ǒǛǙǝǛǜǒǜǏ, ǗǏ ǘǢǜǏǜǒǜǏ ǒ ǗǏ ǙǒǙǗǏǜǏ ǛǱǊǱǗǝ
ǙǘǌǚǢǒǗǝ. ƽ ǜǘǔǝ ǖǏǚǏǳǊ ǙǘǛǜǊǌǒǜǒ ǝǑǘǚǊǔ ǗǊ Ǜǜǘ ǛǊ ǛǱǊǱǗǘǖ ǙǘǌǚǢǒǗǘǖ ǘǔǚǏǗǝǜǘǖ ǗǊ ǍǘǚǏ.

E.1 ƴǘǚǒǛǜǒǜǒ ǒǛǜǝ ƶ4Ƽ ǙǘǛǜǊǌǔǝ ǊǙǊǚǊǜǝǚǏ ǑǊ ǖǏǚǏǳǏ ǗǊǙǘǗǊ � ǝ ǞǝǗǔǠǒǱǒ
ǱǊǡǒǗǏ ǛǜǚǝǱǏ � .
ЗǊǙǒǛǊǜǒ ǚǏǞǏǚǏǗǜǗǒ ǋǚǘǱ ǝǑǘǚǔǊ ǗǊ ǛǜǚǊǗǒǠǒ ǑǊ ǘǎǍǘǌǘǚǏ. ƸǌǊǱ ǋǚǘǱ ǛǏ
ǖǘǐǏ ǗǊǴǒ ǗǊ ǔǝǜǒǱǒ ǝǑǘǚǔǊ.

0.4pt

E.2 ƷǊǠǚǜǊǜǒ ǍǚǊǞǒǔ (ƭǚǊǞǒǔ E.2) ǗǊ ǘǛǗǘǌǝ ǙǘǎǊǜǊǔǊ ǒǑ ǎǏǕǊ E.1 ǒ ǘǎǚǏǎǒǜǒ
ǘǜǙǘǚǗǘǛǜ �4PP.

0.4pt

E.3 ƴǊǔǘ ǋǒ ǘǎǚǏǎǒǕǒ ǔǘǚǏǔǠǒǱǝ ǔǚǝǐǗǘǍ ǝǑǘǚǔǊ, ǊǙǚǘǔǛǒǖǒǚǊǴǏǖǘ ǏǞǏǔǜǒǌ-
Ǘǝ ǎǝǐǒǗǝ ǝǑǘǚǔǊ � ǙǚǏǡǗǒǔǘǖ ǝǑǘǚǔǊ � = 100 mm. ƴǘǚǒǛǜǏǴǒ ǘǌǝ ǙǚǏǜ-
ǙǘǛǜǊǌǔǝ ǒǑǚǊǡǝǗǊǜǒ ǘǎǗǘǛ �/�. ƴǘǚǒǛǜǏǴǒ ǞǝǗǔǠǒǱǝ ǎǊǜǝ ǱǏǎǗǊǡǒǗǘǖ 6 ǒ
ǙǊǚǊǖǏǜǚǏ � ǒ � ǘǎǚǏǎǒǜǒ ǔǘǚǏǔǠǒǘǗǒ ǞǊǔǜǘǚ �(�/�) ǑǊ ǘǌǊǱ ǝǑǘǚǊǔ.

0.2pt

E.4 ИǑǚǊǡǝǗǊǜǒ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ �□ (ƶ4Ƽ) ǗǊǙǚǊǌǲǏǗǘǍ ǘǎ ǛǕǘǱǊ
ǟǚǘǖǊ ǔǘǚǒǛǜǏǴǒ ǱǏǎǗǊǡǒǗǝ 4.

0.1pt

ƴǊǔǘ ǋǒ ǒǑǖǏǚǒǘ ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ, ǋǏǑ ǙǘǜǚǏǋǏ ǑǊ ǍǏǘǖǏǜǚǒǱǛǔǒǖ ǔǘǚǏǔǠǒǱǊǖǊ, ǒǗǐǏ-
ǳǏǚ L.J. van der Pauw ǱǏ ǚǊǑǌǒǘ ǛǕǏǎǏǴǒ ǖǏǜǘǎ: ЧǏǜǒǚǒ ǔǘǗǜǊǔǜǊ Ǜǝ ǚǊǛǙǘǚǏђǏǗǊ ǗǊ ǘǋǒǖǝ ǝǑǘǚǔǊ
ǛǊ ǙǚǘǒǑǌǘǲǗǒǖ ǘǋǕǒǔǘǖ ǔǊǘ Ǣǜǘ ǱǏ ǙǚǒǔǊǑǊǗǘ ǗǊ ǛǕǒǠǒ (ǘǑǗǊǡǏǗǘ ǘǑǗǊǔǊǖǊ ǘǎ 1 ǎǘ 4). ƻǜǚǝǱǊ
ǜǏǡǏ ǔǚǘǑ ǎǌǊ ǛǝǛǏǎǗǊ ǔǘǗǜǊǔǜǊ, ǗǙǚ. ǔǚǘǑ ǔǘǗǜǊǔǜǏ 1 ǒ 2, ǎǘǔ ǛǏ ǗǊǙǘǗ ǖǏǚǒ ǒǑǖǏђǝ ǔǘǗǜǊǔǊǜǊ 3 ǒ
4. Ƹǌǒǖ ǙǘǛǜǝǙǔǘǖ ǛǏ ǎǘǋǒǱǊ ǌǚǏǎǗǘǛǜ ǘǜǙǘǚǗǘǛǜǒ ��,� = �21,34.

V
34

+
_Батерија

Узорак

I
21

1 2

4 3



Experiment
Serbian (Serbia) Q1-11

ЗǋǘǍ ǛǒǖǏǜǚǒǱǏ ǛǕǏǎǒ ǎǊ ǱǏ �21,34 = �34,21 ǒ �14,23 = �23,14. Van der Pauw ǱǏ ǙǘǔǊǑǊǘ ǎǊ ǑǊ ǙǚǘǒǑǌǘǲǊǗ
ǊǕǒ ǱǏǎǗǘǛǜǊǌǊǗ ǘǋǕǒǔ (ǋǏǑ ǚǝǙǊ ǗǊ ǝǑǘǚǔǝ) ǒ ǛǊ ǜǊǡǔǊǛǜǒǖ ǔǘǗǜǊǔǜǒǖǊ ǌǊǐǒ ǛǕǏǎǏǴǊ ǱǏǎǗǊǡǒǗǊ:�−��21,34/�□ + �−��14,23/�□ ≡ 1. (7)

ƻǕǒǔǊ 3: ƶ4Ƽ ǝǚǏђǊǱ ǗǊ ǝǑǘǚǔǝ (ǛǒǕǒǠǒǱǝǖǛǔǊ ǘǛǗǘǌǊ ǘǋǕǘǐǏǗǊ ǖǏǜǊǕǘǖ ǟǚǘǖǊ). ƸǋǚǊǜǒ-
ǜǒ ǙǊǐǳǝ ǗǊ ǝǛǏǔ ǗǊ ǎǏǛǗǘǱ ǛǜǚǊǗǒ ǔǚǝǐǗǘǍ ǝǑǘǚǔǊ. ƸǌǊǱ ǝǛǏǔ ǛǏ ǗǊǑǒǌǊ ”flat”.

ƽ ǘǌǘǖ ǎǏǕǝ ǔǘǚǒǛǜǒǜǒ ǡǏǜǒǚǒ ǔǘǗǜǊǔǜǊ ǔǘǱǒ ǡǒǗǏ ǔǌǊǎǚǊǜ. ƹǘǌǏǑǊǜǒ ǎǌǊ ǛǝǛǏǎǗǊ ǔǘǗǜǊǔǜǊ ǗǊ ǛǜǚǝǱ-
Ǘǒ ǒǑǌǘǚ ǛǊ ǊǖǙǏǚǖǏǜǚǘǖ, Ǌ ǙǚǏǘǛǜǊǕǊ ǎǌǊ ǔǘǗǜǊǔǜǊ ǛǊ ǌǘǕǜǖǏǜǚǘǖ. ƺǘǜǒǚǊǜǒ ǔǌǊǎǚǊǜ ǎǘǔ ǱǏǎǗǊ
ǘǎ ǒǌǒǠǊ ǗǏ ǙǘǛǜǊǗǏ ǙǊǚǊǕǏǕǗǊ ǛǊ ”flat”-ǘǖ.

E.5 ƻǔǒǠǒǚǊǜǒ ǘǚǒǱǏǗǜǊǠǒǱǝ ǔǘǗǜǊǔǜǊǜǊ ǔǚǘǑ ǔǘǱǏ ǙǚǘǜǒǡǏ ǛǜǚǝǱǊ ǝ ǘǎǗǘǛǝ ǗǊ
”flat”. ƶǏǚǒǜǒ ǗǊǙǘǗ � ǑǊ ǋǊǚ ǢǏǛǜ ǚǊǑǕǒǡǒǜǒǟ ǌǚǏǎǗǘǛǜǒ ǛǜǚǝǱǊ � (ǘǜǙǚǒ-
ǕǒǔǏ ǱǏǎǗǊǔǘ ǚǊǑǎǌǘǱǏǗǒǟ), ƺǏǑǝǕǜǊǜǏ ǝǙǒǛǊǜǒ ǝ ƼǊǋǏǕǝ E.5.

0.6pt

E.6 ƹǘǗǘǌǒǜǒ ǙǘǛǜǝǙǊǔ ǗǊǔǘǗ Ǣǜǘ Ǜǝ ǔǘǗǜǊǔǜǒ ǛǊ ǛǜǚǝǱǘǖ ǙǚǏǖǏǢǜǏǗǒ ǗǘǚǖǊǕ-
Ǘǘ ǝ ǘǎǗǘǛǝ ǗǊ ǙǚǏǜǟǘǎǗǘ ǖǏǚǏǳǏ. ƽǙǒǛǊǜǒ ǚǏǑǝǕǜǊǜǏ ǝ ƼǊǋǏǕǝ E.6.

0.6pt

E.7 ƹǚǏǎǛǜǊǌǒǜǒ ǚǏǑǝǕǜǊǜǏ ǒǑ ǙǘǛǕǏǎǳǊ ǎǌǊ ǛǏǜǊ ǖǏǚǏǳǊ ǗǊ ǍǚǊǞǒǔǝ ƭǚǊǞǒǔ
E.7 ǔǘǚǒǛǜǏǴǒ ǚǊǑǕǒǡǒǜǏ ǋǘǱǏ/ǛǒǖǋǘǕǏ. ИǑǚǊǡǝǗǊǜǒ ǛǚǏǎǳǝ ǌǚǏǎǗǘǛǜ ǘǜ-
ǙǘǚǗǘǛǜǒ ⟨�⟩ ǑǊ ǘǌǏ ǎǌǏ ǙǚǊǌǏ.

0.5pt

E.8 ЗǊǖǏǗǘǖ Ǜǌǒǟ ǘǜǙǘǚǗǘǛǜǒ �ֆև,ֈ։ ǛǊ ⟨�⟩, ǚǏǢǒǜǒ ǱǏǎǗǊǡǒǗǝ 7 ǒ ǒǑǚǊǡǝǗǊǜǒ
ǛǙǏǠǒǞǒǡǗǝ ǘǜǙǘǚǗǘǛǜ ǕǒǛǜǊ �□ ǛǊ ǛǕǘǱǏǖ ǟǚǘǖǊ.

0.4pt

E.9 ƽǙǘǚǏǎǒǜǒ ǚǏǑǝǕǜǊǜǏ ǖǏǚǏǳǊ ǎǘǋǒǱǏǗǒǟ ǙǘǖǘǴǝ ǕǒǗǏǊǚǗǏ ǔǘǗǞǒǍǝǚǊǠǒǱǏ
ǔǘǗǜǊǔǊǜǊ E.4 ǒ ǚǏǑǝǕǜǊǜǏ ǎǘǋǒǱǏǗǏ ǙǘǖǘǴǝ van der Pauw ǖǏǜǘǎǊ E.8. ИǑǚǊ-
ǡǝǗǊǜǒ ǚǏǕǊǜǒǌǗǝ ǍǚǏǢǔǝ ǘǌǊ ǎǌǊ ǖǏǚǏǳǊ ǝ ǙǚǘǠǏǗǜǒǖǊ.

0.1pt

E.10 ƻǕǘǱ ǟǚǘǖǊ (Cr) ǒǖǊ ǎǏǋǲǒǗǝ ǘǎ 8 ԝԜ. ƴǘǚǒǛǜǏǴǒ ǘǌǝ ǌǚǏǎǗǘǛǜ ǒ ǔǘǗǊǡǊǗ
ǚǏǑǝǕǜǊǜ ǎǘǋǒǱǏǗ van der Pauw-ǘǌǒǖ ǖǏǜǘǎǘǖ ǒǑǚǊǡǝǗǊǜǒ ǛǙǏǠǒǞǒǡǗǝ ǘǜ-
ǙǘǚǗǘǛǜ ХǚǘǖǊ ǔǘǚǒǛǜǏǴǒ ǱǏǎǗǊǡǒǗǏ 1 ǒ 2.

0.1pt



Experiment
Serbian (Serbia) A1-1

Заǎаǜаǔ 1: ƯǕǏǔǜǚиǡǗа ǙǚǘǌǘǎǗǘǛǜ ǝ ǎǌǏ ǎиǖǏǗзијǏ (10
ǙǘǏǗа)

НǊǙǒǢǒǜǏ ǋǚǘјǏǌǏ ǘǎ 0 ǎǘ 9 ǝ ǛǕǏǎǏћǝ ǜǊǋǏǕǝ:

0 1 2 3 4 5 6 7 8 9

ƮǏǘ А. МǏǚǏња ǖǏǜǘǎǘǖ ǡǏǜиǚи ǜаǡǔǏ (М4Ƽ) (1.2 ǙǘǏǗа)

A.1 (0.6 pt)
 � =
  � � � �

НǊǠǚǜǊјǜǏ ǙǘǎǊǜǔǏ ǗǊ ƭǚаǞиǔ A.1.



Experiment
Serbian (Serbia) A1-2

ƭǚаǞиǔ A.1: � ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ �

A.2 (0.2 pt)
 
 � =
 
 

A.3 (0.4 pt)
 
 Δ� =
 
 

ƮǏǘ B. ƻǙǏǠиǞиǡǗа ǘǜǙǘǚǗǘǛǜ ǕиǛǜа ǙаǙиǚа (0.3 ǙǘǏǗа)

B.1 (0.3 pt)
 
 �□ ≡ �∞ =
 
 



Experiment
Serbian (Serbia) A1-3

ƮǏǘ C. МǏǚǏњǏ Ǘа ǝзǘǚǠиǖа ǚазǕиǡиǜиǟ ǎиǖǏǗзија (3,2 ǙǘǏǗа)

C.1 (3 pt)
 � =
 
 �∞ =
 
 
ПǚǊǑǗǏ ǔǘǕǘǗǏ ǖǘǐǏǜǏ ǎǊ ǔǘǚǒǛǜǒǜǏ ǑǊ ǖǏђǝǚǏǑǝǕǜǊǜǏ.�/� �̂

C.2 (0.2 pt)
КǘǚǒǛǜǒǜǏ ǜǊǋǏǕǝ C.1 ǑǊ ǚǏǑǝǕǜǊǜǏ.



Experiment
Serbian (Serbia) A1-4

ƮǏǘ D. ƭǏǘǖǏǜǚијǛǔи ǔǘǚǏǔǠиǘǗи Ǟаǔǜǘǚ (1,9)

D.1 (1.0 pt)
УǠǚǜǊјǜǏ ǙǘǎǊǜǔǏ ǗǊ ǘǎǍǘǌǊǚǊјǝћǒ ǙǊǙǒǚ: ǕǒǗǏǊǚǗǒ (ГǚǊǞǒǔ D.1 Ǌ), ǙǘǕǝ-ǕǘǍǊǚǒǜǊǖǛǔǒ (D. 1b)
ǒǕǒ ǎǌǘǛǜǚǝǔǒ ǕǘǍǊǚǒǜǊǖǛǔǒ (D. 1c) ǗǊ ǛǕǏǎǏћǒǖ ǛǜǚǊǗǊǖǊ.

D.2 (0.9 pt)
 
 � =
 
 
 
 � =
 
 
 
 



Experiment
Serbian (Serbia) A1-5

ƭǚаǞиǔ D.1a: ЛиǗǏаǚǗа ǛǔаǕа:
 



Experiment
Serbian (Serbia) A1-6

ƭǚаǞиǔ D.1b: ǙǘǕǝ-ǕǘǍаǚиǜаǖǛǔа ǛǔаǕа:
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Experiment
Serbian (Serbia) A1-7

ƭǚаǞиǔ D1c: ǎǌǘǛǜǚǝǔǘ-ǕǘǍаǚиǜаǖǛǔа ǛǔаǕа:
 

1
2 3 4 5 6 7 8 9

10
2 3 4 5 6 7 8 9

100
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Experiment
Serbian (Serbia) A1-8

ƮǏǘ Ư. ƽзǘǚаǔ ǟǚǘǖа Ǜа ǛиǕиǠијǝǖǛǔǘǖ ǘǛǗǘǌǘǖ и van der Pauw-ǘǌ ǖǏǜǘǎ (3.4 ǙǘǏǗа)

ЗǊǙǒǢǒǜǏ ǋǚǘј ǝǑǘǚǔǊ:

E.1 (0.4 pt)

� � � �

E.2 (0.4 pt)
 
ƭǚаǞиǔ E.2: � ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ �

 
 �4PP =
 
 



Experiment
Serbian (Serbia) A1-9

E.3 (0.2 pt)
 � = → �/� = �(�/�) =
 
 

E.4 (0.1 pt)
 
 �□(4PP)
 
 

E.5 (0.6 pt)

СǔǒǠǊ (ǘǚјǏǗǜǊǠǒјǊ ǛǜǚǝјǏ): � �



Experiment
Serbian (Serbia) A1-10

E.6 (0.6 pt)

СǔǒǠǊ (ǘǚјǏǗǜǊǠǒјǊ ǛǜǚǝјǏ): � �



Experiment
Serbian (Serbia) A1-11

E.7 (0.5 pt)
 
ƭǚаǞиǔ E.7: � ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ �

 
 ⟨�⟩ =
 
 



Experiment
Serbian (Serbia) A1-12

E.8 (0.4 pt)
ИǑǚǊǡǝǗǊǌǊњǏ:

E.9 (0.1 pt)
 
  ∆�□�□(vdP) = = %
 
 

E.10 (0.1 pt)
 
СǙǏǠǒǞǒǡǗǊ ǘǜǙǘǚǗǘǛǜ ǜǊǗǔǘǍ Cr ǞǒǕǖǊ � =
 
 
 



Experiment
Serbian (Serbia) Q2-1

ПǏǚǕǒǠǏ ǔǘјǏ ǛǔǊǡǝ - МǘǎǏǕ ǞǊǑǗǒǟ ǙǚǏǕǊǑǊ ǒ ǗǏǛǜǊǋǒǕ-
ǗǘǛǜǒ (10 ǙǘǏǗǊ)
ƶǘǕǒǖǘ ǌǊǛ ǎǊ ǙǚǘǡǒǜǊǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ ǒǑ ǙǘǛǏǋǗǘǍ ǔǘǌǏǚǜǊ ǙǚǏ ǗǏǍǘ Ǣǜǘ ǙǘǡǗǏǜǏ ǛǊ ǑǊǎǊǜǔǘǖ.

Уǌǘǎ

ƾǊǑǗǒ ǙǚǏǕǊǑǒ Ǜǝ ǎǘǋǚǘ ǙǘǑǗǊǜǒ ǝ ǛǌǊǔǘǎǗǏǌǗǘǖ ǐǒǌǘǜǝ, ǗǊ ǙǚǒǖǏǚ, ǌǘǎǊ ǖǘǐǏ ǎǊ ǋǝǎǏ ǝ ǚǊǑǕǒ-
ǡǒǜǒǖ ǛǜǊǳǒǖǊ: ǡǌǚǛǜǘǖ, ǜǏǡǗǘǖ ǒ ǍǊǛǘǌǒǜǘǖ. ƸǌǊ ǛǜǊǳǊ Ǜǝ ǚǊǑǎǌǘǱǏǗǊ ǞǊǑǗǒǖ ǙǚǏǕǊǑǒǖǊ Ǚǚǒ
ǔǘǱǒǖǊ ǛǏ ǔǘǕǏǔǜǒǌǗǘ ǙǘǗǊǢǊǳǏ ǖǘǕǏǔǝǕǊ ǝ ǖǊǜǏǚǒǱǊǕǝ ǖǏǳǊ. ƼǊǔǌǒǖ ǞǊǑǗǒǖ ǙǚǏǕǊǑǒǖǊ ǱǏ ǝǌǏǔ
ǙǚǒǎǚǝǐǏǗǊ ǜǏǖǙǏǚǊǜǝǚǊ ǙǚǏǕǊǑǊ, ǗǊ ǔǘǱǘǱ ǛǏ ǛǜǊǳǏ ǖǏǳǊ. ƹǚǒǖǏǚ ǜǏǖǙǏǚǊǜǝǚǏ ǙǚǏǕǊǑǊ ǱǏ ǜǏǖǙǏ-
ǚǊǜǝǚǊ ǖǚǐǳǏǳǊ ǒ ǜǏǖǙǏǚǊǜǝǚǊ ǔǲǝǡǊǳǊ ǌǘǎǏ.

ƾǊǑǗǒ ǙǚǏǕǊǑǒ Ǜǝ ǒǙǊǔ ǖǗǘǍǘ ǚǊǛǙǚǘǛǜǚǊǳǏǗǒǱǒ ǒ ǱǊǌǲǊǱǝ ǛǏ ǜǊǔǘђǏ ǝ ǎǚǝǍǒǖ ǛǒǛǜǏǖǒǖǊ, ǔǊǘ Ǣǜǘ
Ǜǝ ǖǊǍǗǏǜǒ ǒǕǒ ǛǝǙǏǚǙǚǘǌǘǎǗǒǠǒ, ǍǎǏ ǛǏ ǒǛǙǘǎ ǜǏǖǙǏǚǊǜǝǚǏ ǙǚǏǕǊǑǊ ǖǊǔǚǘǛǔǘǙǛǔǘ ǛǜǊǳǏ ǖǏǳǊ ǘǎ
ǙǊǚǊǖǊǍǗǏǜǊ ǝ ǞǏǚǘǖǊǍǗǏǜ ǒ ǘǎ ǗǘǚǖǊǕǗǘǍ ǖǏǜǊǕǊ ǝ ǛǝǙǏǚǙǚǘǌǘǎǗǒǔ, ǚǏǛǙǏǔǜǒǌǗǘ.

ƻǌǒ ǙǊǚǊǖǏǜǚǒ ǛǏ ǖǘǍǝ ǘǙǒǛǊǜǒ ǗǊ ǒǛǜǒ ǗǊǡǒǗ ǔǊǎǊ ǛǏ ǝǌǏǎǏ ǜǊǔǘǑǌǊǗǒ ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ. ƷǊ
ǙǚǒǖǏǚ, ǝ ǖǊǍǗǏǜǒǑǖǝ ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ ǱǏ ǙǚǒǎǚǝǐǏǗ ǝǚǏђǒǌǊǳǝ ǖǊǍǗǏǜǗǒǟ ǖǘǖǏǗǊǜǊ ǊǜǘǖǊ ǝ
ǙǚǊǌǠǝ ǖǊǔǚǘǛǔǘǙǛǔǏ ǖǊǍǗǏǜǒǑǊǠǒǱǏ.

ƽ ǛǕǝǡǊǱǝ ǜǊǔǘǑǌǊǗǘǍ ǔǘǗǜǒǗǝǊǕǗǘǍ ǞǊǑǗǘǍ ǙǚǏǕǊǑǊ ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ ǱǏ ǝǌǏǔ ǱǏǎǗǊǔ ǗǝǕǒ ǒǑǗǊǎ
ǔǚǒǜǒǡǗǏ ǜǏǖǙǏǚǊǜǝǚǏ ǒ ǗǏǙǚǏǔǒǎǗǘ ǚǊǛǜǏ ǒǛǙǘǎ ǳǏ, ǔǊǘ Ǣǜǘ ǱǏ ǛǟǏǖǊǜǛǔǒ ǙǚǒǔǊǑǊǗǘ ǗǊ ǛǕǒǠǒ 1
ǒǛǙǘǎ. ƼǏǖǙǏǚǊǜǝǚǊ ǙǚǏǕǊǑǊ ǔǘǗǜǒǗǝǊǕǗǘǍ ǞǊǑǗǘǍ ǙǚǏǕǊǑǊ ǛǏ ǗǊǑǒǌǊ ǔǚǒǜǒǡǗǊ ǜǏǖǙǏǚǊǜǝǚǊ. ƻǕǒ-
ǔǊ ǜǊǔǘђǏ ǛǊǎǚǐǒ ǒ ǛǟǏǖǊǜǛǔǒ ǙǚǒǔǊǑ ǖǒǔǚǘǛǔǘǙǛǔǘǍ ǝǚǏђǏǳǊ ǒǕǒ ǗǏǝǚǏђǏǗǘǛǜǒ ǝ ǛǕǝǡǊǱǝ ǖǊǍǗǏǜǊ,
ǍǎǏ ǛǏ ǙǘǱǏǎǒǗǊǡǗǒ ǖǊǍǗǏǜǗǒ ǖǘǖǏǗǜǒ ǝǚǏђǝǱǝ ǝ ǞǏǚǘǖǊǍǗǏǜǗǘǱ ǞǊǑǒ ǝǜǒǡǝǴǒ ǜǊǔǘ ǗǊ ǙǘǌǏǴǊǌǊǳǏ
ǖǊǔǚǘǛǔǘǙǛǔǏ ǖǊǍǗǏǜǒǑǊǠǒǱǏ, ǎǘǔ Ǜǝ ǝ ǙǊǚǊǖǊǍǗǏǜǗǘǱ ǞǊǑǒ ǛǕǝǡǊǱǗǘ ǘǚǱǏǗǜǒǛǊǗǒ ǎǊǱǝǴǒ ǗǝǕǝ ǑǊ ǖǊ-
ǔǚǘǛǔǘǙǛǔǝ ǖǊǍǗǏǜǒǑǊǠǒǱǝ.

TTcrit

M

ƻǕǒǔǊ 1: ƻǟǏǖǊǜǛǔǒ ǙǚǒǔǊǑ ǜǏǖǙǏǚǊǜǝǚǛǔǏ ǑǊǌǒǛǗǘǛǜǒ ǙǊǚǊǖǏǜǚǊ ǙǘǚǏǜǔǊ � ǙǚǒǕǒǔǘǖ
ǞǊǑǗǘǍ ǙǚǏǕǊǑǊ. ИǛǙǘǎ ǔǚǒǜǒǡǗǏ ǜǏǖǙǏǚǊǜǝǚǏ �crit, ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ ǚǊǛǜǏ ǒ ǚǊǑǕǒǡǒǜ
ǱǏ ǘǎ ǗǝǕǏ, ǎǘǔ ǱǏ ǱǏǎǗǊǔ ǗǝǕǒ ǗǊ ǜǏǖǙǏǚǊǜǝǚǊǖǊ ǒǑǗǊǎ �crit.

ЗǊ ǔǘǗǜǒǗǝǊǕǗǏ ǞǊǑǗǏ ǙǚǏǕǊǑǏ, ǝ ǘǙǢǜǏǖ ǛǕǝǡǊǱǝ ǌǊǐǒ ǎǊ ǛǏ ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ ǋǕǒǑǝ ǙǚǏǕǊǑǊ Ǚǘ-
ǗǊǢǊ Ǚǘ ǛǜǏǙǏǗǘǖ ǑǊǔǘǗǝ, ǗǊ ǙǚǒǖǏǚ ǝ ǖǊǍǗǏǜǒǑǖǝ ǖǊǍǗǏǜǒǑǊǠǒǱǊ � ǒǛǙǘǎ ǔǚǒǜǒǡǗǏ ǜǏǖǙǏǚǊǜǝǚǏ



Experiment
Serbian (Serbia) Q2-2

�crit, ǱǏ ǎǊǜǊ ǛǊ:

� { ∼ (�crit − � )�, � < �crit= 0, � > �crit (1)

ǍǎǏ ǱǏ � ǜǏǖǙǏǚǊǜǝǚǊ. ƸǗǘ Ǣǜǘ ǱǏ ǑǊǎǒǌǲǝǱǝǴǏ ǱǏ ǎǊ ǱǏ ǘǌǊǔǌǘ ǙǘǗǊǢǊǳǏ ǝǗǒǌǏǚǑǊǕǗǘ: ǏǔǛǙǘǗǏǗǜ ǝ
ǘǌǘǱ ǛǜǏǙǏǗǘǱ ǑǊǌǒǛǗǘǛǜǒ ǱǏ ǒǛǜǒ ǑǊ ǖǗǘǍǏ ǚǊǑǕǒǡǒǜǏ ǞǊǑǗǏ ǙǚǏǕǊǑǏ.

ЗǊǎǊǜǊǔ

ƹǚǘǝǡǊǌǊǴǏǖǘ ǱǏǎǗǘǛǜǊǌǊǗ ǙǚǒǖǏǚ ǝ ǔǘǖǏ ǗǏǔǏ ǘǛǘǋǒǗǏ ǔǘǗǜǒǗǝǊǕǗǒǟ ǞǊǑǗǒǟ ǙǚǏǕǊǑǊ ǖǘǍǝ ǎǊ
ǛǏ ǒǛǙǒǜǝǱǝ, ǔǊǘ ǗǊ ǙǚǒǖǏǚ ǔǊǔǘ ǗǏǛǜǊǋǒǕǗǘǛǜ ǌǘǎǒ ǔǊ ǔǘǕǏǔǜǒǌǗǘǖ ǙǘǗǢǊǳǝ ǡǏǛǜǒǠǊ ǒ ǎǊǲǏ ǔǊ
ǞǊǑǗǘǖ ǙǚǏǕǊǑǝ, ǔǊǘ ǒ ǔǊǔǘ ǖǊǔǚǘǛǔǘǙǛǔǊ ǙǚǘǖǏǗǊ ǑǊǌǒǛǒ ǘǎ ǙǘǋǝђǏǳǊ ǡǏǛǜǒǠǊ.

ƽ ǘǋǒǡǗǒǖ ǞǊǑǗǒǖ ǙǚǏǕǊǑǒǖǊ ǘǌǘ ǙǘǋǝђǏǳǏ ǱǏ ǙǚǘǝǑǚǘǔǘǌǊǗǘ ǙǚǘǖǏǗǘǖ ǜǏǖǙǏǚǊǜǝǚǏ. ƽ ǗǊǢǏǖ
ǙǚǒǖǏǚǝ ǙǘǋǝђǏǳǏ ǛǏ ǛǊǛǜǘǱǒ ǘǎ ǔǒǗǏǜǒǡǔǏ ǏǗǏǚǍǒǱǏ ǡǏǛǜǒǠǊ ǝǋǚǑǊǗǏ ǑǌǝǡǗǒǔǘǖ. ƶǊǔǚǘǛǔǘǙǛǔǏ
ǙǚǘǖǏǗǏ ǔǘǱǏ ǘǎǍǘǌǊǚǊǱǝ ǞǊǑǗǘǖ ǙǚǏǕǊǑǝ ǔǘǱǒ ǘǌǎǏ ǙǚǘǝǡǊǌǊǖǘ ǛǏ ǛǊǛǜǘǱǏ ǘǎ ǍǚǝǙǒǛǊǳǊ ǙǏǚǕǒ ǝ
ǱǏǎǗǘǱ ǙǘǕǘǌǒǗǒ ǠǒǕǒǗǎǚǊ, ǔǘǱǒ ǱǏ ǙǘǎǏǲǏǗ ǖǊǕǒǖ Ǒǒǎǘǖ.

ƹǘǌǏǴǊǌǊǳǏǖ ǊǖǙǕǒǜǝǎǏ ǘǎ ǘǗǏ Ǚǚǒ ǔǘǱǘǱ Ǜǝ ǡǏǛǜǒǠǏ ǝ ǱǏǎǗǘǱ ǙǘǕǘǌǒǗǒ ǠǒǕǒǗǎǚǊ, ǗǊǴǒ ǴǏǜǏ ǔǘ-
ǗǊǡǗǘ ǘǗǝ Ǚǚǒ ǔǘǱǘǱ Ǜǝ ǡǏǛǜǒǠǏ ǙǘǎǱǏǎǗǊǔǘ ǚǊǛǙǘǚǏђǏǗǏ ǝ ǘǋǏ ǙǘǕǘǌǒǗǏ. Ƹǌǘ ǘǎǍǘǌǊǚǊ ǑǊǍǚǏǌǊǳǝ
ǙǚǏǔǘ ǔǚǒǜǒǡǗǏ ǜǏǖǙǏǚǊǜǝǚǏ.

ƬǊǢ ǑǊǎǊǜǊǔ ǱǏ ǎǊ ǘǎǚǏǎǒǜǏ ǔǚǒǜǒǡǗǒ ǏǔǛǙǘǗǏǗǜ ǑǊ ǖǘǎǏǕ ǞǊǑǗǘǍ ǙǚǏǕǊǑǊ ǔǘǱǒ ǛǏ ǘǌǎǏ ǙǚǘǝǡǊǌǊ.

СǙǒǛǊǔ ǙǚǒǋǘǚǊ

(1)

(3)

(2)

(4)

ƻǕǒǔǊ 2: ДǘǎǊǜǗǒ Ǚǚǒǋǘǚ ǑǊ ǘǌǊǱ ǏǔǛǙǏǚǒǖǏǗǜ.



Experiment
Serbian (Serbia) Q2-3

1. ƽǚǏђǊǱ ǛǊ ǑǌǝǡǗǒǔǘǖ ǗǊ ǡǒǱǏǖ ǱǏ ǌǚǟǝ ǙǚǒǡǌǚǢǴǏǗ ǙǕǊǛǜǒǡǗǒ ǠǒǕǒǗǎǊǚ.

2. Ƹǔǘ 100 ǙǏǚǕǒǠǊ (ǝ ǙǕǊǛǜǒǡǗǘǱ ǙǘǛǝǎǒ).

3. ƺǝǔǊǌǒǠǊ

4. ƵǏǙǲǒǌǊ ǜǚǊǔǊ

МǏǚǏ ǙǚǏǎǘǛǜǚǘǐǗǘǛǜǒ

• ƷǏǖǘǱǜǏ ǎǏǕǘǌǊǜǒ ǙǚǏǔǘǖǏǚǗǘǖ ǋǘǡǗǘǖ ǛǒǕǘǖ ǗǊ ǙǕǊǛǜǒǡǗǒ ǠǒǕǒǗǎǊǚ ǔǘǱǒ ǱǏ ǙǚǒǡǌǚǢǴǏǗ
ǗǊ ǑǌǝǡǗǒǔ. ƷǏǴǏ ǋǒǜǒ ǘǖǘǍǝǴǏǗǊ ǑǊǖǏǗǊ ǝ ǛǕǝǡǊǱǝ ǘǢǜǏǴǏǳǊ ǖǏǖǋǚǊǗǊ ǑǌǝǡǗǒǔǊ ǒǕǒ ǘǜǔǒ-
ǎǊǳǊ ǙǕǊǛǜǒǡǗǘǍ ǠǒǕǒǗǎǚǊ.

• ИǛǔǲǝǡǒǜǏ ǝǚǏђǊǱ ǛǊ ǑǌǝǡǗǒǔǘǖ ǔǊǎ Ǎǘǎ ǍǊ ǗǏ ǔǘǚǒǛǜǒǜǏ, ǎǊ ǋǒ ǛǜǏ ǒǑǋǏǍǕǒ ǗǏǙǘǜǚǏǋǗǘ ǜǚǘ-
ǢǏǳǏ ǋǊǜǏǚǒǱǏ.

• ƽ ǘǌǘǖ ǏǔǛǙǏǚǒǖǏǗǜǝ ǜǏǛǜǏǚǊǛǜǒ ǛǒǍǗǊǕ ǘǎ 4 Hz ǱǏ ǗǊ ǒǑǕǊǑǝ ǔǚǊǱǏǌǊ ǑǌǝǡǗǒǔǊ ǔǘǱǒ ǛǏ ǗǊǕǊǑǏ
ǛǊ ǛǜǚǊǗǏ ǍǏǗǏǚǊǜǘǚǊ ǛǒǍǗǊǕǊ.

• ƪǖǙǕǒǜǝǎǊ ǜǏǛǜǏǚǊǛǜǘǍ ǛǒǍǗǊǕǊ ǛǏ ǙǘǎǏǢǊǌǊ ǔǘǚǒǢǴǏǳǏǖ ǘǎǍǘǌǊǚǊǱǝǴǏǍ ǙǘǜǏǗǠǒǘǖǏǜǚǊ
ǘǑǗǊǡǏǗǘǍ ǛǊ аǖпǕиǜǝǎа ǛиǍǗаǕа (4). ЈǏǎǗǘǛǖǏǚǗǒ ǗǊǙǘǗ ǙǚǘǙǘǚǠǒǘǗǊǕǊǗ ǊǖǙǕǒǜǝǎǒ ǛǒǍǗǊ-
ǕǊ ǱǏ ǗǊ Ǚǚǒǔǲǝǡǔǝ (6) ǔǘǗǜǚǘǕǊ аǖпǕиǜǝǎǏ ǛиǍǗаǕа (ǙǚǒǔǲǝǡǊǔ ǑǊ ǝǑǏǖǲǏǳǏ ǱǏ (7)). ƫǚǘǱǏǌǒ
ǘǑǗǊǡǊǌǊǱǝ ǎǏǕǘǌǏ ǗǊ ǞǘǜǘǍǚǊǞǒǱǒ (ƻǕǒǔǊ 2) ǙǚǒǔǊǑǊǗǘǱ ǝ ǘǙǢǜǒǖ ǝǙǝǜǛǜǌǒǖǊ.

• ƶǏǖǋǚǊǗǊ ǑǌǝǡǗǒǔǊ ǱǏ ǗǏǐǗǊ. ƬǘǎǒǜǏ ǚǊǡǝǗǊ ǎǊ ǱǏ ǗǏ ǙǚǒǜǒǛǔǊǜǏ ǗǏǙǘǜǚǏǋǗǘ ǝ ǋǒǕǘ ǔǘǖ
ǙǚǊǌǠǝ.



Experiment
Serbian (Serbia) Q2-4

ДǏǘ А. КǚǒǜǒǡǗǊ ǊǖǙǕǒǜǝǎǊ ǙǘǋǝђǏњǊ (3.3 ǙǘǏǗǊ)
ƹǚǏ ǗǏǍǘ Ǣǜǘ ǙǘǡǗǏǜǏ ǛǊ ǘǛǗǘǌǗǒǖ ǑǊǎǊǜǔǘǖ, ǙǘǌǏǐǒǜǏ ǑǌǝǡǗǒǔ ǛǊ ǔǚǊǱǏǌǒǖǊ ǗǊ ǛǜǚǊǗǒ ǍǏǗǏǚǊ-
ǜǘǚǊ ǛǒǍǗǊǕǊ (ǌǘǎǒǜǏ ǚǊǡǝǗǊ ǘ ǙǘǕǊǚǒǜǏǜǝ). ƻǒǙǊǱǜǏ (ǘǔǘ 50) ǙǏǚǕǒǠǏ ǝ ǠǒǕǒǗǎǊǚ ǗǊ ǑǌǝǡǗǒǔǝ ǒ
ǒǛǏǠǒǜǏ ǎǏǘ ǚǝǔǊǌǒǠǏ ǔǘǱǒǖ ǴǏǜǏ ǑǊǜǌǘǚǒǜǒ ǌǚǟ ǠǒǕǒǗǎǚǊ, ǔǊǔǘ ǋǒǛǜǏ ǛǙǚǏǡǒǕǒ ǒǛǙǊǎǊǳǏ ǙǏǚǕǒ-
ǠǊ. ƽǔǲǝǡǒǜǏ ǝǚǏђǊǱ ǛǊ ǑǌǝǡǗǒǔǘǖ ǒ ǙǘǎǏǢǊǌǊǱǜǏ ǊǖǙǕǒǜǝǎǝ ǘǔǚǏǜǊǳǏǖ ǘǎǍǘǌǊǚǊǱǝǴǏǍ ǎǝǍǖǏǗǠǏǜǊ
ǘǑǗǊǡǏǗǘǍ ǛǊ аǖпǕиǜǝǎа ǛиǍǗаǕа (4) ǝǑ ǙǘǖǘǴ ǙǚǒǕǘǐǏǗǘǍ ǢǚǊǞǠǒǍǏǚǊ. ƹǘǛǖǊǜǚǊǱǜǏ ǚǊǛǙǘǎǏǕǝ
ǙǏǚǕǒǠǊ ǑǊ ǚǊǑǕǒǡǒǜǏ ǊǖǙǕǒǜǝǎǏ ǛǒǍǗǊǕǊ.

ƹǚǌǒ ǑǊǎǊǜǊǔ ǱǏ ǎǊ ǘǎǚǏǎǒǜǏ ǔǚǒǜǒǡǗǝ ǊǖǙǕǒǜǝǎǝ ǙǘǋǝђǏǳǊ ǑǊ ǘǌǊǱ ǙǚǏǕǊǑ. ДǊ ǋǒǛǜǏ ǘǌǘ ǝǚǊǎǒǕǒ
ǙǘǜǚǏǋǗǘ ǱǏ ǎǊ ǘǎǚǏǎǒǜǏ ǋǚǘǱ ǙǏǚǕǒǠǊ �1 ǒ �2 ǝ ǎǌǊ ǎǏǕǊ ǠǒǕǒǗǎǚǊ (ǗǏǔǊ ǌǊǖ ǗǊ ǙǚǒǖǏǚ ǝǌǏǔ ǋǝǎǏ�1 ≤ �2) ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ ǊǖǙǕǒǜǝǎǏ ��, Ǣǜǘ ǘǎǍǘǌǊǚǊ ǗǊǙǘǗǝ ǒǑǖǏǚǏǗǘǖ ǗǊ Ǚǚǒǔǲǝǡǔǝ аǖпǕиǜǝǎа
ǛиǍǗаǕа (6). ƷǊǙǘǗ ǱǏ ǙǚǘǙǘǚǠǒǘǗǊǕǊǗ ǊǖǙǕǒǜǝǎǒ ǜǏǛǜǏǚǊǛǜǘǍ ǛǒǍǗǊǕǊ ǔǘǱǒ ǙǚǘǒǑǌǘǎǒ ǑǌǝǡǗǒǔ. ЗǊ
ǛǌǊǔǝ ǌǚǏǎǗǘǛǜ ǗǊǙǘǗǊ ǒǑǌǚǢǒǜǏ ǗǊǱǖǊǳǏ 5 ǖǏǚǏǳǊ.

ƹǘǖǘǴ:

• ДǊ ǋǒ ǛǏ ǙǏǚǕǒǠǏ ǝǌǏǔ ǔǚǏǜǊǕǏ ǖǏǚǒǜǏ ǑǊ ǊǖǙǕǒǜǝǎǏ ǔǘǱǏ ǘǎǍǘǌǊǚǊǱǝ ǗǊǙǘǗǒǖǊ ǌǏǴǒǖ ǘǎ 0.7 V.
ƹǘǡǗǒǜǏ ǛǊ ǙǘǛǖǊǜǚǊǳǏǖ ǛǒǛǜǏǖǊ ǜǊǔǘ Ǣǜǘ ǴǏǜǏ ǕǊǍǊǗǘ ǖǏǳǊǜǒ ǗǊǙǘǗ, ǋǏǑ ǋǚǘǱǊǳǊ ǙǏǚǕǒ-
ǠǊ. ƶǘǐǏ ǎǊ ǛǏ ǎǏǛǒ ǎǊ ǗǏǔǊ ǙǏǚǕǒǠǊ ǘǛǜǊǗǏ ǑǊǕǏǙǲǏǗǊ ǑǊ ǙǘǎǕǘǍǝ, ǑǋǘǍ ǏǕǏǔǜǚǘǛǜǊǜǒǡǔǒǟ
ǚǊǑǕǘǍǊ. ƷǏǖǘǱǜǏ ǋǚǘǱǊǜǒ ǜǏ ǙǏǚǕǒǠǏ.

A.1 ƽǙǒǢǒǜǏ ǌǚǏǎǗǘǛǜǒ ǖǏǚǏǳǊ ǋǚǘǱǏǌǊ ǙǏǚǕǒǠǊ �1 ǒ �2 ǝ ǘǋǏ ǙǘǕǘǌǒǗǏ Ǡǒ-
ǕǒǗǎǚǊ ǑǊ ǚǊǑǕǒǡǒǜǏ ǌǚǏǎǗǘǛǜǒ ǊǖǙǕǒǜǝǎǏ �� ǝ ǜǊǋǏǕǝ А. 1.

1.2pt

A.2 ИǑǚǊǡǝǗǊǱǜǏ ǛǜǊǗǎǚǊǎǗǘ ǘǎǛǜǝǙǊǳǏ ǑǊ ǖǏǚǏǳǊ �1 ǒ �2, ǒ ǚǏǑǝǕǜǊǜǏ ǝǙǒǢǒ-
ǜǏ ǝ ǜǊǋǏǕǝ А. 1. ƷǊǠǚǜǊǱǜǏ �1 ǒ �2 ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ ǊǖǙǕǒǜǝǎǏ �� ǝ Ǚǘǲǝ
ǍǚǊǞǒǔ А. 2., ǝǔǲǝǡǝǱǝǴǒ ǒ ǍǚǏǢǔǏ.

1.1pt

A.3 ƴǘǚǒǛǜǏǴǒ ǍǚǊǞǒǔ ǘǎǚǏǎǒǜǏ ǔǚǒǜǒǡǗǝ ǊǖǙǕǒǜǝǎǝ ��,crit, ǑǊ ǔǘǱǝ ǴǏ �1 = �2,
ǙǘǛǕǏ ǎǘǌǘǲǗǘ ǌǚǏǖǏǗǊ ǡǏǔǊǳǊ ǎǊ ǛǏ ǝǛǙǘǛǜǊǌǒ ǛǜǊǠǒǘǗǊǚǗǘ ǛǜǊǳǏ.

1pt

ДǏǘ B. КǊǕǒǋǚǊǠǒјǊ (3,2 ǙǘǏǗǊ)
ƸǡǒǜǊǗǊ ǊǖǙǕǒǜǝǎǊ �� , ǘǎǍǘǌǊǚǊ ǗǊǙǘǗǝ ǗǊ ǔǘǖǏ ǱǏ ǑǌǝǡǗǒǔ. ИǙǊǔ, ǑǊǗǒǖǲǒǌǊ ǱǏ ǒ ǌǏǕǒǡǒǗǊ
ǊǖǙǕǒǜǝǎǏ ǘǛǠǒǕǘǌǊǳǊ ǑǌǝǡǗǒǔǊ, ǙǘǢǜǘ ǱǏ ǙǘǌǏǑǊǗǊ ǛǊ ǜǒǖ ǔǘǕǒǔǘ ǱǊǔǘ Ǜǝ ǙǏǚǕǒǠǏ ǙǘǋǝђǏǗǏ. ƹǘ-
ǜǚǏǋǗǘ ǱǏ ǎǊ ǔǊǕǒǋǚǒǢǏǜǏ ǘǡǒǜǊǗǏ ǊǖǙǕǒǜǝǎǏ. ЗǊ ǘǌǝ Ǜǌǚǟǝ ǖǘǐǏǜǏ ǎǊ ǒǛǔǘǚǒǛǜǏ ǋǒǕǘ ǢǜǊ ǘǎ
ǙǚǒǕǘǐǏǗǘǍ ǖǊǜǏǚǒǱǊǕǊ ǒ ǙǚǒǋǘǚǊ.

B.1 ƻǔǒǠǒǚǊǱǜǏ ǢǏǖǝ ǔǘǱǝ ǛǜǏ ǒǛǔǘǚǒǛǜǒǕǒ ǎǊ ǋǒǛǜǏ ǘǎǚǏǎǒǕǒ ǊǖǙǕǒǜǝǎǝ ǘǛǠǒ-
ǕǘǌǊǳǊ � (ǝ mm) ǑǌǝǡǗǒǔǊ ǜǘǔǘǖ ǱǏǎǗǘǍ ǙǏǚǒǘǎǊ ǘǛǠǒǕǘǌǊǳǊ.

0.5pt

B.2 ƸǎǚǏǎǒǜǏ ǊǖǙǕǒǜǝǎǝ ǘǛǠǒǕǘǌǊǳǊ � ǝ ǎǘǌǘǲǗǘ ǜǊǡǊǔǊ, ǘǎǗǘǛǗǘ ǙǚǒǔǊǐǒǜǏ� ǝ ǞǝǗǔǠǒǱǒ ǊǖǙǕǒǜǝǎǏ ǛǒǍǗǊǕǊ�� ǝ ǜǊǋǏǕǒ B. 2., ǙǚǘǠǏǗǒǜǏ ǒ ǘǋǱǊǛǗǒǜǏ
ǍǚǏǢǔǝ ǖǏǚǏǳǊ.

0.8pt

B.3 ƹǚǒǔǊǐǒǜǏ ǙǘǎǊǜǔǏ ǗǊ ǍǚǊǞǒǔǝ ǝ Ǚǘǲǝ ǍǚǊǞǒǔ B. 3., ǝǔǲǝǡǝǱǝǴǒ ǒ ǍǚǏǢǔǏ
ǖǏǚǏǳǊ.

1.0pt



Experiment
Serbian (Serbia) Q2-5

B.4 ƸǎǚǏǎǒǜǏ ǙǊǚǊǖǏǜǚǏ ǎǘǋǒǱǏǗǏ ǔǚǒǌǏ, ǔǘǚǒǛǜǏǴǒ ǘǎǍǘǌǊǚǊǱǝǴǒ Ǟǒǜ ǎǊ ǘǎǚǏ-
ǎǒǜǏ ǔǊǕǒǋǚǊǠǒǘǗǝ ǞǝǗǔǠǒǱǝ �(��). 0.8pt

B.5 ƸǎǚǏǎǒǜǏ ǔǚǒǜǒǡǗǝ ǊǖǙǕǒǜǝǎǝ ǙǘǋǝђǏǳǊ �crit ǙǏǚǕǒǠǊ. 0.1pt

ДǏǘ C. КǚǒǜǒǡǗǒ ǏǔǛǙǘǗǏǗǜ (3.5 ǙǘǏǗǊ)
ƽ ǗǊǢǏǖ ǛǒǛǜǏǖǝ, ǜǏǖǙǏǚǊǜǝǚǊ ǘǎǍǘǌǊǚǊ ǔǒǗǏǜǒǡǔǘǱ ǏǗǏǚǍǒǱǒ ǔǘǱǝ ǡǏǛǜǒǠǏ ǎǘǋǒǱǊǱǝ ǙǘǋǝђǒǌǊǳǏǖ.
ƸǌǊ ǏǗǏǚǍǒǱǊ ǱǏ ǙǚǘǙǘǚǠǒǘǗǊǕǗǊ ǔǌǊǎǚǊǜǝ ǋǚǑǒǗǏ ǎǘǋǒǱǏǗǏ ǘǎ ǑǌǝǡǗǒǔǊ, ǘǎǗǘǛǗǘ �2 = �2�2, ǍǎǏ ǱǏ� ǞǚǏǔǌǏǗǠǒǱǊ ǘǛǠǒǕǊǠǒǱǊ. ƻǊǎǊ ǴǏǜǏ ǙǚǘǌǏǚǒǜǒ ǘǌǝ ǑǊǌǒǛǗǘǛǜ ǒ ǘǎǚǏǎǒǜǒ ǏǔǛǙǘǗǏǗǜ � ǒǑ ǛǜǏǙǏǗǘǍ
ǑǊǔǘǗǊ ǔǘǱǒ ǘǙǒǛǝǱǏ ǙǘǗǊǢǊǳǏ ǙǊǚǊǖǏǜǚǊ ǙǘǚǏǜǔǊ (ǱǏǎǗǊǡǒǗǊ 1).

C.1 ƷǏǝǚǊǌǗǘǜǏǐǏǗǘǛǜ ǋǚǘǱǊ ǙǏǚǕǒǠǊ ǱǏ ǎǘǋǊǚ ǔǊǗǎǒǎǊǜ ǑǊ ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ
ǗǊǢǏǍ ǛǒǛǜǏǖǊ, ǘǗǊ ǱǏ ǱǏǎǗǊǔǊ ǗǝǕǒ ǒǑǗǊǎ ǔǚǒǜǒǡǗǏ ǊǖǙǕǒǜǝǎǏ ǛǒǍǗǊǕǊ, Ǌ
ǱǏǎǗǊǔǊ 1 ǑǊ ǖǊǕǊ ǙǘǋǝђǏǳǊ. ƸǎǚǏǎǒǜǏ ǘǌǊǱ ǙǊǚǊǖǏǜǊǚ ǙǘǚǏǜǔǊ ǝ ǑǊǌǒǛǗǘ-
Ǜǜǒ ǘǎ ǊǖǙǕǒǜǝǎǏ ǘǛǠǒǕǘǌǊǳǊ ǑǌǝǡǗǒǔǊ �. ƹǚǒǔǊǐǒǜǏ ǚǏǑǝǕǜǊǜǏ ǝ ǜǊǋǏǕǒ
C. 1.

1.1pt

C.2 ƷǊǠǚǜǊǱǜǏ ǑǊǌǒǛǗǘǛǜ ǗǏǝǚǊǌǗǘǜǏǐǏǗǘǛǜǒ ∣ �1−�2�1+�2 ∣ ǘǎ ∣�2crit − �2∣, ǗǊ ǙǊǙǒǚǝ
ǛǊ ǘǋǏ ǕǘǍǊǚǒǜǊǖǛǔǏ ǛǔǊǕǏ (ǎǌǘǛǜǚǝǔǘ ǕǘǍǊǚǒǜǊǖǛǔǘǖ) ǝ Ǚǘǲǝ ǍǚǊǞǒǔ C. 2.
ƶǘǐǏǜǏ ǎǊ ǔǘǚǒǛǜǒǜǏ ǜǊǋǏǕǝC.1. ǑǊ ǚǊǡǝǗ. ƽǠǚǜǊǗǏ ǜǊǡǔǏ ǖǘǍǝ ǎǊ ǘǎǛǜǝǙǊǱǝ
ǘǎ ǕǒǗǏǚǗǏ ǑǊǌǒǛǗǘǛǜǒ, ǊǕǒ ǎǊ ǋǒǛǜǏ ǎǘǋǒǕǒ ǒǑǚǊǑ ǑǊ ǔǚǒǜǒǡǗǒ ǏǔǛǙǘǗǏǗǜ
ǒǙǊǔ ǝǑǖǒǜǏ ǕǒǗǏǚǗǘ ǘǙǊǎǊǳǏ.

1pt

C.3 ƸǎǚǏǎǒǜǏ ǏǔǛǙǘǗǏǗǜ � ǒ ǙǚǘǠǏǗǒǜǏ ǍǚǏǢǔǝ. 1.4pt



Experiment
Serbian (Serbia) A2-1

ПǏǚǕицǏ ǔǘјǏ ǛǔǊчǝ (10 ǙǘǏǗǊ)

ƮǏǘ А. КǚиǜичǗǊ ǊǖǙǕиǜǝǎǊ ǙǘǋǝђǏњǊ (3.3 ǙǘǏǗǊ)

A.1 (1.2 pt)�� �1 �2



Experiment
Serbian (Serbia) A2-2

A.2 (1.1 pt)
ƭǚǊǞиǔ А. 2: �1, �2 ǝ завиǛǗǘǛǜи ǘд ��

A.3 (1.0 pt)
 ��, crit. =
 



Experiment
Serbian (Serbia) A2-3

ƮǏǘ B. КǊǕиǋǚǊцијǊ (3.2 ǙǘǏǗǊ)

B.1 (0.5 pt)
Сǔица ǙǘǛǜавǔе за ǖеǚеǳе:



Experiment
Serbian (Serbia) A2-4

B.2 (0.8 pt)



Experiment
Serbian (Serbia) A2-5

B.3 (1.0 pt)
ƭǚǊǞиǔ Ƭ. 3.: � ǝ завиǛǗǘǛǜи ǘд ��



Experiment
Serbian (Serbia) A2-6

B.4 (0.8 pt)
ЗавиǛǗǘǛǜ �(��):
 
 
Паǚаǖеǜǚи ǔǚиве:
 
 
 
 
 

B.5 (0.1 pt)
 �crit. =
 



Experiment
Serbian (Serbia) A2-7

ƮǏǘ C. КǚиǜичǗи ǏǔǛǙǘǗǏǗǜ (3.5 ǙǘǏǗǊ)

C.1 (1.1 pt)

C.2 (1.0 pt)
НацǚǜаǱǜе �1−�2�1+�2 ǝ завиǛǗǘǛǜи ǘд ∣�2 − �2� ∣ ǝ ǱедǗǘǖ ǘд Ǚǘǲа ƭǚǊǞиǔ C. 2Ǌ иǕи ƭǚǊǞиǔ C.2ǋ.



Experiment
Serbian (Serbia) A2-8

ƭǚǊǞиǔ C.2Ǌ ǎǌǘǛǜǚǝǔи ǕǘǍǊǚиǜǊǖǛǔи ǙǊǙиǚ

1

2

3

4

5

6

7

8

9
10

2

3

4

5

6

7

8

9
100

1
2 3 4 5 6 7 8 9

10
2 3 4 5 6 7 8 9

100
2 3 4 5 6 7 8 9

1000



Experiment
Serbian (Serbia) A2-9

ƭǚǊǞиǔ C.2ǋ ǕиǗǏǚǗи ǙǊǙиǚ



Experiment
Serbian (Serbia) A2-10

C.3 (1.4 pt)� =
 
 
 
 Δ� =
 
 
 
 



Theory
Serbian (Serbia) G0-1

ƸǙшǜа ǝǙǝǜǛǜва: ǜеǘǚијǛки задаǜак
14. ǱǝǕǒ 2016.

ƼǏǘǚǒǱǛǔǒ ǜǏǛǜ ǜǚǊǱǏ 5 ǛǊǜǒ ǒ ǗǘǛǒ 30 ǙǘǏǗǊ.

ƹǚе ǜеǛǜа

• ƷǏ ǛǖǏǜǏ ǎǊ ǘǜǌǊǚǊǜǏ ǔǘǌǏǚǜǏ ǛǊ ǑǊǎǊǠǒǖǊ ǙǚǏ ǑǌǝǡǗǘǍ ǛǒǍǗǊǕǊ ǔǘǱǒ ǘǑǗǊǡǊǌǊ ǙǘǡǏǜǊǔ ǜǊǔǖǒ-
ǡǏǳǊ.

• ƹǘǡǏǜǊǔ ǒ ǔǚǊǱ ǜǏǛǜǊ ǴǏ ǋǒǜǒ ǘǑǗǊǡǏǗ ǑǌǝǡǗǒǖ ǛǒǍǗǊǕǘǖ. ƼǊǔǘђǏ, ǋǒǴǏ ǘǋǊǌǏǢǜǏǳǊ ǗǊ ǛǌǊǔǒ
ǛǊǜ ǘ ǌǚǏǖǏǗǝ ǔǘǱǏ ǱǏ ǙǚǏǘǛǜǊǕǘ ǑǊ ǚǊǎ, ǔǊǘ ǒ ǙǏǜǗǊǏǛǜ ǖǒǗǝǜǊ ǙǚǏ ǔǚǊǱǊ ǜǏǛǜǊ (ǙǚǏ ǑǌǝǡǗǘǍ
ǛǒǍǗǊǕǊ).

Тǘкǘм ǜеǛǜа

• ƸǋǏǑǋǏђǏǗǒ Ǜǝ ǙǘǛǏǋǗǒ ǕǒǛǜǘǌǒ ǙǚǏǎǌǒђǏǗǒ ǑǊ ǙǒǛǊǳǏ ǘǎǍǘǌǘǚǊ. ƽǗǏǛǒǜǏ ǔǘǗǊǡǗǏ ǘǎǍǘǌǘ-
ǚǏ ǝ ǘǎǍǘǌǊǚǊǱǝǴǊ ǙǘǲǊ ǗǊ ǘǎǍǘǌǊǚǊǱǝǴǏǖ ǕǒǛǜǝ ǑǊ ǘǎǍǘǌǘǚǏ (ǘǑǗǊǡǏǗǘǖ ǛǊ ƪ). ЗǊ ǛǌǊǔǒ ǑǊ-
ǎǊǜǊǔ ǒǖǊǜǏ ǙǘǛǏǋǊǗ ǙǚǊǑǊǗ ǙǊǙǒǚ ǑǊ ǎǏǜǊǲǗǒǱǒ ǚǊǎ (ǘǑǗǊǡǏǗ ǛǊ W). ƬǘǎǒǜǏ ǚǊǡǝǗǊ ǎǊ ǝǌǏǔ
ǔǘǚǒǛǜǒǜǏ ǙǊǙǒǚ ǑǊ ǚǊǎ ǔǘǱǒ ǙǚǒǙǊǎǊ ǑǊǎǊǜǔǝ ǔǘǱǒ ǜǚǏǗǝǜǗǘ ǚǊǎǒǜǏ (ǙǚǘǌǏǚǒǜǏ ǋǚǘǱ ǑǊǎǊǜǔǊ ǝ
ǑǊǍǕǊǌǲǝ). ƪǔǘ ǛǜǏ ǗǊ ǋǒǕǘ ǔǘǖ ǙǊǙǒǚǝ ǗǊǙǒǛǊǕǒ ǗǏǢǜǘ Ǣǜǘ ǗǏ ǐǏǕǒǜǏ ǎǊ ǋǝǎǏ ǙǚǏǍǕǏǎǊǗǘ,
ǙǚǏǠǚǜǊǱǜǏ ǜǘ.

• ƼǚǝǎǒǜǏ ǛǏ ǎǊ ǋǝǎǏǜǏ Ǣǜǘ ǱǏ ǖǘǍǝǴǏ ǛǊǐǏǜǒǱǒ ǝ ǘǎǍǘǌǘǚǒǖǊ: ǔǘǚǒǛǜǒǜǏ ǱǏǎǗǊǡǒǗǏ, ǕǘǍǒǡǔǏ ǘǙǏ-
ǚǊǠǒǱǏ ǒ ǛǔǒǠǏ ǎǊ ǙǚǏǎǛǜǊǌǒǜǏ ǌǊǢǊ ǚǊǑǖǒǢǲǊǳǊ, ǔǊǎ Ǎǘǎ ǱǏ ǜǘ ǖǘǍǝǴǏ. ИǑǋǏǍǊǌǊǱǜǏ ǎǝǍǊǡǔǏ
ǚǏǡǏǗǒǠǏ.

• ƶǘǕǒǖǘ ǌǊǛ ǎǊ ǎǊǜǏ ǙǚǒǟǌǊǜǲǒǌ ǋǚǘǱ ǑǗǊǡǊǱǗǒǟ ǠǒǞǊǚǊ ǔǊǎǊ ǗǊǌǘǎǒǜǏ ǋǚǘǱǗǏ ǌǚǏǎǗǘǛǜǒ.

• ƼǚǏǋǊǕǘ ǋǒ ǎǊ ǛǜǏ ǝ ǛǜǊǳǝ ǎǊ ǡǏǛǜǘ ǚǏǢǒǜǏ ǔǊǛǗǒǱǏ ǎǏǕǘǌǏ ǑǊǎǊǜǔǊ ǒǊǔǘ ǙǚǏǜǟǘǎǗǒ ǎǏǕǘǌǒ
ǗǒǛǝ ǚǏǢǏǗǒ.

• ƻǙǒǛǊǔ ǞǒǑǒǡǔǒǟ ǔǘǗǛǜǊǗǜǒ ǱǏ ǎǊǜ ǗǊ ǛǕǏǎǏǴǘǱ ǛǜǚǊǗǒ.

• ƷǒǱǏ ǎǘǑǌǘǲǏǗǘ ǗǊǙǝǢǜǊǳǏ ǚǊǎǗǘǍ ǖǏǛǜǊ ǋǏǑ ǎǘǑǌǘǕǏ. ƪǔǘ ǌǊǖ ǱǏ ǙǘǜǚǏǋǗǊ ǋǒǕǘ ǔǊǔǌǊ ǙǘǖǘǴ
(ǎǘǙǝǳǊǌǊǳǏ ǋǘǠǏ ǛǊ ǌǘǎǘǖ, ǙǘǔǌǊǚǏǗǒ ǔǊǕǔǝǕǊǜǘǚ, ǙǘǜǚǏǋǊ ǑǊ ǜǘǊǕǏǜǘǖ ǒǜǎ.), ǙǚǒǌǝǠǒǜǏ
ǙǊǐǳǝ ǌǘǎǒǡǝ ǜǒǖǊ ǜǊǔǘ Ǣǜǘ ǴǏǜǏ ǙǘǛǜǊǌǒǜǒ ǱǏǎǗǝ ǘǎ ǜǚǒ ǑǊǛǜǊǌǒǠǏ ǝ ǎǚǐǊǡ, ǔǘǱǒ ǛǏ ǗǊǕǊǑǒ
ǗǊ ǌǊǢǏǖ ǘǎǏǲǏǳǝ (”ƮǘǙǝǗǒǜǏ ǖǒ ǋǘǠǝ, ǖǘǕǒǖ ǌǊǛ”, ”ƶǘǚǊǖ ǎǊ ǒǎǏǖ ǝ ǜǘǊǕǏǜ, ǖǘǕǒǖ ǌǊǛ” ǒǕǒ
”ƼǚǏǋǊ ǖǒ ǙǘǖǘǴ, ǖǘǕǒǖ ǌǊǛ” ǝ Ǜǌǒǖ ǘǛǜǊǕǒǖ ǛǒǜǝǊǠǒǱǊǖǊ).

Ʒа кǚајǝ ǜеǛǜа

• ƷǊ ǔǚǊǱǝ ǜǏǛǜǊ ǖǘǚǊǜǏ ǎǊ ǙǚǏǛǜǊǗǏǜǏ ǛǊ ǙǒǛǊǳǏǖ.

• ЗǊ ǛǌǊǔǒ ǑǊǎǊǜǊǔ, ǛǕǘǐǒǜǏ ǘǎǍǘǌǊǚǊǱǝǴǏ ǕǒǛǜǘǌǏ ǝ ǛǕǏǎǏǴǏǖ ǚǏǎǘǛǕǏǎǝ: ǘǖǘǜ (C), ǙǒǜǊǳǊ (Q),
ǘǎǍǘǌǘǚǒ (A), ǚǊǎǗǒ ǕǒǛǜǘǌǒ (W).

• ƻǜǊǌǒǜǏ ǛǌǏ ǕǒǛǜǘǌǏ ǌǏǑǊǗǏ ǑǊ ǱǏǎǊǗ ǑǊǎǊǜǊǔ ǝ ǒǛǜǒ ǔǘǌǏǚǊǜ. ƻǜǊǌǒǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ (G) ǝ ǙǚǏ-
ǘǛǜǊǕǒ ǙǘǛǏǋǊǗ ǔǘǌǏǚǊǜ. ƫǝǎǒǜǏ ǛǒǍǝǚǗǒ ǎǊ ǛǏ ǌǊǢǊ ǢǒǞǚǊ ǌǒǎǒ ǔǚǘǑ ǙǚǘǑǘǚǡǒǴ ǗǊ ǛǌǊǔǘǖ
ǔǘǌǏǚǜǝ. ƹǚǏǎǊǱǜǏ ǒ ǙǚǊǑǗǏ ǕǒǛǜǘǌǏ. ƷǒǱǏ ǎǘǑǌǘǲǏǗǘ ǎǊ ǒǑǗǏǛǏǜǏ ǋǒǕǘ ǔǘǱǒ ǕǒǛǜ ǛǊ ǜǏǛǜǊ.

• ƸǛǜǊǌǒǜǏ ǙǕǊǌǒ ǔǊǕǔǝǕǊǜǘǚ, ǔǘǱǒ Ǜǝ ǘǋǏǑǋǏǎǒǕǒ ǘǚǍǊǗǒǑǊǜǘǚǒ, ǗǊ ǛǜǘǕǝ.



Theory
Serbian (Serbia) G0-2

• ƽǑǖǒǜǏ ǌǊǢ Ǚǚǒǋǘǚ ǑǊ ǙǒǛǊǳǏ (2 ǟǏǖǒǱǛǔǏ ǘǕǘǌǔǏ, 1 ǞǕǘǖǊǛǜǏǚ, 1 ǘǕǘǌǔǝ, 1 ǖǊǔǊǑǏ, 1 ǕǏǳǒǚ,
2 ǙǊǚǊ ǡǏǙǘǌǊ ǑǊ ǝǢǒ) ǔǊǘ ǒ ǌǊǢ ǕǒǡǗǒ ǔǊǕǔǝǕǊǜǘǚ (Ǌǔǘ ǍǊ ǒǖǊǜǏ) ǒ ǙǘǗǏǛǒǜǏ ǛǊ Ǜǘǋǘǖ. ƹǘǗǏ-
ǛǒǜǏ, ǜǊǔǘђǏ, ǒ ǋǘǠǝ ǛǊ ǌǘǎǘǖ.

• ƻǊǡǏǔǊǱǜǏ ǑǊ ǌǊǢǒǖ ǛǜǘǕǘǖ ǎǘǔ ǗǏ ǙǘǔǝǙǏ ǌǊǢǏ ǔǘǌǏǚǜǏ. КǊǎǊ ǛǏ Ǜǌǒ ǔǘǌǏǚǜǒ ǛǊǔǝǙǏ ǌǊǢ
ǌǘǎǒǡ ǴǏ ǌǊǛ ǒǑǌǏǛǜǒ ǒǑ ǛǊǕǏ ǑǊ ǜǏǛǜ.
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ƸǙшǜи Ǚǘдаци

ƫǚǑǒǗǊ ǛǌǏǜǕǘǛǜǒ ǝ ǌǊǔǝǝǖǝ � = 299 792 458 m ⋅ s−1
ƶǊǍǗǏǜǗǊ ǙǏǚǖǏǊǋǒǕǗǘǛǜ ǌǊǔǝǝǖǊ (ǖǊǍ-
ǗǏǜǗǊ ǔǘǗǛǜǊǗǜǊ)

�0 = 4� × 10−7 kg ⋅ m ⋅ A−2 ⋅ s−2
ƮǒǏǕǏǔǜǚǒǡǗǊ ǔǘǗǛǜǊǗǜǊ ǌǊǔǝǝǖǊ (ǙǚǘǙǝ-
ǛǜǲǒǌǘǛǜ ǌǊǔǝǝǖǊ)

�0 = 8.854 187 817 × 10−12 A2 ⋅ s4 ⋅ kg−1 ⋅ m−3
ƯǕǏǖǏǗǜǊǚǗǘ ǗǊǏǕǏǔǜǚǒǛǊǳǏ � = 1.602 176 620 8(98) × 10−19 A ⋅ s
ƶǊǛǊ ǏǕǏǔǜǚǘǗǊ �e = 9.109 383 56(11) × 10−31 kg= 0.510 998 946 1(31) MeVc2
ƶǊǛǊ ǙǚǘǜǘǗǊ �p = 1.672 621 898(21) × 10−27 kg= 938.272 081 3(58) MeVc2
ƶǊǛǊ ǗǏǝǜǚǘǗǊ �n = 1.674 927 471(21) × 10−27 kg= 939.565 413 3(58) MeVc2
ƪǜǘǖǛǔǊ ǱǏǎǒǗǒǠǊ ǖǊǛǏ � = 1.660 539 040(20) × 10−27 kg
ƺǒǎǋǏǚǍǘǌǊ ǔǘǗǛǜǊǗǜǊ �∞ = 10 973 731.568 508(65) m−1
ƽǗǒǌǏǚǑǊǕǗǊ ǍǚǊǌǒǜǊǠǒǘǗǊ ǔǘǗǛǜǊǗǜǊ � = 6.674 08(31) × 10−11 m3 ⋅ kg−1 ⋅ s−2
ƭǚǊǌǒǜǊǠǒǘǗǘ ǝǋǚǑǊǳǏ (ǝ Цǒǚǒǟǝ) � = 9.81 m ⋅ s−2
ƹǕǊǗǔǘǌǊ ǔǘǗǛǜǊǗǜǊ ℎ = 6.626 070 040 (81) × 10−34 kg ⋅ m2 ⋅ s−1
ƪǌǘǍǊǎǚǘǌ ǋǚǘǱ �A = 6.022 140 857 (74) × 1023 mol−1
ƽǗǒǌǏǚǑǊǕǗǊ ǍǊǛǗǊ ǔǘǗǛǜǊǗǜǊ � = 8.314 4598(48) kg ⋅ m2 ⋅ s−2 ⋅ mol−1 ⋅ K−1
КǘǗǛǜǊǗǜǊ ǖǘǕǊǚǗǏ ǖǊǛǏ �u = 1 × 10−3 kg ⋅ mol−1
ƫǘǕǠǖǊǗǘǌǊ ǔǘǗǛǜǊǗǜǊ �B = 1.380 648 52(79) × 10−23 kg ⋅ m2 ⋅ s−2 ⋅ K−1
ШǜǏǞǊǗ-ƫǘǕǠǖǊǗǘǌǊ ǔǘǗǛǜǊǗǜǊ � = 5.670 367 (13) × 10−8 kg ⋅ s−3 ⋅ K−4
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ДǌǊ ǙǚǘǋǕеǖǊ из МехǊǗиǔе
ƶǘǕǒǖǘ ǌǊǛ ǎǊ ǙǚǘǡǒǜǊǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ ǔǘǱǊ ǛǏ ǗǊǕǊǑǏ ǝ ǙǘǛǏǋǗǘǱ ǔǘǌǏǚǜǒ ǙǚǏ ǗǏǍǘ Ǣǜǘ ǙǘǡǗǏǜǏ
ǛǊ ǚǏǢǊǌǊǳǏǖ ǑǊǎǊǜǊǔǊ.

Деǘ А. СǔǚиǌеǗи диǛǔ (3.5 ǙǘеǗǊ)
ƽ ǘǌǘǖ ǎǏǕǝ ǑǊǎǊǜǊǜǔǊ ǚǊǑǖǊǜǚǊǖǘ ǔǚǝǜǒ ǎǚǌǏǗǒ ǠǒǕǒǗǎǊǚ ǚǊǎǒǱǝǛǊ �1 ǒ ǎǏǋǲǒǗǏ ℎ1. ƷǏǍǎǏ ǝǗǝǜǊǚ
ǎǚǌǏǗǘǍ ǠǒǕǒǗǎǚǊ, ǎǚǌǘ ǱǏ ǑǊǖǏǳǏǗǘ ǖǏǜǊǕǗǒǖ ǎǒǛǔǘǖ ǚǊǎǒǱǝǛǊ �2 ǒ ǎǏǋǲǒǗǏ ℎ2. ƶǏǜǊǕǗǒ ǎǒǛǔ
ǱǏ ǛǖǏǢǜǏǗ ǜǊǔǘ ǎǊ ǱǏ ǳǏǍǘǌǊ ǘǛǊ ǛǒǖǏǜǚǒǱǏ � ǙǊǚǊǕǏǕǗǊ ǘǛǒ ǛǒǖǏǜǚǒǱǏ ǎǚǌǏǗǘǍ ǠǒǕǒǗǎǚǊ Ԉ, ǒ
ǗǊǕǊǑǒ ǛǏ ǗǊ ǛǚǏǎǒǗǒ ǝ ǘǎǗǘǛǝ ǗǊ ǋǊǑǒǛǏ ǎǚǌǏǗǘǍ ǠǒǕǒǗǎǚǊ (ǛǕǒǔǊ 1ǋ). ƺǊǛǜǘǱǊǳǏ ǒǑǖǏђǝ ǘǛǊ Ԉ ǒ� ǒǑǗǘǛǒ �. ƭǝǛǜǒǗǊ ǎǚǌǏǜǊ ǱǏ �1, Ǌ ǍǝǛǜǒǗǊ ǖǏǜǊǕǊ �2 (�2 > �1). ƽǔǝǙǗǊ ǖǊǛǊ ǘǌǘǍ ǛǒǛǜǏǖǊ (ǎǚǌǏǗǒ
ǎǏǘ ǒ ǖǏǜǊǕǗǒ ǎǒǛǔ) ǱǏ � .

ƽ ǘǌǘǖ ǎǏǕǝ ǑǊǎǊǜǔǊ, ǎǚǌǏǗǒ ǠǒǕǒǗǎǊǚ ǱǏ ǙǘǛǜǊǌǲǏǗ ǗǊ ǙǘǎǕǘǍǝ ǜǊǔǘ ǎǊ ǛǏ ǖǘǐǏ ǛǕǘǋǘǎǗǘ ǔǘǜǚǲǊ-
ǜǒ. ƬǒǎǏǜǒ ǛǕǒǔǝ 1. ǑǊ ǒǑǍǕǏǎ ǎǒǛǔǊ ǛǊ ǛǜǚǊǗǏ ǒ ǘǎǘǑǍǘ.

Цǒǲ ǘǌǘǍ ǑǊǎǊǜǔǊ ǱǏ ǘǎǚǏǎǒǜǒ ǌǏǕǒǡǒǗǝ ǒ ǙǘǑǒǠǒǱǝ ǖǏǜǊǕǗǘǍ ǎǒǛǔǊ.

ƱǊ ǛǌǏ ǎǊǲǏ ǚǊǡǝǗǏ ǝ ǎǏǕǝ ƪ ǘǌǘǍ ǑǊǎǊǜǔǊ, ǚǏǑǝǕǜǊǜǏ ǒǑǚǊǑǒǜǒ ǙǚǏǔǘ ǛǕǏǎǏǴǒǟ ǙǘǑǗǊǜǒǟ ǌǏǕǒǡǒǗǊ:�1, ℎ1, �1, �2, � . (1)

Цǒǲ ǱǏ ǘǎǚǏǎǒǜǒ �2, ℎ2 ǒ �, ǙǘǖǘǴǝ ǒǗǎǒǚǏǔǜǗǒǟ ǖǏǚǏǳǊ.
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ƻǕǒǔǊ 1: a) ǙǘǍǕǏǎ ǛǊ ǛǜǚǊǗǏ b) ǙǘǍǕǏǎ ǘǎǘǑǍǘ

ƬǏǕǒǡǒǗǊ � ǙǚǏǎǛǜǊǌǲǊ ǚǊǛǜǘǱǊǳǏ ǒǑǖǏђǝ ǠǏǗǜǚǊ ǖǊǛǏ � ǠǏǕǘǍ ǛǒǛǜǏǖǊ ǒ ǘǛǏ ǛǒǖǏǜǚǒǱǏ Ԉ ǎǚǌǏǗǘǍ
ǠǒǕǒǗǎǚǊ. КǊǔǘ ǋǒ ǘǎǚǏǎǒǕǒ ǘǌǘ ǚǊǛǜǘǱǊǳǏ, ǙǘǛǜǊǌǲǏǗ ǱǏ ǛǕǏǎǏǴǒ ǏǔǛǙǏǚǒǖǏǗǜ: ƮǚǌǏǗǒ ǠǒǕǒǗǎǊǚ
ǱǏ ǙǘǛǜǊǌǲǏǗ ǗǊ ǟǘǚǒǑǘǗǜǊǕǗǝ ǙǘǎǕǘǍǝ ǜǊǔǘ ǎǊ ǛǏ ǗǊǕǊǑǒ ǝ ǛǜǊǋǒǕǗǘǱ ǚǊǌǗǘǜǏǐǒ. ЈǏǎǊǗ ǔǚǊǱ ǙǘǎǕǘ-
ǍǏ ǛǏ ǑǊǜǒǖ ǙǘǕǊǔǘ ǙǘǎǒǐǏ, ǜǊǔǘ ǎǊ ǗǊǛǜǊǱǏ ǛǜǚǖǊ ǚǊǌǊǗ ǗǊǍǒǋǗǘǍ ǝǍǕǊ Θ (ǛǕǒǔǊ 2.) КǊǘ ǚǏǑǝǕǜǊǜ
ǛǜǊǜǒǡǔǘǍ ǜǚǏǳǊ, ǎǚǌǏǗǒ ǠǒǕǒǗǎǊǚ ǛǏ ǖǘǐǏ ǛǕǘǋǘǎǗǘ ǘǔǚǏǜǊǜǒ ǋǏǑ ǔǕǒǑǊǳǊ. ƸǗ ǴǏ ǛǏ ǘǜǔǘǜǚǲǊǜǒ
ǖǊǕǘ ǗǒǑ Ǜǜǚǖǝ ǚǊǌǊǗ ǒ ǑǊǜǒǖ ǘǛǜǊǜǒ ǝ ǛǜǊǳǝ ǖǒǚǘǌǊǳǊ, ǗǊǔǘǗ ǚǘǜǊǠǒǱǏ ǑǊ ǙǘǑǗǊǜǒ ǝǍǊǘ �.
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ƻǕǒǔǊ 2. ЦǒǕǒǗǎǊǚ ǗǊ ǛǜǚǖǘǱ ǚǊǌǗǒ.

A.1 ƷǊǴǒ ǒǑǚǊǑ ǑǊ ǚǊǛǜǘǱǊǳǏ � ǔǊǘ ǞǝǗǔǠǒǱǝ ǌǏǕǒǡǒǗǊ (1), ǝǍǕǊ � ǒ ǗǊǍǒǋǗǘǍ ǝǍǕǊ
ǛǜǚǖǏ ǚǊǌǗǒ Θ.

0.8pt

Ƹǎ ǛǊǎǊ ǗǊǎǊǲǏ, ǌǏǕǒǡǒǗǝ � ǛǖǊǜǚǊǜǒ ǙǘǑǗǊǜǘǖ.

S

φ

ƻǕǒǔǊ 3: ƻǒǛǜǏǖ ǔǘǱǒ ǘǛǠǒǕǝǱǏ.

ƻǕǏǎǏǴǊ ǌǏǕǒǡǒǗǊ ǔǘǱǝ ǐǏǕǒǖǘ ǎǊ ǒǑǖǏǚǒǖǘ ǱǏ ǖǘǖǏǗǜ ǒǗǏǚǠǒǱǏ �� ǠǒǕǒǗǎǚǊ ǝ ǘǎǗǘǛǝ ǗǊ ǘǛǝ Ǜǒ-
ǖǏǜǚǒǱǏ Ԉ. Ƹǌǘ ǴǏǖǘ ǝǚǊǎǒǜǒ ǜǊǔǘ Ǣǜǘ ǴǏǖǘ ǠǒǕǒǗǎǊǚ ǙǝǛǜǒǜǒ ǎǊ ǘǛǠǒǕǝǱǏ ǘǔǘ ǘǛǏ ǛǒǖǏǜǚǒǱǏ Ԉ.
Ƹǌǘ ǱǏ ǝǚǊђǏǗǘ ǜǊǔǘ Ǣǜǘ ǱǏ ǠǒǕǒǗǎǊǚ (ǛǕǒǔǊ 3.) ǒǑǌǏǎǏǗ ǒǑ ǚǊǌǗǘǜǏǐǗǘǍ ǙǘǕǘǐǊǱǊ ǑǊ ǖǊǕǒ ǝǍǊǘ �.
ЦǒǕǒǗǎǊǚ ǴǏ ǝ ǘǌǘǖ ǛǕǝǡǊǱǝ ǘǙǒǛǒǌǊǜǒ ǙǏǚǒǘǎǒǡǗǘ ǔǚǏǜǊǳǏ ǛǊ ǙǏǚǒǘǎǘǖ ԉ .



Theory
Serbian (Serbia) Q1-3

A.2 ƷǊǴǒ ǱǏǎǗǊǡǒǗǝ ǔǚǏǜǊǳǊ ǑǊ �. ƲǑǚǊǑǒǜǒ ǖǘǖǏǗǜ ǒǗǏǚǠǒǱǏ �� ǛǒǛǜǏǖǊ ǘǔǘ
ǘǛǏ ǛǒǖǏǜǚǒǱǏ Ԉ ǙǚǏǔǘ ǌǏǕǒǡǒǗǊ ԉ , � ǒ ǘǛǜǊǕǒǟ ǙǘǑǗǊǜǒǟ ǌǏǕǒǡǒǗǊ (1). ƶǘ-
ǐǏ ǛǏ ǙǚǏǜǙǘǛǜǊǌǒǜǒ ǎǊ ǱǏ ǠǒǕǒǗǎǊǚ ǒǑǌǏǎǏǗ ǒǑ ǚǊǌǗǘǜǏǐǗǘǍ ǙǘǕǘǐǊǱǊ ǑǊ
ǖǊǕǝ ǌǚǏǎǗǘǛǜ ǝǍǕǊ, ǜǊǔǘ ǎǊ ǱǏ ǝǍǊǘ ǘǜǔǕǘǗǊ � ǝ ǛǌǊǔǘǖ ǜǚǏǗǝǜǔǝ ǖǊǕǒ.

0.5pt

ƹǘǖǘǴǝ ǖǏǚǏǳǊ ǒǑ ǎǏǕǘǌǊ А.1 ǒ А.2 ǛǊǎǊ ǐǏǕǒǖǘ ǎǊ ǘǎǚǏǎǒǖǘ ǚǊǎǒǱǝǛ ǒ ǙǘǕǘǐǊǱ ǖǏǜǊǕǗǘǍ ǎǒǛǔǊ
ǝǗǝǜǊǚ ǎǚǌǏǗǘǍ ǠǒǕǒǗǎǚǊ.

A.3 ƷǊǴǒ ǒǑǚǊǑ ǑǊ ǚǊǛǜǘǱǊǳǏ � ǔǊǘ ǞǝǗǔǠǒǱǝ ǌǏǕǒǡǒǗǏ � ǒ ǙǘǑǗǊǜǒǟ ǌǏǕǒǡǒǗǊ
(1). ƽ ǔǘǗǊǡǗǘǖ ǒǑǚǊǑǝ ǑǊ ǘǌǊǱ ǎǏǘ ǑǊǎǊǜǔǊ ǔǘǚǒǛǜǒǜǒ ǒ ǌǏǕǒǡǒǗǏ �2 ǒ ℎ2
(ǙǘǢǜǘ ǴǏ ǘǗǏ ǋǒǜǒ ǒǑǚǊǡǝǗǊǜǏ ǝ ǎǏǕǝ А.5).

0.4pt

A.4 ƷǊǴǒ ǒǑǚǊǑ ǑǊ ǖǘǖǏǗǜ ǒǗǏǚǠǒǱǏ �� ǙǚǏǔǘ ǌǏǕǒǡǒǗǏ � ǒ ǙǘǑǗǊǜǒǟ ǌǏǕǒǡǒǗǊ
(1). ƽ ǔǘǗǊǡǗǘǖ ǒǑǚǊǑǝ ǑǊ ǘǌǊǱ ǎǏǘ ǑǊǎǊǜǔǊ ǔǘǚǒǛǜǒǜǒ ǒ ǌǏǕǒǡǒǗǏ �2 ǒ ℎ2
(ǙǘǢǜǘ ǴǏ ǘǗǏ ǋǒǜǒ ǒǑǚǊǡǝǗǊǜǏ ǝ ǎǏǕǝ А.5).

0.7pt

A.5 КǘǚǒǛǜǏǴǒ ǛǌǏ ǙǚǏǜǟǘǎǗǏ ǚǏǑǝǕǜǊǜǏ, ǗǊǙǒǛǊǜǒ ǒǑǚǊǑ ǑǊ ℎ2 ǒ �2 ǙǚǏǔǘ ǌǏǕǒ-
ǡǒǗǊ �, ԉ ǒ ǘǛǜǊǕǒǟ ǙǘǑǗǊǜǊǒǟ ǌǏǕǒǡǒǗǊ (1). ƬǏǕǒǡǒǗǝ ℎ2 ǝ ǔǚǊjǳǏǖ ǒǑǚǊǑǝ
ǖǘǐǏǜǏ ǘǛǜǊǌǒǜǒ ǔǊǘ ǞǝǗǔǠǒǱǝ �2 (ǝǔǘǕǒǔǘ ǱǏ ǒǑǚǊǑ ǑǊ �2 ǎǊǜ ǏǔǛǙǕǒǠǒǜǗǘ
ǙǚǏǔǘ ǙǘǑǗǊǜǒǟ ǌǏǕǒǡǒǗǊ).

1.1pt

Деǘ B. РǘǜиǚǊјǝћǊ ǛǌеǖиǚǛǔǊ ǛǜǊǗицǊ (6.5 ǙǘеǗǊ)
AǗǊ ǱǏ ǊǛǜǚǘǗǊǝǜ ǔǘǱǊ ǐǒǌǒ ǗǊ ǛǌǏǖǒǚǛǔǘǱ ǛǜǊǗǒǠǒ. ƻǌǏǖǒǚǛǔǊ ǛǜǊǗǒǠǊ ǱǏ ǘǍǚǘǖǊǗ ǜǘǡǊǔ ǚǊǎǒǱǝǛǊ ԇ
ǔǘǱǒ ǚǘǜǒǚǊ ǘǔǘ ǛǌǘǱǏ ǘǛǏ ǒ ǜǊǔǘ ǘǋǏǑǋǏђǝǱǏ ǌǏǢǜǊǡǔǝ ǍǚǊǌǒǜǊǠǒǱǝ ǊǛǜǚǘǗǊǝǜǒǖǊ. ƪǛǜǚǘǗǊǝǜǒ ǐǒǌǏ
ǗǊ ǝǗǝǜǚǊǢǳǘǱ ǛǜǚǊǗǒ ǘǋǘǎǊ ǜǘǡǔǊ. ƻǖǊǜǚǊǜǒ ǎǊ ǱǏ ǛǌǏǖǒǚǛǔǊ ǛǜǊǗǒǠǊ ǎǘǌǘǲǗǘ ǖǊǕǏ ǖǊǛǏ, ǜǊǔǘ ǎǊ
ǛǏ ǳǏǗǘ ǍǚǊǌǒǜǊǠǒǘǗǘ ǙǚǒǌǕǊǡǏǳǏ ǖǘǐǏ ǑǊǗǏǖǊǚǒǜǒ. ƼǊǔǘђǏ, ǑǊǗǏǖǊǚǒǜǒ ǒ ǑǊǔǚǒǌǲǏǗǘǛǜ ǙǘǎǊ.

B.1 КǘǱǘǖ ǝǍǊǘǗǘǖ ǞǚǏǔǌǏǗǠǘǖ ��� ǛǏ ǘǔǚǏǴǏ ǛǌǏǖǒǚǛǔǊ ǛǜǊǗǒǠǊ ǝǔǘǕǒǔǘ
ǊǛǜǚǘǗǊǝǜǒ ǘǛǏǴǊǱǝ ǒǛǜǘ ǍǚǊǌǒǜǊǠǒǘǗǘ ǝǋǚǑǊǳǏ �� ǔǊǘ ǒ ǗǊ ǙǘǌǚǢǒǗǒ ƱǏ-
ǖǲǏ?

0.5pt

ƪǗǊ ǒ ǳǏǗ ǎǚǝǍ, ǊǛǜǚǘǗǊǝǜ ƫǘǱǊǗ ǒǖǊǱǝ ǛǕǏǎǏǴǝ ǎǒǛǔǝǛǒǱǝ. ƫǘǱǊǗ ǗǏ ǌǏǚǝǱǏ ǎǊ ǘǗǒ ǑǊǙǚǊǌǘ ǐǒǌǏ ǗǊ
ǛǌǏǖǒǚǛǔǘǱ ǛǜǊǗǒǠǒ ǒ ǜǌǚǎǒ ǎǊ ǛǏ ǘǗǒ ǗǊǕǊǑǏ ǗǊ ƱǏǖǲǒ. ƪǗǊ ǐǏǕǒ ǎǊ ǎǘǔǊǐǏ ƫǘǱǊǗǝ ǎǊ ǘǗǒ ǑǊǒǛǜǊ
ǐǒǌǏ ǗǊ ǚǘǜǒǚǊǱǝǴǘǱ ǛǌǏǖǒǚǛǔǘǱ ǛǜǊǗǒǠǒ ǔǘǚǒǛǜǏǴǒ ǑǊǔǘǗǏ ǞǒǑǒǔǏ. ƱǋǘǍ ǜǘǍǊ, ǘǗǊ ǔǊǡǒ ǜǏǍ ǖǊǛǏ� ǗǊ ǘǙǚǝǍǝ ǔǘǗǛǜǊǗǜǏ ǏǕǊǛǜǒǡǗǘǛǜǒ � ǒ ǙǝǢǜǊ ǍǊ ǎǊ ǘǛǠǒǕǝǱǏ. ƼǏǍ ǘǛǠǒǕǝǱǏ ǛǊǖǘ ǝ ǌǏǚǜǒǔǊǕǗǘǖ
ǙǚǊǌǠǝ, ǒ ǗǏ ǖǘǐǏ ǎǊ ǛǏ ǔǚǏǴǏ ǝ ǟǘǚǒǑǘǗǜǊǕǗǘǖ ǙǚǊǌǠǝ.

B.2 ƹǚǏǜǙǘǛǜǊǌǲǊǱǝǴǒ ǎǊ ǱǏ ǗǊ ƱǏǖǲǒ ǍǚǊǌǒǜǊǠǒǘǗǘ ǝǋǚǑǊǳǏ ǔǘǗǛǜǊǗǜǗǘ ǒ ǒǑ-
ǗǘǛǒ ��, ǔǘǱǝ ǝǍǊǘǗǝ ǞǚǏǔǌǏǗǠǝ ǋǒ ǜǏǍ ǒǖǊǘ ǗǊ ƱǏǖǲǒ?

0.2pt

B.3 КǘǱǝ ǝǍǊǘǗǝ ǞǚǏǔǌǏǗǠǝ ǘǛǠǒǕǘǌǊǳǊ � ǋǒ ƪǗǊ ǒǑǖǏǚǒǕǊ ǗǊ ǛǌǏǖǒǚǛǔǘǱ ǛǜǊ-
ǗǒǠǒ?

0.6pt

ƪǗǊ ǱǏ ǝǋǏђǏǗǊ ǎǊ ǳǏǗ ǏǔǛǙǏǚǒǖǏǗǜ ǎǘǔǊǑǝǱǏ ǎǊ ǛǏ ǘǗǒ ǗǊǕǊǑǏ ǗǊ ǚǘǜǒǚǊǱǝǴǘǱ ǛǌǏǖǒǚǛǔǘǱ ǛǜǊǗǒǠǒ.
ƫǘǱǊǗ ǒ ǎǊǲǏ ǗǏ ǌǏǚǝǱǏ. ƸǗ ǜǌǚǎǒ ǎǊ ǝǔǘǕǒǔǘ ǛǏ ǝǑǖǏ ǎǊ ǍǚǊǌǒǜǊǠǒǘǗǘ ǝǋǚǑǊǳǏ ǗǊ ƱǏǖǲǒ ǗǒǱǏ ǔǘǗ-
ǛǜǊǗǜǗǘ, ǌǏǴ ǛǏ ǝǚǊǡǝǗǊ ǙǚǘǖǏǗǊ ǍǚǊǌǒǜǊǠǒǘǗǘǍ ǝǋǚǑǊǳǊ ǛǊ ǙǚǘǖǏǗǘǖ ǌǒǛǒǗǏ, ǎǘǋǒǴǏ ǛǏ ǛǕǒǡǊǗ



Theory
Serbian (Serbia) Q1-4

ǏǞǏǔǊǜ. ƽ ǛǕǏǎǏǴǏǖ ǎǏǕǝ ǑǊǎǊǜǔǊ ǒǛǙǒǜǝǱǏǖǘ ǎǊ Ǖǒ ǱǏ ƫǘǱǊǗ ǝ ǙǚǊǌǝ.

R
ωss

ƻǕǒǔǊ 4: ƻǌǏǖǒǚǛǔǊ ǛǜǊǗǒǠǊ

B.4 ƲǑǌǏǛǜǒ ǒǑǚǊǑ ǑǊ ǍǚǊǌǒǜǊǠǒǘǗǘ ǝǋǚǑǊǳǏ ���ℎ) ǝ ǞǝǗǔǠǒǱǒ ǌǒǛǒǗǏ ℎ (ǑǊ ǖǊ-
ǕǏ ǌǚǏǎǗǘǛǜǒ ǌǒǛǒǗǏ ǒǑǗǊǎ ƱǏǖǲǒǗǏ ǙǘǌǚǢǒǗǏ) ǒ ǒǑǚǊǡǝǗǊǜǒ ǝǍǊǘǗǝ ǞǚǏ-
ǔǌǏǗǠǝ ǘǛǠǒǕǘǌǊǳǊ ǜǏǍǊ (ǕǒǗǏǊǚǗǊ ǊǙǚǘǔǛǒǖǊǠǒǱǊ ǱǏ ǎǘǌǘǲǗǊ)). ƺǊǎǒǱǝǛ
ƱǏǖǲǏ ԇ� ǛǖǊǜǚǊǜǒ ǙǘǑǗǊǜǒǖ. ƱǊǗǏǖǊǚǒǜǒ ǝǜǒǠǊǱ ǚǘǜǊǠǒǱǏ ƱǏǖǲǏ.

0.8pt

ƱǊǒǛǜǊ, ƪǗǊ ǱǏ ǛǊǎǊ ǝǋǏђǏǗǊ ǎǊ ǜǏǍ ǘǛǠǒǕǝǱǏ ǛǊ ǞǚǏǔǌǏǗǠǘǖ ǔǘǱǝ ǱǏ ƫǘǱǊǗ ǙǚǏǎǌǒǎǏǘ.

B.5 ƱǊ ǔǘǱǝ ǌǚǏǎǗǘǛǜ ǚǊǎǒǱǝǛǊ ԇ ǛǌǏǖǒǚǛǔǏ ǛǜǊǗǒǠǏ ǛǏ ǞǚǏǔǌǏǗǠǊ ǘǛǠǒǕǊǠǒǱǊ� ǗǊ ǛǌǏǖǒǚǛǔǘǱ ǛǜǊǗǒǠǒ ǙǘǔǕǊǙǊ ǛǊ ǞǚǏǔǌǏǗǠǒǱǘǖ ǘǛǠǒǕǊǠǒǱǊ �̃� ǗǊ Ǚǘǌǚ-
ǢǒǗǒ ƱǏǖǲǏ? ƺǏǢǏǳǏ ǒǑǚǊǑǒǜǒ ǙǚǏǔǘ ԇ�.

0.3pt

ƸǍǘǚǡǏǗǊ ƫǘǱǊǗǘǌǘǖ ǜǌǚǎǘǍǕǊǌǘǢǴǝ, ƪǗǊ ǱǏ ǎǘǢǕǊ ǎǘ ǛǕǏǎǏǴǏ ǒǎǏǱǏ ǑǊ ǏǔǛǙǏǚǒǖǏǗǜ. ƹǘǔǝǢǊǴǏ
ǎǊ ǒǛǔǘǚǒǛǜǒ КǘǚǒǘǕǒǛǘǌǝ ǛǒǕǝ ǔǊǔǘ ǋǒ ǎǘǔǊǑǊǕǊ ǎǊ ǱǏ ǘǗǊ ǝ ǙǚǊǌǝ. КǊǔǘ ǋǒ ǜǘ ǝǚǊǎǒǕǊ, ǙǘǙǏǕǊ
ǛǏ ǗǊ ǔǝǕǝ ǌǒǛǒǗǏ � ǒǑǗǊǎ ǘǛǗǘǌǏ ǛǌǏǖǒǚǛǔǏ ǛǜǊǗǒǠǏ ǒ ǋǊǠǒǕǊ ǜǏǍ. ƸǌǊǱ ǏǔǛǙǏǚǒǖǏǗǜ ǛǏ ǖǘǐǏ
ǚǊǑǖǊǜǚǊǜǒ ǔǊǔǘ ǝ ǚǘǜǒǚǊǱǝǴǏǖ ǛǒǛǜǏǖǝ ǚǏǞǏǚǏǗǠǏ, ǜǊǔǘ ǒ ǝ ǒǗǏǚǠǒǱǊǕǗǘǖ ǛǒǛǜǏǖǝ ǚǏǞǏǚǏǗǠǏ.

ƽ ǛǒǛǜǏǖǝ ǚǏǞǏǚǏǗǠǏ ǔǘǱǒ ǚǘǜǒǚǊ ǔǘǗǛǜǊǗǜǗǘǖ ǝǍǊǘǗǘǖ ǋǚǑǒǗǘǖ, ǗǊ ǊǛǜǚǘǗǊǝǜǊ ǎǏǕǝǱǏ КǘǚǒǘǕǒǛǘ-
ǌǊ ǛǒǕǊ. КǘǚǒǘǕǒǛǘǌǊ ǛǒǕǊ ⃗�� ǎǏǕǝǱǏ ǗǊ ǜǏǍ ǖǊǛǏ �, ǔǘǱǒ ǛǏ ǔǚǏǴǏ ǋǚǑǒǗǘǖ ⃗� ǝ ǚǘǜǒǚǊǱǝǴǏǖ ǛǒǛǜǏǖǝ
ǚǏǞǏǚǏǗǠǏ. ƽǔǘǕǒǔǘ ǛǒǛǜǏǖ ǚǏǞǏǚǏǗǠǏ ǚǘǜǒǚǊ ǔǘǗǛǜǊǗǜǗǘǖ ǝǍǊǘǗǘǖ ǋǚǑǒǗǘǖ �⃗��, КǘǚǒǘǕǒǛǘǌǊ
ǛǒǕǊ ǱǏ ǎǊǜǊ ǛǕǏǎǏǴǒǖ ǒǑǚǊǑǘǖ ⃗�� = 2� ⃗� × �⃗�� . (2)

ƲǗǜǏǗǑǒǜǏǜ ǘǌǏ ǛǒǕǏ ǛǏ ǖǘǐǏ ǒǑǚǊǑǒǜǒ ǗǊ ǛǕǏǎǏǴǒ ǗǊǡǒǗ�� = 2����� sin � , (3)

ǍǎǏ ǱǏ � ǝǍǊǘ ǒǑǖǏђǝ ǌǏǔǜǘǚǊ ǋǚǑǒǗǏ ǜǏǍǊ ǒ ǘǛǏ ǚǘǜǊǠǒǱǏ. ƻǒǕǊ ǴǏ ǋǒǜǒ ǗǘǚǖǊǕǗǊ ǗǊ ǌǏǔǜǘǚ ǋǚǑǒǗǏ� ǒ ǗǊ ǘǛǝ ǚǘǜǊǠǒǱǏ. ƻǖǏǚ ǛǒǕǏ ǛǏ ǖǘǐǏ ǘǎǚǏǎǒǜǒ ǙǚǊǌǒǕǘǖ ǎǏǛǗǏ ǚǝǔǏ (ǖǊǎǊ ǝ ǘǌǘǖ ǑǊǎǊǜǔǝ ǛǏ
ǖǘǐǏ ǒǑǊǋǚǊǜǒ ǙǚǘǒǑǌǘǲǗǘ).



Theory
Serbian (Serbia) Q1-5

B.6 ƲǑǚǊǡǝǗǊǜǒ ǟǘǚǒǑǘǗǜǊǕǗǝ ǔǘǖǙǘǗǏǗǜǝ ǋǚǑǒǗǏ �� ǒ ǟǘǚǒǑǘǗǜǊǕǗǒ ǙǘǖǏǚǊǱ�� (ǝ ǘǎǗǘǛǝ ǗǊ ǙǘǎǗǘǐǱǏ ǔǝǕǏ ǝ ǙǚǊǌǠǝ ǗǘǚǖǊǕǗǘǖ ǗǊ ǔǝǕǝ) ǜǏǍǊ ǝ ǜǚǏǗǝǜǔǝ
ǔǊǎǊ ǜǏǍ ǙǊǎǗǏ ǗǊ Ǚǘǎ. ƶǘǐǏ ǛǏ ǙǚǏǜǙǘǛǜǊǌǒǜǒ ǎǊ ǱǏ ǌǒǛǒǗǊ ǔǝǕǏ � ǖǊǕǊ,
ǜǊǔǘ ǎǊ ǱǏ ǝǋǚǑǊǳǏ ǜǏǍǊ ǔǊ Ǚǘǎǝ ǜǘǔǘǖ ǙǊǎǊ ǔǘǗǛǜǊǗǜǗǘ. ƼǊǔǘђǏ, ǖǘǐǏ ǛǏ
ǙǚǏǜǙǘǛǜǊǌǒǜǒ ǎǊ ǱǏ �� ≪ �.

1.1pt

КǊǔǘ ǋǒ ǙǚǘǌǏǚǒǕǊ ǚǏǑǝǕǜǊǜ, ƪǗǊ ǘǎǕǝǡǝǱǏ ǎǊ ǙǘǗǘǌǒ ǏǔǛǙǏǚǒǖǏǗǜ ǊǕǒ ǘǌǘǍ ǙǝǜǊ ǛǊ ǖǗǘǍǘ ǌǒǢǏ
ǔǝǕǏ. ƷǊ ǳǏǗǘ ǒǑǗǏǗǊђǏǳǏ, ǜǏǍ ǱǏ ǙǊǘ ǗǊ Ǚǘǎ ǗǊ ǒǛǜǘǖ ǖǏǛǜǝ ǍǎǏ ǱǏ ǙǘǎǗǘǐǱǏ ǔǝǕǏ, ǜǱ. ǜǊǔǘ ǎǊ ǱǏ�� = 0.

B.7 ƷǊǴǒ ǗǊǱǖǊǳǝ ǌǒǛǒǗǝ ǔǝǕǏ ǑǊ ǔǘǱǝ ǛǏ ǖǘǐǏ ǎǘǍǘǎǒǜǒ ǎǊ ǱǏ �� = 0. 1.3pt

ƪǗǊ ǱǏ ǛǙǚǏǖǗǊ ǎǊ ǙǘǔǝǢǊ ǱǘǢ ǱǏǎǗǘǖ ǎǊ ǝǋǏǎǒ ƫǘǱǊǗǊ. ƸǌǘǍǊ ǙǝǜǊ ǴǏ ǔǘǚǒǛǜǒǜǒ ǜǏǍ ǗǊ ǘǙǚǝǑǒ ǎǊ
ǋǒ ǙǘǔǊǑǊǕǊ ǝǜǒǠǊǱ КǘǚǒǘǕǒǛǘǌǏ ǛǒǕǏ. ƹǘǛǜǊǌǔǊ ǏǔǛǙǏǚǒǖǏǗǜǊ ǛǊǎǊ ǛǏ ǖǏǳǊ. ƸǙǚǝǍǊ ǱǏ ǝ ǘǌǘǖ
ǛǕǝǡǊǱǝ ǑǊǔǊǡǏǗǊ ǑǊ ǙǚǛǜǏǗ ǔǘǱǒ ǖǘǐǏ ǛǕǘǋǘǎǗǘ ǎǊ ǔǕǒǑǒ Ǚǘ ǟǘǚǒǑǘǗǜǊǕǗǘǱ ǐǒǠǒ ǝ ǙǚǊǌǠǒ � ǘǛǏ.
ƸǙǚǝǍǊ ǛǌǏ ǌǚǏǖǏ ǘǛǜǊǱǏ ǟǘǚǒǑǘǗǜǊǕǗǊ ǒ ǘǛǠǒǕǝǱǏ ǝ ǙǚǊǌǠǝ � ǘǛǏ. ưǒǠǊ ǗǊ ǔǘǱǘǱ ǱǏ ǑǊǔǊǡǏǗ ǙǚǛǜǏǗ
ǱǏ ǙǊǚǊǕǏǕǗǊ ǙǘǎǕǘǑǒ ǒ ǗǘǚǖǊǕǗǊ ǝ ǘǎǗǘǛǝ ǗǊ ǘǛǝ ǚǘǜǊǠǒǱǏ ǛǌǏǖǒǚǛǔǏ ǛǜǊǗǒǠǏ. �� ǚǊǌǊǗ ǱǏ ǜǊǔǘ
ǗǘǚǖǊǕǗǊ ǗǊ ǘǛǝ ǚǘǜǊǠǒǱǏ, Ǚǚǒ ǡǏǖǝ ǱǏ ǛǖǏǚ � ǘǛǏ ǔǊ ǠǏǗǜǚǝ ǚǘǜǊǠǒǱǏ ǛǜǊǗǒǠǏ.

y = 0

d

ƻǔǒǔǊ 5. ƹǘǛǜǊǌǔǊ ǏǔǛǙǏǚǒǖǏǗǜǊ.

B.8 ƪǗǊ ǒǛǜǏǐǏ ǜǏǍ ǑǊ ǎǝǐǒǗǝ � ǝ ǘǎǗǘǛǝ ǗǊ ǜǊǡǔǝ ǚǊǌǗǘǜǏǐǏ � = 0, � = 0, ǒ
ǙǝǢǜǊ ǍǊ ǎǊ ǛǕǘǋǘǎǗǘ ǘǛǠǒǕǝǱǏ (ƻǕǒǔǊ 5.).

• ƷǊǴǒ ǒǑǚǊǑǏ ǑǊ ���) ǒ ���). ƶǘǐǏǜǏ ǙǚǏǜǙǘǛǜǊǌǒǜǒ ǎǊ ǱǏ ���� ǖǊǕǊ ǌǏǕǒ-
ǡǒǗǊ. ƱǊǗǏǖǊǚǒǜǒ КǘǚǒǘǕǒǛǘǌǝ ǛǒǕǝ ǔǘǱǊ ǝǜǒǡǏ ǗǊ ǔǚǏǜǊǳǏ ǎǝǐ �-ǘǛǏ.

• ƻǔǒǠǒǚǊǜǒ ǜǚǊǱǏǔǜǘǚǒǱǝ ǜǏǍǊ ����), ���)) ǒ ǘǑǗǊǡǒǜǒ ǛǌǏ ǚǏǕǏǌǊǗǜǗǏ ǜǊǡ-
ǔǏ ǒ ǚǊǛǜǘǱǊǳǊ ǗǊ ǛǕǒǠǒ (ǔǊǘ Ǣǜǘ Ǜǝ ǊǖǙǕǒǜǝǎǊ ǒǜǎ.).

1.7pt



Theory
Serbian (Serbia) Q1-6

ƪǗǊ ǒ ƫǘǱǊǗ ǗǊǛǜǊǌǲǊǱǝ ǎǒǛǔǝǛǒǱǝ...



Theory
Serbian (Serbia) A1-1

ДǌǊ ǙǚǘǋǕеǖǊ из ǖехǊǗиǔе (10 ǙǘеǗǊ)
Деǘ А. СǔǚиǌеǗи диǛǔ (3.5 ǙǘеǗǊ)

A.1 (0.8 pt)
 
 � =
 
 

A.2 (0.5 pt)
 
 
Једначина кретања за � =
 �� =
 
 

A.3 (0.4 pt)
 
 � =
 
 

A.4 (0.7 pt)
 
 �� =
 
 

A.5 (1.1 pt)
 
 ℎ2 =
 
 �2 =
 
 



Theory
Serbian (Serbia) A1-2

Деǘ Б. РǘǜиǚǊјǝћǊ ǛǌеǖиǚǛǔǊ ǛǜǊǗицǊ (6.5 ǙǘеǗǊ)

B.1 (0.5 pt)
 
 ��� =
 
 

B.2 (0.2 pt)
 
 �� =
 
 

B.3 (0.6 pt)
 
 � =
 
 

B.4 (0.8 pt)
 
 ��(ℎ) =
 
 �̃� =
 
 

B.5 (0.3 pt)
 
 � =
 
 

B.6 (1.1 pt)
 
 �� =
 
 �� =
 



Theory
Serbian (Serbia) A1-3

B.7 (1.3 pt)
 
 
 � ≥
 
 

B.8 (1.7 pt)
 
 �(�) =
 
 �(�) =
 
 

x

y

-d



Theory
Serbian (Serbia) Q2-1

НǏǕиǗǏǊǚǗǊ ǎиǗǊǖиǔǊ ǏǕǏǔǜǚиǡǗиǟ ǔǘǕǊ (10 ǙǘǏǗǊ)
ƶǘǕǒǖǘ ǌǊǛ ǎǊ Ǚǚǌǘ ǙǚǘǡǒǜǊǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ ǔǘǱǊ ǛǏ ǗǊǕǊǑǏ ǝ ǙǘǛǏǋǗǘǱ ǔǘǌǏǚǜǒ ǙǚǏ ǗǏǍǘ ǙǘǡǗǏǜǏ
ǎǊ ǚǏǢǊǌǊǜǏ ǑǊǎǊǜǊǔ.

Уǌǘǎ

ƫǒǛǜǊǋǒǕǗǒ (ǑǗǊǡǒ ǒǖǊ ǎǌǊ ǛǜǊǋǒǕǗǊ-ǚǊǌǗǘǜǏǐǗǊ ǛǜǊǳǊ) ǙǘǕǝǙǚǘǌǘǎǗǒǡǔǒ ǏǕǏǖǏǗǜǒ (ǗǙǚ. ǜǒǚǒ-
Ǜǜǘǚǒ) ǛǏ ǔǘǚǒǛǜǏ ǝ ǏǕǏǔǜǚǘǗǒǠǒ ǔǊǘ ǙǚǏǔǒǎǊǡǒ ǒǕǒ ǔǊǘ ǍǏǗǏǚǊǜǘǚǒ ǏǕǏǔǜǚǘǖǊǍǗǏǜǗǒǟ ǘǛǠǒǕǊǠǒ-
ǱǊ. ƭǕǊǌǗǊ ǘǋǕǊǛǜ ǙǚǒǖǏǗǏ ǜǒǚǒǛǜǘǚǊ ǱǏ ǔǘǗǜǚǘǕǊ ǗǊǒǑǖǏǗǒǡǗǒǟ ǛǜǚǝǱǊ ǝ ǏǗǏǚǍǏǜǛǔǘǱ ǏǕǏǔǜǚǘǗǒǠǒ,
ǗǊ ǙǚǒǖǏǚ ǔǊǘ ǒǛǙǚǊǌǲǊǡ ǗǊǒǑǖǏǗǒǡǗǏ ǝ ǱǏǎǗǘǛǖǏǚǗǝ ǛǜǚǝǱǝ Ǚǚǒ ǛǗǊǍǊǖǊ ǔǘǱǏ Ǜǝ ǚǏǎǊ ǖǏǍǊǌǊǜǊ.
ƫǒǛǜǊǋǒǕǗǒ ǏǕǏǖǏǗǜǒ ǖǘǍǝ ǎǊ ǙǘǛǕǝǐǏ ǒ ǔǊǘ ǙǚǒǖǏǚ ǛǊǖǘǘǚǍǊǗǒǑǘǌǊǗǒǟ ǙǘǱǊǌǊ ǝ ǞǒǑǒǠǒ (ǘǌǊǱ
ǙǚǒǖǏǚ ǴǏ ǋǒǜǒ ǚǊǑǖǊǜǚǊǗ ǝ ǎǏǕǝ ƫ ǘǌǘǍ ǑǊǎǊǜǔǊ), ǝ ǋǒǘǕǘǍǒǱǒ (ǙǘǍǕǏǎǊǱ ǎǏǘ Ц), ǔǊǘ ǒ ǝ ǎǚǝǍǒǖ
ǘǋǕǊǛǜǒǖǊ ǛǊǌǚǏǖǏǗǏ ǗǏǕǒǗǏǊǚǗǏ ǗǊǝǔǏ.

ЦиǲǏǌи

Цǒǲ ǱǏ ǎǊ ǊǗǊǕǒǑǒǚǊǖǘ ǗǏǛǜǊǋǒǕǗǘǛǜǒ ǒ ǗǏǜǚǒǌǒǱǊǕǗǝ ǎǒǗǊǖǒǔǝ ǏǕǏǔǜǚǒǡǗǒǟ ǔǘǕǊ ǔǘǱǊ ǛǊǎǚǐǏ
ǏǕǏǖǏǗǜǏ ǔǘǱǒ ǒǖǊǱǝ ǗǏǕǒǗǏǊǚǗǝ � − ԋ ǔǊǚǊǔǜǏǚǒǛǜǒǔǝ. ƮǚǝǍǒ Ǡǒǲ ǱǏ ǎǊ ǘǜǔǚǒǱǏǖǘ ǖǘǍǝǴǝ ǙǚǒǖǏǗǝ
ǜǊǔǌǒǟ ǔǘǕǊ ǝ ǒǗǐǏǳǏǚǛǜǌǝ ǒ ǖǘǎǏǕǘǌǊǳǝ ǋǒǘǕǘǢǔǒǟ ǛǒǛǜǏǖǊ.

ДǏǘ А. СǜǊǠиǘǗǊǚǗǊ ǛǜǊǳǊ и ǗǏǛǜǊǋиǕǗǘǛǜи (3 ǙǘǏǗǊ)
ƷǊ ǛǕǒǠǒ 1. ǱǏ ǙǚǒǔǊǑǊǗǊ � − ԋ ǔǊǚǊǔǜǏǚǒǛǜǒǔǊ ǗǏǕǒǗǏǊǚǗǘǍ ǏǕǏǖǏǗǜǊ �, ǔǘǱǊ Ǖǒǡǒ ǗǊ ǕǊǜǒǗǒǡǗǘ
ǛǕǘǌǘ S. ƽ ǘǙǛǏǍǝ ǗǊǙǘǗǊ ǒǑǖǏђǝ Ԋh = 4.00 V (ǗǊǑǘǌǒǖǘ ǍǊ holding ǗǊǙǘǗ) ǒ Ԋth = 10.0 V (ǗǊǑǘǌǒǖǘ
ǍǊ treshold ǗǊǙǘǗ) � − ԋ ǔǊǚǊǔǜǏǚǒǛǜǒǔǊ ǱǏ ǌǒǢǏǑǗǊǡǗǊ, ǒǖǊ ǌǒǢǏ ǌǚǏǎǗǘǛǜǒ ǛǜǚǝǱǏ ǑǊ ǒǛǜǒ ǗǊǙǘǗ.
ƺǊǎǒ ǱǏǎǗǘǛǜǊǌǗǘǛǜǒ ǍǚǊǞǒǔ ǗǊ ƻǕǒǠǒ 1. ǱǏ ǙǚǏǎǛǜǊǌǲǏǗ ǔǊǘ ǒǑǕǘǖǲǏǗǊ ǕǒǗǒǱǊ (ǛǌǊǔǊ ǍǚǊǗǊ ǍǚǊ-
ǞǒǔǊ ǱǏ ǙǚǊǌǊ ǕǒǗǒǱǊ). ƬǚǏǎǒ ǙǘǖǏǗǝǜǒ ǎǊ ǍǘǚǳǊ ǕǒǗǒǱǊ ǙǚǘǕǊǑǒ ǔǚǘǑ ǔǘǘǚǎǒǗǊǜǗǒ ǙǘǡǏǜǊǔ, Ǌǔǘ
ǛǏ Ǚǚǘǎǝǐǒ. ƸǌǊǔǌǊ ǊǙǚǘǔǛǒǖǊǠǒǱǊ ǗǊ ǎǘǋǊǚ ǗǊǡǒǗ ǘǙǒǛǝǱǏ ǛǜǌǊǚǗǘ ǙǘǗǊǢǊǳǏ ǜǒǚǒǛǜǘǚǊ.



Theory
Serbian (Serbia) Q2-2
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I [A]

ƻǕǒǔǊ 1. � − ԋ ǔǊǚǊǔǜǏǚǒǛǜǒǔǊ ǗǏǕǒǗǏǊǚǗǘǍ ǏǕǏǖǏǗǜǊ �.

A.1 КǘǚǒǛǜǏǴǒ ǛǏ ǍǚǊǞǒǔǘǖ ǘǎǚǏǎǒǜǏ ǘǜǙǘǚ �on ǏǕǏǖǏǗǜǊ � ǗǊ ǍǘǚǳǘǱ ǍǚǊǗǒ� − ԋ ǔǊǚǊǔǜǏǚǒǛǜǒǔǏ, ǔǊǘ ǒ ǘǜǙǘǚ �off ǗǊ ǎǘǳǘǱ ǍǚǊǗǒ. ƻǚǏǎǳǊ ǍǚǊǗǊ � − ԋ
ǔǊǚǊǔǜǏǚǒǛǜǒǔǏ ǱǏ ǎǊǜǊ ǱǏǎǗǊǡǒǗǘǖ� = �0 − Ԋ�int . (1)

ƷǊђǒǜǏ ǌǚǏǎǗǘǛǜǒ ǙǊǚǊǖǏǜǊǚǊ �0 ǒ �int.

0.4pt

ƯǕǏǖǏǗǜ � ǱǏ ǙǘǌǏǑǊǗ ǚǏǎǗǘ (ǙǘǍǕǏǎǊǱ ƻǕǒǔǝ 2) ǛǊ ǘǜǙǘǚǘǖ � , ǔǊǕǏǖǘǖ ǒǗǎǝǔǜǒǌǗǘǛǜǒ � ǒ ǒǎǏǊǕǗǒǖ
ǒǑǌǘǚǘǖ ǗǊǙǘǗǊ ℰ. КǊǐǏ ǛǏ ǎǊ ǱǏ ǔǘǕǘ ǝ ǛǜǊǠǒǘǗǊǚǗǘǖ ǛǜǊǳǝ Ǌǔǘ ǛǜǚǝǱǊ ǗǏ ǑǊǌǒǛǒ ǘǎ ǌǚǏǖǏǗǊ���� = const.

ℰ

R L

ƻǕǒǔǊ 2. КǘǕǘ ǔǘǱǏ ǛǊǎǚǐǒ ǏǕǏǖǏǗǜ �, ǘǜǙǘǚ �, ǔǊǕǏǖ ǒǗǎǝǔǜǒǌǗǘǛǜǒ �, ǒ ǒǑǌǘǚ ǗǊǙǘǗǊℰ.



Theory
Serbian (Serbia) Q2-3

A.2 КǘǱǒ ǱǏ ǋǚǘǱ ǖǘǍǝǴǒǟ ǛǜǊǠǒǘǗǊǚǗǒǟ ǛǜǊǳǊ ǔǘǕǊ ǛǊ ƻǕǒǔǏ 2. Ǚǚǒ ǞǒǔǛǒǚǊǗǘǱ
ǌǚǏǎǗǘǛǜǒ ℰ ǒ ǑǊ ǘǜǙǘǚ � = 3.00 Ω? КǊǔǘ ǴǏ ǛǏ ǙǚǘǖǏǗǒǜǒ ǘǎǍǘǌǘǚ ǝǔǘǕǒǔǘ
ǛǜǊǌǒǜǏ ǎǊ ǱǏ � = 1.00 Ω?

1pt

A.3 ƷǏǔǊ ǱǏ ǑǊ ǔǘǕǘ ǛǊ ƻǕǒǔǏ 2. � = 3.00 Ω, � = 1.00 �H, ǒ ℰ = 15.0 V. ƸǎǚǏǎǒǜǏ
ǌǚǏǎǗǘǛǜ ǛǜǚǝǱǏ �stationary ǒ ǗǊǙǘǗǊ ԋstationary ǗǊ ǗǏǕǒǗǏǊǚǗǘǖ ǏǕǏǖǏǗǜǝ � ǝ
ǛǜǊǠǒǘǗǊǚǗǘǖ ǛǜǊǳǝ.

0.6pt

КǘǕǘ ǛǊ ƻǕǒǔǏ 2. ǱǏ ǝ ǛǜǊǠǒǘǗǊǚǗǘǖ ǛǜǊǳǝ Ǚǚǒ ǡǏǖǝ ǱǏ ���� = �stationary. ƻǜǊǠǒǘǗǊǚǗǘ ǛǜǊǳǏ ǱǏ ǛǜǊǋǒǕ-
Ǘǘ Ǌǔǘ ǛǏ ǙǘǛǕǏ ǖǊǕǘǍ ǘǎǛǜǝǙǊǳǊ (ǙǘǌǏǴǊǌǊǳǊ ǒǕǒ ǛǖǊǳǒǌǊǳǊ ǛǜǚǝǱǏ), ǛǜǚǝǱǊ ǌǚǊǴǊ ǝ ǛǜǊǠǒǘǗǊǚǗǘ
ǛǜǊǳǏ. ƪǔǘ ǛǒǛǜǏǖ ǗǊǛǜǊǌǲǊ ǎǊ ǛǏ ǔǚǏǴǏ ǘǎ ǛǜǊǠǒǘǗǊǚǗǘǍ ǛǜǊǳǊ, ǔǊǐǏ ǛǏ ǎǊ ǱǏ ǘǗǘ ǗǏǛǜǊǋǒǕǗǘ.

A.4 КǘǚǒǛǜǏǴǒ ǋǚǘǱǗǏ ǌǚǏǎǗǘǛǜǒ ǒǑ ǙǒǜǊǳǊ А.3 ǊǗǊǕǒǑǒǚǊǱǜǏ ǛǜǊǋǒǕǗǘǛǜ ǛǜǊ-
ǠǒǘǗǊǚǗǘǍ ǛǜǊǳǊ Ǚǚǒ ���� = �stationary. ƮǊ Ǖǒ ǱǏ ǘǗǘ ǛǜǊǋǒǕǗǘ ǒǕǒ ǗǏǛǜǊǋǒǕ-
Ǘǘ?

1pt

ДǏǘ Б. БиǛǜǊǋиǕǗи ǗǏǕиǗǏǊǚǗи ǏǕǏǖǏǗǜи ǝ ǞизиǠи: ǚǊǎиǘ ǘǎǊǢиǲǊǡ (5 ǙǘǏǗǊ)
ƪǗǊǕǒǑǒǚǊǱǖǘ ǛǊǎǊ ǎǚǝǍǊǡǒǱǏ ǏǕǏǔǜǚǒǡǗǘ ǔǘǕǘ (ǌǒǎǒ ƻǕǒǔǝ 3.). ƸǌǘǍǊ ǙǝǜǊ ǗǏǕǒǗǏǊǚǗǒ ǏǕǏǖǏǗǜ �
ǱǏ ǙǘǌǏǑǊǗ ǙǊǚǊǕǏǕǗǘ ǛǊ ǔǘǗǎǏǑǊǜǘǚǘǖ ǔǊǙǊǠǒǜǏǜǊ � = 1.00 �F. ƼǊǱ ǋǕǘǔ ǛǏ ǑǊǜǒǖ ǚǏǎǗǘ ǌǏǐǏ ǛǊ
ǘǜǙǘǚǘǖ � = 3.00 Ω ǒ ǛǊ ǒǎǏǊǕǗǒǖ ǒǑǌǘǚǘǖ ǗǊǙǘǗǊ ℰ = 15.0 V. ИǛǙǘǛǜǊǌǲǊ ǛǏ ǎǊ ǛǊǎǊ ǏǕǏǔǜǚǒǡǗǘ
ǔǘǕǘ ǘǛǠǒǕǝǱǏ ǜǊǔǘ Ǣǜǘ ǗǏǕǒǗǏǊǚǗǒ ǏǕǏǖǏǗǜ� ǗǊǒǑǖǏǗǒǡǗǘ ǙǚǏǕǊǑǒ ǛǊ ǱǏǎǗǏ ǗǊ ǎǚǝǍǝ ǍǚǊǗǝ � − ԋ
ǔǊǚǊǔǜǏǚǒǛǜǒǔǏ ǜǘǔǘǖ ǱǏǎǗǘǍ ǠǒǔǕǝǛǊ ǘǛǠǒǕǊǠǒǱǏ.

C ℰ

R

ƻǕǒǔǊ 3. КǘǕǘ ǔǘǱǏ ǛǊǎǚǐǒ ǏǕǏǖǏǗǜ �, ǔǘǗǎǏǑǊǜǘǚ �, ǘǜǙǘǚ �, ǒ ǒǑǌǘǚ ǗǊǙǘǗǊ ℰ.

B.1 ƷǊǠǚǜǊǱǜǏ ǱǏǎǊǗ ǠǒǔǕǝǛ ǘǛǠǒǕǊǠǒǱǊ ǗǊ � − ԋ ǍǚǊǞǒǔǝ, ǝǔǲǝǡǝǱǝǴǒ ǒ ǛǖǏǚ (ǎǊ
Ǖǒ ǘǛǠǒǕǝǱǏ ǝ ǛǖǏǚǝ ǔǊǑǊǲǔǏ ǗǊ ǛǊǜǝ ǒǕǒ ǛǝǙǚǘǜǗǘ). ƸǋǚǊǑǕǘǐǒǜǏ ǘǎǍǘǌǘǚ
ǝǑ ǙǘǖǘǴ ǱǏǎǗǊǡǒǗǊ ǒ ǛǔǒǠǊ.

1.8pt

B.2 ƷǊђǒǜǏ ǒǑǚǊǑǏ ǑǊ ǌǚǏǖǏǗǊ �1 ǒ �2 ǔǘǱǊ ǛǒǛǜǏǖ Ǚǚǘǌǘǎǒ ǗǊ ǛǌǊǔǘǱ ǘǎ ǍǚǊǗǊ�−ԋ ǍǚǊǞǒǔǊ ǜǘǔǘǖ ǱǏǎǗǘǍ ǠǒǔǕǝǛǊ ǘǛǠǒǕǊǠǒǱǊ. ИǑǚǊǡǝǗǊǱǜǏ ǒ ǳǒǟǘǌǏ ǋǚǘǱ-
ǗǏ ǌǚǏǎǗǘǛǜǒ. ИǑǚǊǡǝǗǊǱǜǏ ǋǚǘǱǗǝ ǌǚǏǎǗǘǛǜ ǙǏǚǒǘǎǊ ǘǛǠǒǕǊǠǒǱǊ ԉ ǙǚǏǜǙǘ-
ǛǜǊǌǲǊǱǝǴǒ ǎǊ ǱǏ ǌǚǏǖǏ ǗǏǘǙǟǘǎǗǘ ǛǒǛǜǏǖǝ ǎǊ Ǜǔǘǡǒ ǛǊ ǱǏǎǗǏ ǗǊ ǎǚǝǍǝ ǍǚǊǗǝ� − ԋ ǍǚǊǞǒǔǊ ǑǊǗǏǖǊǚǲǒǌǘ.

1.9pt



Theory
Serbian (Serbia) Q2-4

B.3 ƹǚǘǠǏǗǒǜǏ ǛǗǊǍǝ � ǔǘǱǊ ǛǏ ǘǛǕǘǋǊђǊ ǗǊ ǗǏǕǒǗǏǊǚǗǘǖ ǏǕǏǖǏǗǜǝ ǜǘǔǘǖ ǱǏǎ-
ǗǘǍ ǠǒǔǕǝǛǊ ǘǛǠǒǕǊǠǒǱǊ. ƮǘǌǘǲǗǘ ǱǏ ǎǊ ǎǊǜǏ ǚǏǎ ǌǏǕǒǡǒǗǏ.

0.7pt

КǘǕǘ ǛǊ ƻǕǒǔǏ 3. ǛǏ ǔǘǚǒǛǜǒ ǑǊ ǔǘǗǛǜǚǝǔǠǒǱǝ ǚǊǎǒǘ ǘǎǊǢǒǲǊǡǊ. ƽ ǜǝ Ǜǌǚǟǝ ǏǕǏǖǏǗǜ � ǛǏ ǙǚǒǔǊǡǒ ǑǊ
ǱǏǎǊǗ ǔǚǊǱ ǕǒǗǏǊǚǗǏ ǊǗǜǏǗǏ (ǙǚǊǌǊ ǎǝǍǊǡǔǊ ǐǒǠǊ) ǎǝǐǒǗǏ �. ƮǚǝǍǒ ǔǚǊǱ ǐǒǠǏ ǱǏ ǛǕǘǋǘǎǊǗ. ƽ ǊǗǜǏǗǒ
ǛǏ ǞǘǚǖǒǚǊǱǝ ǛǜǘǱǏǴǒ ǏǕǏǔǜǚǘǖǊǍǗǏǜǗǒ ǜǊǕǊǛǒ. ƫǚǑǒǗǊ ǏǕǏǔǜǚǘǖǊǍǗǏǜǗǒǟ ǜǊǕǊǛǊ ǎǝǐ ǊǗǜǏǗǏ ǱǏ
ǒǛǜǊ ǔǊǘ ǝ ǌǊǔǝǝǖǝ. ƸǎǊǢǒǲǊǡ ǔǘǚǒǛǜǒ ǘǛǗǘǌǗǒ ǟǊǚǖǘǗǒǔ ǛǒǛǜǏǖǊ, ǔǘǱǒ ǒǖǊ ǙǏǚǒǘǎ ԉ ǒǑ ǙǒǜǊǳǊ
ƫ.2.

B.4 КǘǱǊ ǱǏ ǘǙǜǒǖǊǕǗǊ ǎǝǐǒǗǊ � ǙǚǏǜǙǘǛǜǊǌǲǊǱǝǴǒ ǎǊ ǜǊ ǎǝǐǒǗǊ ǗǏ ǖǘǐǏ ǋǒǜǒ
ǎǝǐǊ ǘǎ 1 km?

0.6pt

ДǏǘ Ц. БиǛǜǊǋиǕǗи ǗǏǕиǗǏǊǚǗи ǏǕǏǖǏǗǜи ǝ ǋиǘǕǘǍиǱи: ǗǏǝǚиǛǜǘǚ (2 ǙǘǏǗǊ)
ƽ ǘǌǘǖ ǎǏǕǝ ǑǊǎǊǜǔǊ ǚǊǑǖǘǜǚǒǴǏǖǘ ǙǚǒǖǏǗǝ ǋǒǛǜǊǋǒǕǗǒǟ ǗǏǕǒǗǏǊǚǗǒǟ ǏǕǏǖǏǗǊǜǊ ǑǊ ǖǘǎǏǕǘǌǊǳǏ
ǋǒǘǕǘǢǔǒǟ ǙǚǘǠǏǛǊ. ƷǏǝǚǘǗ ǝ ǲǝǎǛǔǘǖ ǖǘǑǍǝ ǒǖǊ ǛǕǏǎǏǴǏ ǘǛǘǋǒǗǏ: ǔǊǎǊ ǛǏ Ǚǘǋǝǎǒ ǗǏǔǒǖ ǛǙǘǲǊ-
Ǣǳǒǖ ǛǒǍǗǊǕǘǖ, ǘǗ ǗǊǙǚǊǌǒ ǛǊǖǘ ǱǏǎǗǝ ǘǛǠǒǕǊǠǒǱǝ ǒ ǑǊǜǒǖ ǛǏ ǌǚǊǜǒ ǝ ǙǘǡǏǜǗǘ ǛǜǊǳǏ. ƼǊǔǌǝ ǘǛǘ-
ǋǒǗǝ ǗǊǑǒǌǊǖǘ ǏǔǛǒǜǊǋǒǕǗǘǛǜ. ЗǋǘǍ ǘǌǏ ǘǛǘǋǒǗǏ ǒǖǙǝǕǛǒ ǖǘǍǝ ǎǊ ǙǝǜǝǱǝ (ǙǚǘǙǊǍǒǚǊǱǝ) ǎǝǐ ǖǚǏǐǏ
ǙǘǌǏǑǊǗǒǟ ǗǏǝǚǘǗǊ ǔǘǱǒ ǡǒǗǏ ǗǏǚǌǗǒ ǛǒǛǜǏǖ. ƹǘǕǝǙǚǘǌǘǎǗǒǡǔǒ ǡǒǙ ǔǘǱǒ ǱǏ ǎǒǑǊǱǗǒǚǊǗ ǜǊǔǘ ǎǊ
ǒǖǒǜǒǚǊ ǏǔǛǒǜǊǋǒǕǗǘǛǜ ǒ ǙǚǘǙǊǍǊǠǒǱǝ ǒǖǙǝǕǛǊ ǛǏ ǗǊǑǒǌǊ неǝǚиǛǜоǚ (ǔǘǖǋǒǗǊǠǒǱǊ ǚǏǡǒ ǗǏǝǚǘǗ ǒ
ǜǚǊǗǑǒǛǜǘǚ).

ƹǘǔǝǢǊǴǏǖǘ ǎǊ ǖǘǎǏǕǝǱǏǖǘ ǱǏǎǗǘǛǜǊǌǗǒ ǗǏǝǚǒǛǜǘǚ ǔǘǚǒǛǜǏǴǒ ǔǘǕǘ ǛǊ ǗǏǕǒǗǏǊǚǗǒǖ ǏǕǏǖǏǗǜǘǖ� ǔǘǱǏ Ǜǖǘ ǙǚǏǜǟǘǎǗǘ ǊǗǊǕǒǑǒǚǊǕǒ. ƽ ǜǘǖ Ǡǒǲǝ ǗǊǙǘǗ ℰ ǛǊ ƻǕǒǔǏ 3. Ǜǖǘ ǛǖǊǳǒǕǒ ǗǊ ǌǚǏǎǗǘǛǜℰ′ = 12.0 V. ƼǊǎǊ ǘǛǠǒǕǊǠǒǱǏ ǙǚǏǛǜǊǱǝ ǒ ǛǒǛǜǏǖ ǛǏ ǗǊǕǊǑǒ ǝ ǛǜǊǠǒǘǗǊǚǗǘǖ ǛǜǊǳǝ. ƸǗǎǊ ǗǊǙǘǗ ǗǊǍǕǘ
ǙǘǌǏǴǊǖǘ ǗǊ ǌǚǏǎǗǘǛǜ ℰ = 15.0 V, Ǌ ǗǊǔǘǗ ǗǏǔǘǍ ǌǚǏǖǏǗǛǔǘǍ ǒǗǜǏǚǌǊǕǊ � (Ǚǚǒ ǡǏǖǝ ǱǏ � < ԉ ) ǗǊǙǘǗ
ǗǊǍǕǘ ǙǊǎǗǏ ǗǊ ǌǚǏǎǗǘǛǜ ℰ′ (ǌǒǎǒ ƻǕǒǔǝ 4.). ИǛǙǘǛǜǊǌǲǊ ǛǏ ǎǊ ǙǘǛǜǘǱǒ ǘǎǚǏђǏǗǊ ǔǚǒǜǒǡǗǊ ǌǚǏǎǗǘǛǜ�crit., ǜǊǔǌǊ ǎǊ ǛǏ ǛǒǛǜǏǖ ǔǌǊǕǒǜǊǜǒǌǗǘ ǚǊǑǕǒǡǒǜǘ ǙǘǗǊǢǊ ǑǊ � < �crit ǒ ǑǊ � > �crit.

t
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16

ℰ [V]

t0 t0 +τ

ƻǕǒǔǊ 4. ƷǊǙǘǗ ǔǘǱǒ ǎǊǱǏ ǒǑǌǘǚ ǗǊǙǘǗǊ ǔǊǘ ǞǝǗǔǠǒǱǊ ǌǚǏǖǏǗǊ.



Theory
Serbian (Serbia) Q2-5

C.1 ƻǔǒǠǒǚǊǱǜǏ ǍǚǊǞǒǔ ǌǚǏǖǏǗǛǔǏ ǑǊǌǒǛǗǘǛǜǒ ǛǜǚǝǱǏ ����� ǔǘǱǊ ǙǚǘǕǊǑǒ ǔǚǘǑ ǗǏ-
ǕǒǗǏǊǚǗǒ ǏǕǏǖǏǗǜ � ǑǊ � < �crit ǒ ǑǊ � > �crit. 1.2pt

C.2 ƷǊђǒǜǏ ǒǑǚǊǑ ǒ ǒǑǚǊǡǝǗǊǱǜǏ ǋǚǘǱǗǝ ǌǚǏǎǗǘǛǜ ǑǊ ǔǚǒǜǒǡǗǘ ǌǚǏǖǏ �crit ǑǊ ǔǘǱǏ
ǎǘǕǊǑǒ ǎǘ ǙǚǘǖǏǗǏ ǙǘǗǊǢǊǳǊ ǛǒǛǜǏǖǊ.

0.6pt

C.3 ƮǊ Ǖǒ ǱǏ ǔǘǕǘ ǛǊ � = 1.00 × 10−6 s ǗǏǝǚǒǛǜǘǚ? 0.2pt



Theory
Serbian (Serbia) A2-1

НǏǕиǗǏаǚǗа ǎиǗаǖиǔа ǝ ǏǕǏǔǜǚиǡǗиǖ ǔǘǕиǖа (10 ǙǘǏǗа)

ДǏǘ А. СǜаǠиǘǗаǚǗа Ǜǜаǳа и ǗǏǛǜабиǕǗǘǛǜи (3 ǙǘǏǗа)

A.1 (0.4 pt)
 
 �on =
 
 �off =
 
 �0 =
 
 �int =
 
 

A.2 (1 pt)
ƶоǍǝћǒ ǋǚој ǛǜǊǠǒонǊǚнǒǟ ǛǜǊњǊ ǑǊ � = 3.00 Ω:
 
 
ƶоǍǝћǒ ǋǚој ǛǜǊǠǒонǊǚнǒǟ ǛǜǊњǊ ǑǊ � = 1.00 Ω:

A.3 (0.6 pt)
 
 �stationary =
 
 �stationary =
 
 



Theory
Serbian (Serbia) A2-2

A.4 (1 pt)
 
 
ƹонǊǢǊњǏ ǝ ǛлǝǡǊјǝ �(� = 0) > �stationary :
 
 
 
 
ƹонǊǢǊњǏ ǝ ǛлǝǡǊјǝ �(� = 0) < �stationary:
 
 
 
 
ДǊ лǒ јǏ ǛǜǊǠǒонǊǚно ǛǜǊњǏ : □ ǛǜǊǋǒлно? □ нǏǛǜǊǋǒлно?



Theory
Serbian (Serbia) A2-3

ДǏǘ Б. БиǛǜабиǕǗи ǗǏǕиǗǏаǚǗи ǏǕǏǖǏǗǜи ǝ ǞизиǠи: ǚаǎиǘ ǘǎаǢиǲаǡ (5 ǙǘǏǗа)

B.1 (1.8 pt)
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ƸǋǚǊǑлоǐǏњǏ:
 
 
 
 
 
 
 
 



Theory
Serbian (Serbia) A2-4

B.2 (1.9 pt)
 
ИǑǚǊǑ ǑǊ �1 =
 
 
 
 
БǚојнǊ ǌǚǏǎноǛǜ �1 =
 
 
 
 
ИǑǚǊǑ ǑǊ �2 =
 
 
 
 
БǚојнǊ ǌǚǏǎноǛǜ �2 =
 
 
 
 
БǚојнǊ ǌǚǏǎноǛǜ � =
 
 

B.3 (0.7 pt)
 
 � ≈
 
 

B.4 (0.6 pt)
 
 � =
 
 



Theory
Serbian (Serbia) A2-5

ДǏǘ Ц. БиǛǜабиǕǗи ǗǏǕиǗǏаǚǗи ǏǕǏǖǏǗǜи ǝ биǘǕǘǍиǱи: ǗǏǝǚиǛǜǘǚ (2 ǙǘǏǗа)

C.1 (1.2 pt)
СкǒǠǊ ǑǊ � < �crit :

IX

t
t0 t0 + τ

СкǒǠǊ ǑǊ � > �crit :

IX

t
t0 t0 + τ

C.2 (0.6 pt)
 
 
 
ИǑǚǊǑ ǑǊ �crit =
 
 
 
 
БǚојнǊ ǌǚǏǎноǛǜ �crit =
 
 

C.3 (0.2 pt)
 
 
ДǊ лǒ јǏ коло нǏǝǚǒǛǜоǚ? □ ДǊ □ ƷǏ
 
 



Theory
Serbian (Serbia) Q3-1

ВǏǕиǔи ǟǊǎǚǘǗǛǔи ǛǝǎǊǚǊǡ (10 ǙǘǏǗǊ)
ƶǘǕǒǖǘ ǌǊǛ ǎǊ ǙǚǘǡǒǜǊǜǏ ǘǙǢǜǊ ǝǙǝǜǛǜǌǊ ǔǘǱǊ ǛǏ ǗǊǕǊǑǏ ǝ ǙǘǛǏǋǗǘǖ ǔǘǌǏǚǜǝ, ǙǚǏ ǗǏǍǘ Ǣǜǘ ǙǘǡǗǏǜǏ
ǛǊ ǚǊǎǘǖ.

ƼǏǖǊ ǘǌǘǍ ǑǊǎǊǜǔǊ ǱǏ ǞǒǑǒǔǊ ǔǘǱǊ ǘǙǒǛǝǱǏ ǙǚǘǠǏǛǏ ǝ Ƶƿǀ (LHC -Large Hadron Collider) ǊǔǠǏǕǏǚǊǜǘǚǝ
(ǝǋǚǑǒǌǊǡǝ) ǡǏǛǜǒǠǊ ǔǘǱǒ ǛǏ ǗǊǕǊǑǒ ǝ ǀƯƺƷ-ǝ. ǀƯƺƷ ǱǏ ǗǊǱǌǏǴǊ ǕǊǋǘǚǊǜǘǚǒǱǊ ǑǊ ǞǒǑǒǔǝ ǏǕǏǖǏǗǜǊǚ-
Ǘǒǟ ǡǏǛǜǒǠǊ ǗǊ ǛǌǏǜǝ. ƸǛǗǘǌǗǒ Ǡǒǲ ǘǌǏ ǕǊǋǘǚǊǜǘǚǒǱǏ ǱǏ ǙǘǜǙǝǗǒ ǝǌǒǎ ǝ ǘǛǗǘǌǗǏ ǑǊǔǘǗǏ ǙǚǒǚǘǎǏ.
ƮǌǊ ǛǗǘǙǊ ǡǏǛǜǒǠǊ ǌǒǛǘǔǒǟ ǏǗǏǚǍǒǱǊ ǛǏ ǔǚǏǴǝ ǝǗǝǜǊǚ ǙǚǛǜǏǗǊ ǊǔǠǏǕǏǚǊǜǘǚǊ ǌǘђǏǗǊ ǱǊǔǒǖ ǖǊǍǗǏǜ-
Ǘǒǖ ǙǘǲǏǖ, ǎǊ ǋǒ ǛǏ ǔǘǗǊǡǗǘ ǛǝǎǊǚǒǕǊ, ǱǏǎǊǗ ǛǊ ǎǚǝǍǒǖ. ƹǚǘǜǘǗǒ ǗǒǛǝ ǟǘǖǘǍǏǗǘ ǚǊǛǙǘǚǏђǏǗǒ ǝ
ǛǗǘǙǝ, ǗǏǍǘ Ǜǝ ǍǚǝǙǒǛǊǗǒ ǝ ǜǊǔǘǑǌǊǗǏ ǍǚǘǑǎǘǌǏ. ǁǏǛǜǒǠǏ ǔǘǱǏ ǗǊǛǜǊǗǝ ǝ ǘǌǊǔǌǒǖ ǛǝǎǊǚǒǖǊ ǛǏ ǌǒǎǏ
ǝǑ ǙǘǖǘǴ ǌǏǕǒǔǒǟ ǎǏǜǏǔǜǘǚǊ. ƷǏǔǒ ǘǎ ǙǊǚǊǖǏǜǊǚǊ Ƶƿǀ-Ǌ Ǜǝ ǎǊǜǒ ǝ ǜǊǋǏǕǒ 1.

 

Лƿǀ ǙǚǛǜǏǗ
Ƹǋǒǖ ǙǚǛǜǏǗǊ �6659 m
ƫǚǘǱ ǍǚǘǑǎǘǌǊ ǡǏǛǜǒǠǊ ǝ ǛǗǘǙǝ ǙǚǘǜǘǗǊ �808
ƫǚǘǱ ǙǚǘǜǘǗǊ ǝ ǍǚǘǑǎǝ �.�5 × �011
СǗǘǙǘǌи ǙǚǘǜǘǗǊ
ƯǗǏǚǍǒǱǊ ǙǚǘǜǘǗǊ 7.00 TeV
ƯǗǏǚǍǒǱǊ ǝ ǛǒǛǜǏǖǝ ǠǏǗǜǚǊ ǖǊǛǏ �4.0 TeV

ƼǊǋǏǕǊ 1: ƼǒǙǒǡǗǏ ǋǚǘǱǗǏ ǌǚǏǎǗǘǛǜǒ ǑǗǊǡǊǱǗǒǟ ǙǊǚǊǖǏǜǊǚǊ Ƶƿǀ-Ǌ.

ƽ ǞǒǑǒǠǒ ǏǕǏǖǏǗǜǊǚǗǒǟ ǡǏǛǜǒǠǊ ǛǏ ǔǘǚǒǛǜǏ ǙǘǎǏǛǗǏ ǱǏǎǒǗǒǠǏ ǑǊ ǏǗǏǚǍǒǱǝ, ǒǖǙǝǕǛ ǒ ǖǊǛǝ: ǏǗǏǚǍǒǱǊ
ǛǏ ǒǑǚǊǐǊǌǊ ǝ ǏǕǏǔǜǚǘǗ-ǌǘǕǜǒǖǊ [eV]. ƹǘ ǎǏǞǒǗǠǒǱǒ, � eV ǱǏ ǔǘǕǒǡǒǗǊ ǏǗǏǚǍǒǱǏ ǔǘǱǝ ǎǘǋǒǱǊ ǡǏǛǜǒǠǊ
ǏǕǏǖǏǗǜǊǚǗǘǍ ǗǊǏǕǏǔǜǚǒǛǊǳǊ, e, ǔǘǱǊ ǛǏ ǔǚǏǴǏ ǔǚǘǑ ǚǊǑǕǒǔǝ ǙǘǜǏǗǠǒǱǊǕǊ ǘǎ ǱǏǎǗǘǍ ǌǘǕǜǊ (� eV =�.60� ⋅ �0−19 kg m2s−2).

ИǖǙǝǕǛ ǛǏ ǒǑǚǊǐǊǌǊ ǝ ǱǏǎǒǗǒǠǊǖǊ eV/Ԓ Ǌ ǖǊǛǊ ǝ eV/Ԓ2, ǍǎǏ ǱǏ Ԓ ǋǚǑǒǗǊ ǛǌǏǜǕǘǛǜǒ ǝ ǌǊǔǝǝǖǝ. ƹǘǢǜǘ
ǱǏ � eV ǌǏǘǖǊ ǖǊǕǊ ǔǘǕǒǡǒǗǊ ǏǗǏǚǍǒǱǏ, ǔǘǚǒǛǜǏ ǛǏ ǡǏǢǴǏ MeV (� MeV = �06 eV), GeV (� GeV = �09 eV)
ǒǕǒ TeV (� TeV = �012 eV).

ƮǏǘ A ǛǏ ǋǊǌǒ ǝǋǚǑǊǌǊǳǏǖ ǙǚǘǜǘǗǊ ǒǕǒ ǏǕǏǔǜǚǘǗǊ. ƮǏǘ B ǱǏ ǙǘǛǌǏǴǏǗ ǒǗǎǏǗǜǒǞǒǔǊǠǒǱǒ ǡǏǛǜǒǠǊ
ǗǊǛǜǊǕǒǟ ǙǚǒǕǒǔǘǖ ǛǝǎǊǚǊ ǝ ǀƯƺƷ-ǝ.

ДǏǘ A. Лƿǀ ǊǔǠǏǕǏǚǊǜǘǚ (6 ǙǘǏǗǊ)

УǋǚзǊњǏ:

ƹǚǏǜǙǘǛǜǊǌǒǜǏ ǎǊ Ǜǝ ǙǚǘǜǘǗǒ ǝǋǚǑǊǗǒ ǗǊǙǘǗǘǖ � ǜǊǔǘ ǎǊ ǒǖ ǱǏ ǋǚǑǒǗǊ ǌǚǕǘ ǋǕǒǛǔǊ ǋǚǑǒǗǒ ǛǌǏǜǕǘ-
Ǜǜǒ. ЗǊǗǏǖǊǚǒǜǏ ǛǌǏ ǍǝǋǒǜǔǏ ǏǗǏǚǍǒǱǏ ǝǛǕǏǎ ǑǚǊǡǏǳǊ ǒǕǒ ǛǝǎǊǚǊ ǛǊ ǘǛǜǊǕǒǖ ǡǏǛǜǒǠǊǖǊ.

A.1 ИǑǌǏǎǒǜǏ ǒǑǚǊǑ ǑǊ ǔǘǗǊǡǗǝ ǋǚǑǒǗǝ � ǙǚǘǜǘǗǊ ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ ǗǊǙǘǗǊ � ǒ
ǞǒǑǒǡǔǒǟ ǔǘǗǛǜǊǗǜǒ.

0.7pt

ƹǕǊǗ ǑǊ ǋǝǎǝǴǒ ǏǔǛǙǏǚǒǖǏǗǜ ǝ ǀƯƺƷ-ǝ ǱǏ ǎǊ ǛǏ ǙǚǘǜǘǗǒ ǎǘǋǒǱǏǗǒ ǒǑ Ƶƿǀ-Ǌ ǛǝǎǊǚǊǱǝ ǛǊ ǏǕǏǔǜǚǘǗǒǖǊ
ǏǗǏǚǍǒǱǊ ǘǎ 60.0 GeV.
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A.2 ЗǊ ǡǏǛǜǒǠǏ ǌǒǛǘǔǒǟ ǏǗǏǚǍǒǱǊ ǒ ǖǊǕǒǟ ǖǊǛǊ ǖǒǚǘǌǊǳǊ ǚǏǕǊǜǒǌǗǘ ǘǎǛǜǝǙǊ-
ǳǏ ǔǘǗǊǡǗǏ ǋǚǑǒǗǏ ǘǎ ǋǚǑǒǗǏ ǛǌǏǜǕǘǛǜǒ Δ = (Ԓ − �)/Ԓ, ǱǏ ǌǚǕǘ ǖǊǕǘ. ƷǊ-
ђǒǜǏ ǙǘǍǘǎǗǝ ǊǙǚǘǔǛǒǖǊǠǒǱǝ ǑǊ Δ ǒ ǒǑǚǊǡǝǗǊǱǜǏ Δ ǑǊ ǏǕǏǔǜǚǘǗǏ ǏǗǏǚǍǒǱǊ60.0 GeV, ǔǘǚǒǛǜǏǴǒ ǗǊǙǘǗ ǒ ǞǒǑǒǡǔǏ ǔǘǗǛǜǊǗǜǏ.

0.8pt

ƬǚǊǜǒǖǘ ǛǏ ǗǊ ǙǚǘǜǘǗǏ ǝ Ƶƿǀ-ǝ. ƹǚǏǜǙǘǛǜǊǌǒǜǏ ǎǊ ǱǏ ǒǑǌǘǚ ǛǗǘǙǊ ǔǚǝǐǗǘǍ ǘǋǕǒǔǊ.

A.3 ИǑǌǏǎǒǜǏ ǒǑǚǊǑ ǑǊ ǍǝǛǜǒǗǝ ǞǕǝǔǛǊ ǟǘǖǘǍǏǗǘǍ ǖǊǍǗǏǜǗǘǍ ǙǘǲǊ � ǔǘǱǏ ǱǏ ǗǏ-
ǘǙǟǘǎǗǘ ǎǊ ǘǎǚǐǊǌǊ ǙǚǘǜǘǗǏ ǗǊ ǔǚǝǐǗǘǱ ǙǝǜǊǳǒ. ИǑǚǊǑ ǜǚǏǋǊ ǎǊ ǛǊǎǚǐǒ
ǛǊǖǘ ǏǗǏǚǍǒǱǝ ǙǚǘǜǘǗǊ �, ǘǋǒǖ �, ǘǛǗǘǌǗǏ ǔǘǗǛǜǊǗǜǏ ǒ ǋǚǘǱǏǌǏ. ƶǘǐǏǜǏ ǎǊ
ǔǘǚǒǛǜǒǜǏ ǙǚǒǔǕǊǎǗǏ ǊǙǚǘǔǛǒǖǊǠǒǱǏ Ǌǔǘ ǱǏ ǳǒǟǘǌ ǏǞǏǔǊǜ ǖǊǳǒ ǘǎ ǜǊǡǗǘ-
Ǜǜǒ ǘǎǚǏђǏǗǏ ǗǊǱǖǊǳǒǖ ǋǚǘǱǏǖ ǑǗǊǡǊǱǗǒǟ ǠǒǞǊǚǊ.
ИǑǚǊǡǝǗǊǱǜǏ ǍǝǛǜǒǗǝ ǖǊǍǗǏǜǗǘǍ ǞǕǝǔǛǊ � ǑǊ ǙǚǘǜǘǗǏ ǏǗǏǚǍǒǱǏ � = 7.00 � Ԕ� ,
ǑǊǗǏǖǊǚǝǱǝǴǒ ǒǗǜǏǚǊǔǠǒǱǝ ǒǑǖǏђǝ ǙǚǘǜǘǗǊ.

1.0pt

ИзǚǊǡǏǗǊ ǛǗǊǍǊ:

ƷǊǏǕǏǔǜǚǒǛǊǗǏ ǡǏǛǜǒǠǏ ǔǘǱǏ ǛǏ ǔǚǏǴǝ ǝǋǚǑǊǗǘ ǑǚǊǡǏ ǏǗǏǚǍǒǱǝ ǝ ǘǋǕǒǔǝ ǏǕǏǔǜǚǘǖǊǍǗǏǜǗǒǟ ǜǊǕǊǛǊ.
ИǑǚǊǡǏǗǊ ǛǗǊǍǊ �rad ǗǊǏǕǏǔǜǚǒǛǊǗǏ ǡǏǛǜǒǠǏ ǔǘǱǊ ǔǚǝǐǒ ǔǘǗǛǜǊǗǜǗǘǖ ǝǍǊǘǗǘǖ ǋǚǑǒǗǘǖ ǑǊǌǒǛǒ ǛǊǖǘ
ǘǎ ǝǋǚǑǊǳǊ �, ǗǊǏǕǏǔǜǚǒǛǊǳǊ Ԡ, ǋǚǑǒǗǏ ǛǌǏǜǕǘǛǜǒ Ԓ, ǔǊǘ ǒ ǘǎ ǎǒǏǕǏǔǜǚǒǡǗǏ ǔǘǗǛǜǊǗǜǏ ǌǊǔǝǝǖǊ �0.

A.4 ƴǘǚǒǛǜǏǴǒ ǎǒǖǏǗǑǒǘǗǝ ǊǗǊǕǒǑǝ ǗǊђǒǜǏ ǒǑǚǊǑ ǑǊ ǒǑǚǊǡǏǗǝ ǛǗǊǍǝ �rad. 1.0pt

ƹǚǊǌǒ ǒǑǚǊǑ ǑǊ ǒǑǚǊǡǏǗǝ ǛǗǊǍǝ ǛǊǎǚǐǒ ǞǊǔǜǘǚ �/(6�); ǜǊǔǘђǏ ǒǑǌǘђǏǳǏ ǔǘǱǏ ǝ ǙǘǜǙǝǗǘǛǜǒ ǔǘǚǒǛǜǒ
ǚǏǕǊǜǒǌǒǛǜǒǡǔǏ ǏǞǏǔǜǏ ǎǊǱǏ ǎǘǎǊǜǗǒ ǖǝǕǜǒǙǕǒǔǊǜǒǌǗǒ ǞǊǔǜǘǚ �4, ǍǎǏ ǱǏ � = (� − �2/Ԓ2)− 12 .

A.5 ИǑǚǊǡǝǗǊǱǜǏ ǝǔǝǙǗǝ ǒǑǚǡǏǗǝ ǛǗǊǍǝ �tot Ƶƿǀ-Ǌ ǑǊ ǙǚǘǜǘǗǏ ǏǗǏǚǍǒǱǏ � =7.00 TeV (ǙǘǍǕǏǎǊǱǜǏ ǜǊǋǏǕǝ 1). ƶǘǐǏǜǏ ǎǊ ǔǘǚǒǛǜǒǜǏ ǙǚǒǔǕǊǎǗǏ ǊǙǚǘǔǛǒ-
ǖǊǠǒǱǏ.

1.0pt

ЛиǗǏǊǚǗǘ ǝǋǚзǊǌǊњǏ:

ƽ ǀƯƺƷ-ǝ ǙǚǘǜǘǗǒ ǛǏ ǝǋǚǑǊǌǊǱǝ ǝ ǕǒǗǏǊǚǗǘǖ ǊǔǠǏǕǏǚǊǜǘǚǝ ǎǝǐǒǗǏ ԓ = �0.0 m. ƴǚǏǴǝ ǒǑ ǖǒǚǘǌǊǳǊ
ǔǚǘǑ ǚǊǑǕǒǔǝ ǙǘǜǏǗǠǒǱǊǕǊ � = 500 �� . ƹǚǏǜǙǘǛǜǊǌǒǜǏ ǎǊ ǱǏ ǏǕǏǔǜǚǒǡǗǘ ǙǘǲǏ ǟǘǖǘǍǏǗǘ. ƵǒǗǏǊǚǗǒ
ǊǔǠǏǕǏǚǊǜǘǚ ǛǏ ǛǊǛǜǘǱǒ ǘǎ ǎǌǏ ǙǕǘǡǏ ǔǊǘ Ǣǜǘ ǱǏ ǙǚǒǔǊǑǊǗǘ ǗǊ ǛǕǒǠǒ 1.

A.6 ƸǎǚǏǎǒǜǏ ǌǚǏǖǏ � ǔǘǱǏ ǱǏ ǙǘǜǚǏǋǗǘ ǙǚǘǜǘǗǒǖǊ ǎǊ Ǚǚǘђǝ ǔǚǘǑ ǏǕǏǔǜǚǒǡǗǘ
ǙǘǲǏ.

1.5pt
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+ -

d

V

ƻǕǒǔǊ 1: ƻǔǒǠǊ ǊǔǠǏǕǏǚǊǜǘǚǊ
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ДǏǘ Б. ИǎǏǗǜиǞиǔǊǠијǊ ǡǏǛǜиǠǊ (4 ǙǘǏǗǊ)

ВǚǏǖǏ ǕǏǜǊ:

ƬǊǐǗǘ ǱǏ ǒǎǏǗǜǒǞǒǔǘǌǊǜǒ ǡǏǛǜǒǠǏ ǌǒǛǘǔǒǟ ǏǗǏǚǍǒǱǊ ǔǘǱǏ ǛǏ ǛǜǌǊǚǊǱǝ ǙǚǒǕǒǔǘǖ ǛǝǎǊǚǊ ǎǊ ǋǒ ǛǏ
ǙǚǘǜǝǖǊǡǒǘ ǙǚǘǠǏǛ ǒǗǜǏǚǊǔǠǒǱǏ. ЈǏǎǗǘǛǜǊǌǊǗ ǗǊǡǒǗ ǱǏ ǎǊ ǛǏ ǒǑǖǏǚǒ ǌǚǏǖǏ � ǙǘǜǚǏǋǗǘ ǡǏǛǜǒǠǒ Ǚǘ-
ǑǗǊǜǘǍ ǒǖǙǝǕǛǊ ǎǊ ǙǚǏђǏ Ǚǝǜ �, ǜǊǔǘǑǌǊǗǒǖ ǎǏǜǏǔǜǘǚǘǖ ǌǚǏǖǏǗǊ ǕǏǜǊ (Time-of-Flight (ToF) detector).
ƼǒǙǒǡǗǏ ǡǏǛǜǒǠǏ ǒǎǏǗǜǒǞǒǔǘǌǊǗǏ ǝ ǎǏǜǏǔǜǘǚǝ Ǜǝ ǙǚǒǔǊǑǊǗǏ ǝ ǜǊǋǏǕǒ 2., ǝ ǔǘǱǘǱ Ǜǝ ǎǊǜǏ ǒ ǳǒǟǘǌǏ
ǖǊǛǏ.

ǁǏǛǜиǠǊ ǖǊǛǊ [MeV/c2]
ƮǏǝǜǏǚǘǗ �876
ƹǚǘǜǘǗ 9�8
ǗǊǏǕǏǔǜǚǒǛǊǗǒ ƴǊǘǗ 494
ǗǊǏǕǏǔǜǚǒǛǊǗǒ ƹǒǘǗ �40
ƯǕǏǔǜǚǘǗ 0.5��

ƼǊǋǏǕǊ 2. ǁǏǛǜǒǠǏ ǒ ǳǒǟǘǌǏ ǖǊǛǏ.

време t1 пут l време t2

маса m

импулс p

x

y

ƻǟǏǖǊǜǛǔǒ ǙǚǒǔǊǑ ǎǏǜǏǔǜǘǚǊ ǌǚǏǖǏǗǊ ǕǏǜǊ.

B.1 ИǑǚǊǑǒǜǒ ǖǊǛǝ � ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ ǒǖǙǝǕǛǊ ԟ ǎǝǐǒǗǏ ǕǏǜǊ � ǒ ǌǚǏǖǏǗǊ ǕǏ-
ǜǊ � ǙǚǏǜǙǘǛǜǊǌǲǊǱǝǴǒ ǎǊ ǛǏ ǡǏǛǜǒǠǏ ǏǕǏǖǏǗǜǊǚǗǘǍ ǗǊǏǕǏǔǜǚǒǛǊǳǊ Ԕ ǔǚǏǴǝ
ǋǚǑǒǗǘǖ ǋǕǒǛǔǘǖ ǋǚǑǒǗǒ ǛǌǏǜǕǘǛǜǒ, ǙǚǊǌǒǖ ǙǝǜǊǳǊǖǊ ǝǗǝǜǊǚ ǎǏǜǏǔǜǘǚǊ,
ǒ ǎǊ ǛǏ ǔǚǏǴǝ ǗǘǚǖǊǕǗǘ ǗǊ ǎǌǏ ǙǕǘǡǏ ǎǏǜǏǔǜǘǚǊ (ǛǕǒǔǊ 2).

0.8pt
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B.2 ИǑǚǊǡǝǗǊǱǜǏ ǗǊǱǖǊǳǝ ǎǝǐǒǗǝ ǎǏǜǏǔǜǘǚǊ ǌǚǏǖǏǗǊ ǕǏǜǊ � ǔǘǱǊ ǘǖǘǍǝǴǊǌǊ Ǚǘ-
ǝǑǎǊǗǘ ǚǊǑǕǒǔǘǌǊǳǏ ǗǊǏǕǏǔǜǚǒǛǊǗǘǍ ǔǊǘǗǊ ǘǎ ǗǊǏǕǏǔǜǚǒǛǊǗǘǍ ǙǒǘǗǊ, Ǚǚǒ
ǡǏǖǝ ǘǋǏ ǡǏǛǜǒǠǏ ǒǖǊǱǝ ǒǖǙǝǕǛ ǘǎ �.00 GeV/c. ЗǊ ǎǘǋǚǘ ǚǊǑǎǌǊǱǊǳǏ ǱǏ Ǚǘ-
ǜǚǏǋǗǘ ǎǊ ǚǊǕǒǔǊ ǝ ǌǚǏǖǏǗǝ ǕǏǜǊ ǋǝǎǏ ǜǚǒ ǙǝǜǊ ǌǏǴǊ ǘǎ ǌǚǏǖǏǗǛǔǏ ǚǏ-
ǑǘǕǝǠǒǱǏ ǎǏǜǏǔǜǘǚǊ. ƻǜǊǗǎǊǚǎǗǊ ǚǏǑǘǕǝǠǒǱǊ ǎǏǜǏǔǜǘǚǊ ǌǚǏǖǏǗǊ ǕǏǜǊ ǱǏ�50 ps (� ps = �0−12 s).

0.7pt

ǁǏǛǜǒǠǏ ǗǊǛǜǊǕǏ ǝ ǛǜǊǗǎǊǚǎǗǘǖ Ƶƿǀ ǎǏǜǏǔǜǘǚǝ ǛǏ ǒǎǏǗǜǒǞǒǔǝǱǝ ǝ ǎǌǘǛǜǏǙǏǗǘǖ ǎǏǜǏǔǜǘǚǝ ǔǘǱǒ ǛǏ
ǛǊǛǜǘǱǒ ǘǎ ǎǏǜǏǔǜǘǚǊ ǜǚǊǍǘǌǊ ǒ ǎǏǜǏǔǜǘǚǊ ǌǚǏǖǏǗǊ ǕǏǜǊ. ƷǊ ǛǕǒǠǒ 3 ǱǏ ǙǚǒǔǊǑǊǗǊ ǙǘǛǜǊǌǔǊ ǝ ǎǌǏ
ǚǊǌǗǒ, ǜǚǊǗǛǌǏǚǑǊǕǗǘǱ ǒ ǕǘǗǍǒǜǝǎǒǗǊǕǗǘǱ ǝ ǘǎǗǘǛǝ ǗǊ ǛǗǘǙ ǙǚǘǜǘǗǊ. ƸǋǊ ǎǏǜǏǔǜǘǚǊ Ǜǝ ǝ ǘǋǕǒǔǝ
ǠǏǌǒ ǔǘǱǏ ǘǔǚǝǐǝǱǝ ǘǋǕǊǛǜ ǒǗǜǏǚǊǔǠǒǱǏ, ǒ ǛǗǘǙ ǙǚǘǕǊǑǒ Ǚǘ ǛǚǏǎǒǗǒ ǠǏǌǒ. ƮǏǜǏǔǜǘǚ ǜǚǊǍǘǌǊ ǖǏǚǒ
ǙǝǜǊǳǝ ǗǊǏǕǏǔǜǚǒǛǊǗǒǟ ǡǏǛǜǒǠǊ ǔǘǱǏ ǙǚǘǕǊǑǏ ǔǚǘǑ ǖǊǍǗǏǜǗǘ ǙǘǲǏ ǔǘǱǏ ǱǏ ǙǊǚǊǕǏǕǗǘ ǛǗǘǙǝ Ǚǚǘ-
ǜǘǗǊ. ƪǔǘ ǛǏ ǑǗǊ ǙǘǕǝǙǚǏǡǗǒǔ ǙǝǜǊǳǏ ԡ ǖǘǐǏ ǎǊ ǛǏ ǘǎǚǏǎǒ ǜǚǊǗǛǌǏǚǑǊǕǗǊ ǔǘǖǙǘǗǏǗǜǊ ǒǖǙǝǕǛǊpTǡǏǛǜǒǠǏ. ƹǘǢǜǘ ǛǏ ǑǗǊ ǌǚǏǖǏ ǛǝǎǊǚǊ, ǑǊ ǎǏǜǏǔǜǘǚ ǌǚǏǖǏǗǊ ǕǏǜǊ ǱǏ ǙǘǜǚǏǋǗǊ ǛǊǖǘ ǱǏǎǗǊ ǠǏǌ ǎǊ ǋǒ
ǛǏ ǒǑǖǏǚǒǕǘ ǌǚǏǖǏ ǕǏǜǊ (ǌǚǏǖǏ ǙǚǘǜǏǔǕǘ ǘǎ ǛǝǎǊǚǊ ǎǘ ǎǏǜǏǔǠǒǱǏ ǝ ǠǏǌǒ ǎǏǜǏǔǜǘǚǊ). ƸǌǊǔǊǌ ǎǏǜǏǔ-
ǜǘǚ ǌǚǏǖǏǗǊ ǕǏǜǊ ǱǏ ǙǘǛǜǊǌǲǏǗ ǘǎǖǊǟ ǎǘ ǎǏǜǏǔǜǘǚǊ ǜǚǊǍǘǌǊ. ƽ ǘǌǘǖ ǑǊǎǊǜǔǝ ǙǚǏǜǙǘǛǜǊǌǒǜǏ ǎǊ ǛǏ
ǛǌǏ ǡǏǛǜǒǠǏ ǗǊǛǜǊǕǏ ǝ ǛǝǎǊǚǝ ǔǚǏǴǝ ǗǘǚǖǊǕǗǘ ǗǊ ǙǚǘǜǘǗǛǔǒ ǛǗǘǙ, Ǣǜǘ ǑǗǊǡǒ ǎǊ ǗǊǛǜǊǕǏ ǡǏǛǜǒǠǏ
ǗǏǖǊǱǝ ǔǘǖǙǘǗǏǗǜǝ ǒǖǙǝǕǛǊ ǎǝǐ ǙǚǊǌǠǊ ǛǗǘǙǊ ǙǚǘǜǘǗǊ.
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z
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(4)
(4)

(4)

R
(5) (5)

(1)

(1)

(1)(2)
(2)

(3)
(3)

трансверзална раван
бочне стране

цеви дуж снопа

попречни пресек

(1) - ǀǏǌ ǎǏǜǏǔǜǘǚǊ ǌǚǏǖǏǗǊ ǕǏǜǊ
(2) - ǜǚǊǍ
(3) - ǖǏǛǜǘ ǛǝǎǊǚǊ
(4) - ǎǏǜǏǔǜǘǚ ǜǚǊǍǘǌǊ
(5) - ǛǗǘǙ ǙǚǘǜǘǗǊ⊗ - ǖǊǍǗǏǜǗǘ ǙǘǲǏ
ƻǕǒǔǊ 3 : ƹǘǛǜǊǌǔǊ ǏǔǛǙǏǚǒǖǏǗǜǊ ǑǊ ǒǎǏǗǜǒǞǒǔǊǠǒǱǝ ǡǏǛǜǒǠǊ, ǛǊ ǔǘǖǘǚǘǖ ǑǊ ǜǚǊǍǘǌǏ ǒ
ǎǏǜǏǔǜǘǚǘǖ ǌǚǏǖǏǗǊ ǕǏǜǊ. ƸǋǊ ǎǏǜǏǔǜǘǚǊ Ǜǝ ǠǏǌǒ ǔǘǱǏ ǘǔǚǝǐǝǱǝ ǖǏǛǜǘ ǛǝǎǊǚǊ ǝ ǛǚǏǎǒǗǒ.
ƻǕǒǔǊ ǕǏǌǘ: ǙǘǍǕǏǎ ǗǊ ǜǚǊǗǛǌǏǚǑǊǕǗǝ ǚǊǌǊǗ ǗǘǚǖǊǕǗǝ ǗǊ ǛǗǘǙ ǙǚǘǜǘǗǊ. ƻǕǒǔǊ ǎǏǛǗǘ:
ǙǘǍǕǏǎ ǗǊ ǕǘǗǍǒǜǝǎǒǗǕǗǝ ǚǊǌǊǗ ǙǊǚǊǕǏǕǗǝ ǛǗǘǙǝ. ǁǏǛǜǒǠǊ ǛǏ ǔǚǏǴǏ ǗǘǚǖǊǕǗǘ ǗǊ ǛǗǘǙ.

B.3 ИǑǚǊǑǒǜǏ ǖǊǛǝ ǡǏǛǜǒǠǊ ǝ ǑǊǌǒǛǗǘǛǜǒ ǘǎ ǍǝǛǜǒǗǏ ǖǊǍǗǏǜǗǘǍ ǞǕǝǔǛǊ B, Ǚǘ-
ǕǝǙǚǏǡǗǒǔǊ ǠǏǌǒ ǛǊ ǎǏǜǏǔǜǘǚǘǖ ǌǚǏǖǏǗǊ ǕǏǜǊ � ǒ ǒǑǖǏǚǏǗǒǟ ǌǏǕǒǡǒǗǊ:
ǙǘǕǝǙǚǏǡǗǒǔǊ ԡ ǙǝǜǊǳǏ (ǜǚǊǍǊ) ǒ ǌǚǏǖǏǗǊ ǕǏǜǊ �. 1.7pt

ƮǏǜǏǔǜǘǌǊǗǏ Ǜǝ ǡǏǜǒǚǒ ǡǏǛǜǒǠǏ ǒ ǜǚǏǋǊ ǒǟ ǒǎǏǗǜǒǞǒǔǘǌǊǜǒ. ƭǝǛǜǒǗǊ ǖǊǍǗǏǜǗǘǍ ǞǕǝǔǛǊ ǝ ǎǏǜǏǔǜǘǚǝ
ǜǚǊǍǊ ǱǏ ǋǒǕǊ � = 0.500 T. ƹǘǕǝǙǚǏǡǗǒǔ � ǠǏǌǒ ǛǊ ǎǏǜǏǔǜǘǚǘǖ ǌǚǏǖǏǗǊ ǕǏǜǊ ǱǏ ǋǒǕǊ �.70 m. ƺǏǑǝǕǜǊǜǒ
ǖǏǚǏǳǊ Ǜǝ (� ns = �0−9 s):

ǁǏǛǜǒǠǊ ƹǘǕǝǙǚǏǡǗǒǔ ǜǚǊǱǏǔǜǘǚǒǱǏ ԡ [m] ƬǚǏǖǏ ǕǏǜǊ � [ns]
A 5.�0 �0
B �.94 �4
C 6.06 �8
D �.�� �5
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B.4 ИǎǏǗǜǒǞǒǔǝǱǜǏ ǘǌǏ ǡǏǜǒǚǒ ǡǏǛǜǒǠǏ ǗǊ ǘǛǗǘǌǝ ǒǑǚǊǡǝǗǊǜǏ ǖǊǛǏ. 0.8pt
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Ƭелики ǟадǚǘǗǛки Ǜǝдаǚаǡ (10 ǙǘеǗа)
Деǘ ƪ. ЛХЦ акǠелеǚаǜǘǚ (6 ǙǘеǗа)

A.1 (0.7 pt)
 
 � =
 
 

A.2 (0.8 pt)
 
 
ǊǙǚǘкǛиǖиǚǊǗи изǚǊз: Δ =
 
 
ǋǚǘјǗǊ ǌǚедǗǘǛǜ: Δ =
 
 

A.3 (1.0 pt)
 
 
изǚǊз: � =
 
 
ǋǚǘјǗǊ ǌǚедǗǘǛǜ: � =
 
 

A.4 (1.0 pt)
 
 �rad ∝
 
 

A.5 (1.0 pt)
 
 �tot =
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A.6 (1.5 pt)
 
 � =
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Деǘ ƫ. ИдеǗǜиǞикаǠија ǡеǛǜиǠа (4 ǙǘеǗа)

B.1 (0.8 pt)
 
 � =
 
 

B.2 (0.7 pt)
 
 � =
 
 

B.3 (1.7 pt)
 
 � =
 
 

B.4 (0.8 pt)
ЧеǛǜицǊ ИзǖеǚеǗǊ ǖǊǛǊ; једиǗцǊ зǊ ǖǊǛǝ [ ] : ИдеǗǜиǞикǘǌǊǗǊ

кǊǘ:

A

B

C

D
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General instructions: Experimental Examination (20 points)
July 12, 2016

The experimental examination lasts for 5 hours and is worth a total of 20 points.

Before the exam

• You must not open the envelopes containing the problems before the sound signal indicating the
beginning of the competition.

• The beginning and end of the examination will be indicated by a sound signal. There will be an-
nouncements every hour indicating the elapsed time, as well as fifteen minutes before the end of
the examination (before the final sound signal).

During the exam

• Dedicated answer sheets are provided for writing your answers. Enter the observations into the
appropriate tables, boxes or graphs in the corresponding answer sheet (marked A). For every prob-
lem, there are extra blank work sheets for carrying out detailed work (marked W). Be sure to always
use the work sheets that belong to the problem you are currently working on (check the problem
number in the header). If you have written something on any sheet which you do not want to be
graded, cross it out. Only use to front side of every page.

• In your answers, try to be as concise as possible: use equations, logical operators and sketches to
illustrate your thoughts whenever possible. Avoid the use of long sentences.

• Explicit error calculation is not required unless explicitly asked for. However, you are asked to give
an appropriate number of significant digits when stating numbers. Also, you should decide on
the appropriate number of data points or measurement repetitions unless specific instructions are
given.

• You may often be able to solve later parts of a problem without having solved the previous ones.

• You are not allowed to leave your working place without permission. If you need any assistance
(need to refill your drinking water bottle, broken calculator, need to visit a restroom, etc), please
draw the attention of a team guide by putting one of the three flags into the holder attached to
your cubicle ("Refill my water bottle, please", "I need to go to the toilet, please", or "I need help,
please" in all other cases).

At the end of the exam

• At the end of the examination you must stop writing immediately.

• For every problem, sort the corresponding sheets in the following order: cover sheet (C), questions
(Q), answer sheets (A), work sheets (W).

• Put all the sheets belonging to one problem into the same envelope. Also put the general instruc-
tions (G) into the remaining separate envelope. Make sure your student code is visible in the viewing
window of each envelope. Also hand in empty sheets. You are not allowed to take any sheets of
paper out of the examination area.
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• Put your writing equipment (2 ball point pens, 1 felt tip pen, 1 pencil, 1 pair of scissors, 1 ruler, 2
pairs of earplugs) as well as the provided calculator and your personal calculator (if applicable) back
into the transparent zip bag.

• Wait at your table until your envelopes are collected. Once all envelopes are collected your guide
will escort you out of the examination area. Take your writing equipment bag with you and hand it
in at the exit. Also take your water bottle with you.
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Topics

Experiment E-I: Electrical conductivity in two dimensions 10 marks
Experiment E-II: Jumping beads - A model for phase transitions and instabilities 10 marks

Experiments E-I and E-II share some of the same equipment. Among others, the same power supply and
signal generator are used for both experiments, but with different settings.

Attention: when unpacking the box, do not lift the loudspeaker assembly by the plastic cylinder attached
to the membrane.

Material used in both experiments

(1)

(2)(3)

(4)

(5)

(6)

Figure 1: Common material for both experiments.

1. Battery pack with USB cable

2. Adjustable signal generator powered by the battery pack

3. Small screwdriver

4. Ten cables with crocodile clips

5. Six cables with 4 mm plugs

6. Two digital multimeters

You may also use any of the supplied stationary items to conduct the practical tasks.
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Signal generator

(5) (6) (8) (7)

(4)

(3)

(2)
(1)

Figure 2.

1. USB connector for powering the signal generator

2. Loudspeaker terminals (only used in E-II)

3. Potentiometer for adjusting the constant voltage (only used in E-I)

4. Potentiometer for adjusting the speaker amplitude (only used in E-II)

5. DC voltage output socket (only used in E-I)

6. Monitor output socket for the loudspeaker drive amplitude (only used in E-II)

7. Common ground socket

8. Switch to turn the loudspeaker terminals and monitor output for the loudspeaker amplitude on
/ off

To power the signal generator, plug the battery pack using the USB cable to the USB connector of the
signal generator (1).

Note that several turns of the potentiometer are required to go from one end of the range to the other.
The potentiometers do not have mechanical stops at the end of their range.

Digital multimeters

The digital multimeters can be used for current and voltage measurements. Always connect the two
leads to the sockets labeled "VmAΩ" and "GND" and choose current/voltage and the measurement range
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by means of the selector.
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Electrical conductivity in two dimensions (10 points)
Please read the general instructions in the separate envelope before you start this problem.

Introduction

In the quest to develop next generation devices based on semi-conductor technology like computer chips
or solar cells, researchers are looking for materials which exhibit outstanding transport properties, e.g.
low electrical resistivity. Measurements of these properties are carried out using samples of finite size,
contacts with finite contact resistance and in a special geometry. These effects have to be taken into
account in order to extract the true material properties. Moreover, a thin film of the material may behave
differently than bulk material.

In this task, we will investigate the measurement of electrical properties. We will use two different defi-
nitions:

• Resistance �: The resistance is the electrical property of a sample or device. It is the quantity which
we actually measure on a specific sample with given dimensions.

• Resistivity �: The resistivity is the material property which determines the resistance. It depends
on the material itself and on external parameters like the temperature, but it does not depend on
the geometry of the sample.

In particular, we will measure the so-called sheet resistivity. This is the resistivity divided by the thickness
of the very thin sheet.

We will explore the influence of the following parameters on the measurement of the electrical resistance
of thin layers of material:

• the measurement circuitry,

• the measurement geometry,

• and the sample dimensions.

A sheet of conductive paper and a metal coated silicon wafer will serve as samples.
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List of materials

(1)

(2) (4) (5)(3)

Figure 1: Additional equipment for this experiment.

1. Graphite coated conductive paper

2. A silicon wafer coated with a thin chromium film (stored in a wafer holder)

3. Plexiglas plate with 8 spring-loaded pins

4. An ohmic resistor

5. Color stickers

Important precautions

• The silicon wafer provided can easily be broken if dropped or bent. Do not touch or scratch the
shiny metallic surface.

Instructions

• In the experiment, the signal generator will be used as a DC voltage source. In this mode, the signal
generator outputs a constant voltage between the voltage socket (5) and the GND socket (7). The
numbers refer to the photograph shown in the general instructions.

• The voltage (range: 0- 5 V) can be adjusted on the left potentiometer labeled adjust voltage (3) using
the screwdriver.

• When performing this experiment, make sure that the loudspeaker drive section of the signal gen-
erator is turned off using the toggle switch (8). This can be checked by measuring the voltage
between the speaker amplitude monitor socket (6) and the GND socket (7). If the loudspeaker drive
section is off, the voltage between these two terminals is zero.



Experiment
English (Official) Q1-3

Part A. Four-point-probe (4PP) measurements (1.2 points)
In order to measure the resistivity of a sample precisely, the contacts used for the voltage measurement
and the contacts used for current injection should be separated.

This technique is called four-point-probe technique (4PP). The four contacts are arranged into a symmet-
ric geometry that is as simple as possible: The current � flows into the sample through one of the outer
contacts (called source), then on all possible paths through the sample and out of the sample through
the other contact (drain). In between, the voltage � is measured over a certain path length � on the
sample.

Everything becomes quite simple if we have a symmetric setup, i.e. the same distance � between all
contacts and the contacts in the center of the sample as shown in following sketch:

V
+
_

Battery
I

R
contact

Sample

R
contact

s

s

s

The curve � versus � represents the � − � -characteristics of the sample and allows the resistance of
this sample segment to be determined. In the following we will only use the 4PP technique. To start,
we will use the linear equidistant arrangement of four out of the eight probes (contacts) shown in the
photograph.

Figure 2: Acrylic glass plate for 4PP measurements, with the four rubber feet and the eight
contacts or probes.

For the following measurement, use the whole sheet of conducting paper.
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Important hints for all following measurements:

• The long side of the sheet of paper is the reference side. The four probes should be aligned parallel
to this side.

• Be careful to use the coated side (black), not the brown back side of the paper! You may mark the
correct orientation with color stickers.

• Check that there are no holes or cuts in the paper.

• For these measurements, place the contacts as close to the center of the sample as possible.

• Press the contacts with enough force to ensure good contact for each of them. The plastic feet
should just touch the surface.

A.1 Four-point-probe (4PP) measurement: Measure the potential drop � over a seg-
ment of length � as function of current � passing through this segment. Take
in total at least 4 values, make a table and plot the voltage drop � versus the
current � in Graph A.1.

0.6pt

A.2 Determine the effective electrical resistance � = �� that you obtained from
Graph A.1.

0.2pt

A.3 Use Graph A.1 to determine the uncertainty Δ� on the resistance � for the 4PP
measurement.

0.4pt
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Part B. Sheet resistivity (0.3 points)
The resistivity � represents a material property, by means of which the resistance of a 3D conductor of
given dimensions and geometry is calculated. Here we consider a bar of dimensions length �, width �,
and thickness �:

l

w

t

ρ I

The electrical resistance � of the upper, thick conductor is given by:� = �3D = � ⋅ �� ⋅ � (1)

On the same basis we may define the resistance of the 2D conductor of thickness � ≪ � and � ≪ �
l

w

tρ☐

� = �2D = �□ ⋅ �� , (2)

using the sheet resistivity �□ ≡ �/� ("rho box"). Its unit is given in Ohms: [�□] = 1 Ω.

Important: Eq. 2 is only valid for a homogeneous current density and constant potential in the cross-
sectional plane of the conductor. In the case of point-like contacts on the surface this does not hold.
Instead one can show that the sheet resistivity is related to the resistance in that case by�□ = �

ln(2) ⋅ � (3)

for �, � ≫ �.
B.1 Calculate the sheet resistivity �□ of the paper from the 4PP measurement in

part A. We will call this particular value �∞ (and the measured resistance from
part A �∞) because the sample dimensions of the whole sheet are much larger
than the spacing of the contacts �: �, � ≫ �.

0.3pt
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Part C. Measurements for different sample dimensions (3.2 points)
Up to now, the finite sample dimensions � and � were not taken into account. If the sample becomes
smaller, it can carry less current if the voltage is kept constant: If we apply a voltage between the two
point contacts (white circles), current will flow on all possible, non-crossing paths through the sample
as visualized by the lines: the longer the line, the smaller the current as indicated by the line thickness.
For a small sample (b) and the same applied voltage, the total current decreases because there are less
possible pathways. Thus, the measured resistance will increase:

(a) (b)

The (sheet) resistivity will not change as function of sample size. Thus, in order to convert the measured
resistance into a resistivity using Eq. 3, we need to introduce a correction factor �(�/�):

�□ = �
ln(2) ⋅ �(�/�)�(�/�) . (4)

For a sample of length � ≫ � the factor � only depends on the ratio �/� and is larger than 1: �(�/�) ≥ 1.
For the sake of simplicity we will focus on the dependence on the width � and only ensure that the sample
is long enough for our measurements. We assume that the value approaches the correct result �□ for
large dimensions: �(�/�) = �∞ ⋅ �(�/�) with �(�/� → ∞) → 1.0. (5)

C.1 Using the 4PP-method, measure the resistance �(�, �) for 4 values �/� within
the range 0.3 to 5.0 and record your results in Table C.1. Ensure that the sample
length is larger than five times the probe spacing: � > 5� and that the length �
of the samples is always taken along the same (long) side of the sheet of paper.
For each value of �/� measure the voltage for 4 different current values and
calculate the average resistance �(�/�) out of the 4 measurements. Enter your
results in Table C.1.

3.0pt

C.2 Compute �(�/�) for each of these measurements. 0.2pt

Part D. Geometrical correction factor: scaling law (1.9 points)
You have seen in part C that the measured resistivity scales with the ratio of width to probe distance �/�.
Starting from the data acquired in part C we choose the following generic function to describe the data
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in the range of the measurements:

Generic fit function: �(�/�) = 1.0 + � ⋅ (�� )�
(6)

Note that for very large �/�, �(�/�) must be 1.0.

D.1 In order to fit a model curve using Eq. 6 and the data �(�/�), taken in part C,
choose the most appropriate graph paper (linear Graph D.1a, semi-logarithmic
Graph D.1b, or double-logarithmic Graph D1.c) to plot the data.

1.0pt

D.2 Deduce the parameters � and � from your fit. 0.9pt
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Part E. The silicon wafer and the van der Pauw-method (3.4 points)
In the semi-conductor industry, knowledge of the electrical (sheet) resistance of semi-conductors and
thin metal layers is very important because it determines the properties of devices. In the following you
will work with the silicon wafer. The semi-conducting wafer is coated with a very thin layer of chromium
metal (on the shiny side).

Open the wafer container (rotate in the sense of the arrow RELEASE) and take the wafer out. Be careful
not to drop or to break it nor to scratch or touch the shiny surface. For the measurements place it on the
table with the shiny side point up towards you.

E.1 Use the same 4PP setup as previously to measure the voltage � as function of
current � .
Write down the reference number of your wafer in the Answer Sheet. You find
this number on the plastic wafer holder.

0.4pt

E.2 Plot the data in Graph E.2 and determine the resistance �4PP. 0.4pt

E.3 In order to determine the correction for a circular sample like the wafer, we will
approximate the effective width � of the sample by the diameter � = 100 mm of
the wafer. Under this assumption calculate the ratio �/�. Use the fit function in
Eqn. 6 and your parameters � and � to determine the correction factor �(�/�)
for the wafer measurement.

0.2pt

E.4 Calculate the sheet resistivity �□ of the chromium layer using Eq. 4. 0.1pt

In order to measure the sheet resistivity precisely without need for geometrical corrections, Philips en-
gineer L.J. van der Pauw developed a simple measurement scheme: The four probes are mounted at
the circumference of a sample of arbitrary shape as shown in the figure (numbered 1 through 4). The
current flows through two adjacent probes, e.g. probes 1 and 2, and the voltage is measured between
probes 3 and 4. This yields a resistance value ��,� = �21,34.

V
34

+
_Battery

Sample

I
21

1 2

4 3

For symmetry reasons �21,34 = �34,21 and �14,23 = �23,14. Van der Pauw showed that for an arbitrary but
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simply connected shape (no holes) of the sample and point-like contacts the following equation holds:�−��21,34/�□ + �−��14,23/�□ ≡ 1. (7)

Figure 3: 4PP device on the metal coated silicon wafer. Note the cut on the right-hand-side of
the circular wafer. This cut is called flat.

Connect the four spring contacts such that the measurement probes form a square. Connect two adja-
cent contacts to the current source with the amperemeter, and connect the two remaining spring con-
tacts with the voltmeter. Rotate the square until one of its edges is parallel to the flat of the wafer.

E.5 Sketch the orientation of the current carrying contacts and the orientation of
the flat of the wafer. Measure the voltage � for at least in total 6 different
values of current � , roughly equally spaced. Enter the results into Table E.5.

0.6pt

E.6 Repeat the procedure arranging the current carrying contacts perpendicular to
those used in the first step. Enter the results into Table E.6.

0.6pt

E.7 Plot all the data together in a single graph Graph E.7 using different colors
and/or symbols. Determine the mean value ⟨�⟩ from the two curves.

0.5pt

E.8 Replacing all resistances �ֆև,ֈ։ by ⟨�⟩, solve Eqn. 7 for �□ and calculate the
sheet resistivity �□ of the chromium layer.

0.4pt

E.9 Compare the result of the measurement taken with the linear arrangement (E.4)
and the result of the van der Pauw method (E.8). Give the difference of the two
measurements as relative error in percent.

0.1pt

E.10 The chromium (Cr) layers have a nominal thickness of 8 nm. Use this value and
the final results of the van der Pauw method to calculate the resistivity of Cr
using Eqns. 1 and 2.

0.1pt
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Problem 1: Electrical conductivity in two dimensions (10
points)

 

Write the numbers from 0 to 9 in the following table:

0 1 2 3 4 5 6 7 8 9

Part A. Four-point-probe (4PP) measurements (1.2 points)

A.1 (0.6 pt)
 � =
  � � � �

Plot your data into Graph A.1.
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Graph A.1: � vs. �

A.2 (0.2 pt)
 
 � =
 
 

A.3 (0.4 pt)
 
 Δ� =
 
 

Part B. Sheet resistivity (0.3 points)

B.1 (0.3 pt)
 
 �□ ≡ �∞ =
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Part C. Measurements for different sample dimensions (3.2 points)

C.1 (3 pt)
 � =
 
 �∞ =
 
 
The empty columns can be used for intermediate results.�/� �̂

C.2 (0.2 pt)
Use Table C.1 for your results.
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Part D. Geometrical correction factor (1.9 points)

D.1 (1.0 pt)
Plot your data on the appropriate graph paper: linear (Graph D.1a), semi-logarithmic (D.1b) or
double-logarithmic (D.1c) on the following pages.

D.2 (0.9 pt)
 
 � =
 
 
 
 � =
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Graph D.1a: linear scale:
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Graph D.1b: semi-log scale:
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Graph D1c: double-log scale:
 

1
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Part E. The silicon wafer and the van der Pauw-method (3.4 points)
 

Note the number of your wafer here:

 

E.1 (0.4 pt)

� � � �

E.2 (0.4 pt)
 
Graph E.2: � vs �

 
 �4PP =
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E.3 (0.2 pt)
 � = → �/� = �(�/�) =
 
 

E.4 (0.1 pt)
 
 �□(4PP)
 
 

E.5 (0.6 pt)

 
Sketch (orientation of the current): � �
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E.6 (0.6 pt)

 
Sketch (orientation of the current): � �
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E.7 (0.5 pt)
 
Graph E.7: � vs. �

 
 ⟨�⟩ =
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E.8 (0.4 pt)
Calculation:
 
 
 
 
 
 
 
 
 �□(vdP) =
 
 

E.9 (0.1 pt)
 
  ∆�□�□(vdP) = = %
 
 

E.10 (0.1 pt)
 
Resistivity of the Cr thin film � =
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Jumping beads - A model for phase transitions and instabili-
ties (10 points)
Please read the general instructions in the separate envelope before you start this problem.

Introduction

Phase transitions are well known from every day life, e.g. water takes different states like solid, liquid
and gaseous. These different states are separated by phase transitions, where the collective behaviour
of the molecules in the material changes. Such a phase transition is always associated with a transition
temperature, where the state changes, i.e. the freezing and boiling temperatures of water in the above
examples.

Phase transitions are however even more wide-spread and also occur in other systems, such as mag-
nets or superconductors, where below a transition temperature the macroscopic state changes from a
paramagnet to a ferromagnet and a normal conductor to a superconductor, respectively.

All of these transitions can be described in a common framework when introducing a so-called order-
parameter. For instance, in magnetism the order parameter is associated with the alignment of the
magnetic moments of the atoms with a macroscopic magnetisation.

In the so-called continuous phase transitions, the order parameter will always be zero above the critical
temperature and then grow continuously below it, as shown in the schematic for a magnet in figure 1
below. The transition temperature of a continuous phase transition is called the critical temperature.
The figure also contains a schematic representation of the microscopic order or disorder in the case
of a magnet, where the individual magnetic moments align in the ferromagnetic state to give rise to a
macroscopic magnetization, whereas they are randomly oriented in the paramagnetic phase yielding a
macroscopic magnetization of zero.

TTcrit

M

Figure 1: Schematic representation of the temperature dependence of an order parameter�
at a phase transition. Below the critical temperature �crit, the order parameter grows and is
non-zero, whereas it is equal to zero at temperatures above �crit.

For continuous phase transitions, one generally finds that the order parameter close to a transition fol-
lows a power-law, e.g. in magnetism the magnetization � below the critical temperature, �crit, is given
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by:

� { ∼ (�crit − � )�, � < �crit= 0, � > �crit (1)

where � is temperature. What is even more stunning is that this behaviour is universal: the exponent of
this power-law is the same for many different kinds of phase transition.

Task

We will study a simple example where some of the features of continuous phase transitions can be in-
vestigated, such as how an instability leads to the collective behaviour of the particles and thus to the
phase transition as well as how the macroscopic change depends on an excitation of the particles.

In common phase transitions this excitation is usually driven by temperature. In our example, the ex-
citation consists of the kinetic energy of the particles accelerated by the loudspeaker. The macroscopic
change corresponding to the phase transition that we study here consists of the sorting of beads into
one half of a cylinder, which is separated by a small wall.

Increasing the amplitude from where particles have sorted into one half of the cylinder, you will find that
eventually the particles distribute equally between the two halves. This corresponds to having heated
past the critical temperature.

Your objective is to determine the critical exponent for the model phase transition studied here.

List of material

(1)

(3)

(2)

(4)

Figure 2: Additional equipment for this experiment.
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1. Loudspeaker assembly with plastic cylinder mounted on top

2. About 100 poppy seeds (in a plastic container)

3. A glove

4. Sticky tape

Important precautions

• Do not apply an excessive lateral force to the plastic cylinder mounted on the loudspeaker. Note
that no replacements will be provided in case of torn loudspeaker membranes or torn off plastic
cylinder.

• Turn off the loudspeaker assembly whenever not in use, in order to avoid unnecessary drain of the
battery.

• In this experiment, a 4 Hz saw-tooth signal is output on the loudspeaker terminals located at the
side of the signal generator.

• The amplitude of the saw-tooth signal can be adjusted using the right potentiometer labeled
speaker amplitude (4). A DC voltage proportional to the signal amplitude is output on the speaker
amplitude monitor socket (6) (with respect to the GND socket (7)). The numbers refer to the
photograph (Figure 2) shown in the general instructions.

• The speaker membrane is delicate. Make sure that you do not apply unnecessary pressure on it by
any means either vertically or laterally.
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Part A. Critical excitation amplitude (3.3 points)
Before you start the actual tasks of this problem, wire up the loudspeaker to the terminals on the side
of the signal generator (make sure you use the correct polarity). Put some (e.g. 50) poppy seeds into the
cylinder mounted on the loudspeaker and use a piece cut from the glove provided to close the cylinder at
the top in order to keep the poppy seeds in the cylinder. Switch on the excitation using the toggle switch
and adjust the amplitude by turning the right potentiometer labeled speaker amplitude (4) by means of
the screwdriver provided. Observe the sorting of the beads by testing different amplitudes.

The first task is to determine the critical excitation amplitude of this transition. In order to do this, you
have to determine the number of beads �1 and �2 in the two compartments (choosing the compartment
labels such that �1 ≤ �2) as a function of the displayed amplitude ��, which is the voltage measured at
the speaker amplitude socket (6). This voltage is proportional to the amplitude of the saw-tooth waveform
driving the loudspeaker. Make at least 5 measurements per voltage.

Hint:

• In order to always have a motion in the particles you study, only investigate amplitudes correspond-
ing to speaker amplitude voltages exceeding 0.7 V. Start with watching the behaviour of the system
just by varying the voltage slowly without any counting of he beads. It can be that some of the
beads stick to the ground due to electrostatic reasons. Don't count these beads.

A.1 Record your measurements of the number of particles �1 and �2 in each half
of the container for various amplitudes �� in Table A.1.

1.2pt

A.2 Calculate the standard deviation of your measurements of �1 and �2 and list
your results in Table A.1. Plot �1 and �2 as a function of the displayed ampli-
tude �� in Graph A.2, including their uncertainties.

1.1pt

A.3 Based on your graph, determine the critical displayed amplitude ��,crit at which�1 = �2, after waiting until a stationary state is reached.
1pt

Part B. Calibration (3.2 points)
The displayed amplitude ��, corresponds to a voltage applied to the loudspeaker. However, the physi-
cally interesting quantity is the maximum displacement � of the oscillation of the loudspeaker, since this
relates to how strongly the beads are excited. Therefore, you need to calibrate the displayed amplitude.
For this purpose, you can use any of the provided material and tools.

B.1 Sketch the setup you use to measure the excitation amplitude, i.e. the maxi-
mum travel distance � (in mm) of the loudspeaker in one period of oscillation.

0.5pt

B.2 Determine the amplitude � in mm for a suitable number of points, i.e. record
the amplitude � as a function of displayed amplitude �� in Table B.2 and indi-
cate the uncertainties of your measurements.

0.8pt

B.3 Plot your data in Graph B.3, including the uncertainties. 1.0pt
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B.4 Determine the parameters of the resulting curve, using an appropriate fit to
determine the calibration function �(��). 0.8pt

B.5 Determine the critical excitation amplitude �crit of the poppy seeds. 0.1pt

Part C. Critical exponent (3.5 points)
In our system, the temperature corresponds to the input kinetic energy of the excitation. This energy is
proportional to the speed squared of the loudspeaker, i.e. to �2 = �2�2, where � is the frequency of the
oscillation. We will now test this dependence and determine the exponent � of the power-law governing
the behavior of the order parameter (see Eq. 1).

C.1 The imbalance ∣ �1−�2�1+�2 ∣ is a good candidate for an order parameter for our sys-
tem in that it is zero above the critical amplitude and equal to 1 at low excitation.
Determine this order parameter as a function of the amplitude �. Record your
results in the Table C.1.

1.1pt

C.2 Plot the imbalance ∣ �1−�2�1+�2 ∣ as a function of ∣�2crit − �2∣, inGraph C.2, where both
axes have logarithmic scales (double-logarithmic plot). You can use the Table
C.1 for your calculations. The points on the plot may seem not to obey a linear
relation, but a linear regression should be made nevertheless, to match the
critical exponent formula.

1pt

C.3 Determine the exponent � and estimate the error. 1.4pt
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Jumping Beads (10 points)

Part A. Critical excitation amplitude (3.3 points)

A.1 (1.2 pt)�� �1 �2
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A.2 (1.1 pt)
Graph A.2: �1, �2 vs. ��

A.3 (1.0 pt)
 ��, crit. =
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Part B. Calibration (3.2 points)

B.1 (0.5 pt)
Sketch of the setup:



Experiment
English (Official) A2-4

B.2 (0.8 pt)
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B.3 (1.0 pt)
Graph B.3: � vs. ��
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B.4 (0.8 pt)
Function �(��):
 
 
Parameters of the curve:
 
 
 
 
 

B.5 (0.1 pt)
 �crit. =
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Part C. Critical exponent (3.5 points)

C.1 (1.1 pt)

C.2 (1.0 pt)
Plot �1−�2�1+�2 vs. ∣�2 − �2� ∣ in either Graph C.2a or Graph C.2b.
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Graph C.2a double logarithmic paper
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Graph C.2b linear paper
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C.3 (1.4 pt)� =
 
 
 
 Δ� =
 
 
 
 



Problem 1 : Electrical conductivity in two dimensions - Answer Sheet (10 points)

Part A. Four-point-probe (4PP) measurements (1.2 points)

A1 (0.6 pts)

s = 2 cm

I (µA) V (mV) I (µA) V (mV)

251 276 -148 -162

516 566 -256 -281

388 426 -363 -398

147 161 -507 -557

Plot your data in the graph B1

Graph B1: I vs V

-600
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-200

0
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400

600
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C
u

rr
e

n
t 
(µ

A
)

-600 -400 -200 0 200 400 600

V - Voltage (mV)

A2 (0.2 pts)

R = 1.08 kΩ

A3 (0.4 pts)

∆R = ±1 Ω

1



Part B. Sheet resistivity (0.3 points)

B1 (0.3 pts)

ρ� ≡ ρ∞ = 4.89 kΩ

2



Part C. Measurements for different sample dimensions (3.2 points)

C1 (3 pts) and C2 (0.2 pts)

s = 20 mm

ρ∞ = 4.89 kΩ

w/s I (µA) V (mV) R(w/s) (kΩ) Raverage (kΩ) R̂

0.3 92 1477 16.1 15.9 14.7

0.3 74 1184 16

0.3 57 914 16

0.3 41 651 15.9

0.3 23 358 15.6

0.5 154 1306 8.5 8.5 7.8

0.5 127 1079 8.5

0.5 97 824 8.5

0.5 67 567 8.5

0.5 38 321 8.4

1 233 1071 4.6 4.6 4.3

1 174 799 4.6

1 135 621 4.6

1 101 465 4.6

1 59 271 4.6

2.5 389 749 1.9 1.9 1.8

2.5 319 635 2

2.5 237 457 1.9

2.5 151 291 1.9

2.5 74 143 1.9

5 467 648 1.4 1.4 1.3

5 419 577 1.4

5 363 499 1.4

5 289 398 1.4

5 185 254 1.4

3



Part D. Geometrical correction factor (1.9 points)

D1 (1.0 pts)

Plot your data on the appropriate graph paper: linear (Graph E1a), semi-logarithmic (D1b) or double-logarithmic
(D1c) on the following pages.

D2 (0.9 pts)

a = 2.7

b = −1.4

4



Graph D1a: linear scale: I vs V

Wrong. The usage of linear scale does not allow for deduction of the parameters.
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Graph D1b: semi-log scale: I vs V

Wrong. The usage of semi-log scale does not allow for deduction of the parameters.
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Graph D1c: double-log scale: I vs V

Correct. The parameters can be deduced by fitting a line.
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Part E. van der Pauw-method (3.4 points)

Note the number of your wafer here: 99 (between 1 - 450)

E1 (0.4 pts)

I (mA) V (mV) I (mA) V (mV)

0.98 50 2.94 150

1.46 75 3.42 175

1.96 100 3.92 200

2.43 125 4.38 224

E2 (0.4 pts)

Graph F2: I vs V
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0.200.150.100.05

Voltage (V)

R4PP = 51.1Ω

E3 (0.2 pts)

w = 10 cm → w/s = 5 f(w/s) = 1.284

E4 (0.1 pts)

ρ� = 180 Ω

8



E5 (0.6 pts)

Sketch (orientation of the current):

+I

V

-I V

V mV I mA

140 3.71

120 3.18

100 2.66

80 2.12

60 1.58

40 1.06

20 0.53

-20 -0.54

-40 -1.06

-60 -1.61

-80 -2.13

-100 -2.68

-120 -3.2

-136 -3.62

E6 (0.6 pts)

Sketch (orientation of the current):

-I

V

+I V

I V

140 3.92

120 3.35

100 2.8

80 2.23

60 1.67

40 1.11

20 0.54

-20 -0.59

-40 -1.16

-60 -1.72

-80 -2.29

-100 -2.86

-120 -3.42

-140 -3.95

9



E7 (0.5 pts)

Graph F6: I vs V

-4

-2

0

2

4

C
u

rr
e

n
t 
(1

0
-3

A
)

0.150.100.050.00-0.05-0.10

Voltage (V)

 F4
 F5
 best fit

〈R〉 = 36.5 Ω

10



E8 (0.4 pts) Calculation:

2 · e−π·〈R〉/ρ� = 1 e−π·〈R〉/ρ� = 1/2

−
π · 〈R〉

ρ�
= ln(1/2)

π · 〈R〉

ρ�
= ln(2)

ρ� =
π · 〈R〉

ln(2)

ρ� = 165 Ω

E9 (0.1 pts)

∆ρ�
ρ�

= 0.091 = 9.1 %

E10 (0.1 pts)

Resistivity of the Cr thin film ρ = 1.32 · 10−6 Ω · m

11



Problem 2 : Solution – Jumping Beads - a model for phase transitions and instabilities (10 points)

Part A. Critical driving amplitude (3.3 points)

A1 (1.2 pts)
Total number of seeds: N0 = 50.
Number of readings: n = 6.

AD, [V] N1 N̄1 =
1
n
Σn
i=1N

i
1 N̄2 = N0 − N̄1 σ =

q

Σn

i=1
(Ni−N̄)2

n−1 SE = σ
√

n

1.00 1 5 2 1 2 2 2.2 47.8 1.5 0.6

1.05 1 0 2 3 1 2 1.5 48.5 1.1 0.5

1.10 4 4 1 7 3 5 4.0 46.0 2.0 0.8

1.15 26 5 18 7 18 7 13.5 36.5 8.4 3.4

1.20 13 16 27 12 17 13 16.4 33.7 5.6 2.3

1.25 26 28 22 22 14 23 22.5 27.5 4.8 2.0

1.30 27 24 8 22 22 21 20.7 29.3 6.6 2.7

1.40 22 18 17 23 23 25 21.4 28.7 3.2 1.3

1.50 19 27 27 24 19 21 22.8 27.2 3.7 1.5

1.60 27 15 23 23 23 30 23.5 26.5 5.1 2.1

Plot the data in the graph A2.

A2 (1.1 pts)

Error bars represent either standard deviation (σ) or standard error (SE).

A3 (1.0 pts)
AD,crit = (1.25± 0.05) V

1



Part B. Calibration (3.2 points)

B1 (0.5 pts)

B2 (0.8 pts)

AD [V] 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1

A [mm] 1.0 1.5 2.0 2.2 2.6 3.0 3.2 3.4 4.0 4.1 4.2 4.5 4.8 5.0 5.0 5.1 5.1 5.2 5.2

Instrumental error ±0.5 mm.

B3 (1.0 pts)

B4 (0.8 pts)
A = k0 + k1 ×AD,
where:
k0 = 0.2 [mm], k1 = 3.1 [mm/V]

B5 (0.1 pts)
Acrit = (4.4± 0.1) mm

2



Part C. Critical exponent (3.5 points)

C1 (1.1 pts)

AD, [V] A, [mm] |N1−N2

N1+N2
| |A2 −A2

0|

1.00 3.5 0.91 6.8

1.05 3.6 0.94 5.7

1.10 3.8 0.84 4.6

1.15 3.9 0.46 3.5

1.20 4.1 0.35 2.2

1.25 4.2 0.10 1.0

1.30 4.4 0.17 0.3

1.40 4.7 0.15

1.50 5.0 0.09

1.60 5.3 0.06

Plot the data in the graph C2.

C2 (1.0 pts)

C3 (1.4 pts)
y = a · xb, where x = |A2 −A2

0|, y = |N1−N2

N1+N2
|.

Critical exponent b = 0.6± 0.2.

3
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General instructions: Theoretical Examination (30 points)
July 14, 2016

The theoretical examination lasts for 5 hours and is worth a total of 30 points.

Before the exam

• You must not open the envelopes containing the problems before the sound signal indicating the
beginning of the examination.

• The beginning and end of the examination will be indicated by a sound signal. There will be an-
nouncements every hour indicating the elapsed time, as well as fifteen minutes before the end of
the examination (before the final sound signal).

During the exam

• Dedicated answer sheets are provided for writing your answers. Enter the final answers into the
appropriate boxes in the corresponding answer sheet (marked A). For every problem, there are
extra blank work sheets for carrying out detailed work (marked W). Always use the work sheets that
belong to the problem you are currently working on (check the problem number in the header). If
you have written something on any sheet which you do not want to be graded, cross it out. Only
use the front side of every page.

• In your answers, try to be as concise as possible: use equations, logical operators and sketches to
illustrate your thoughts whenever possible. Avoid the use of long sentences.

• Please give an appropriate number of significant digits when stating numbers.

• You may often be able to solve later parts of a problem without having solved the previous ones.

• A list of physical constants is given on the next page.

• You are not allowed to leave your working place without permission. If you need any assistance
(need to refill your drinking water bottle, broken calculator, need to visit a restroom, etc), please
draw the attention of a team guide by putting one of the three flags into the holder attached to
your cubicle ("Refill my water bottle, please", "I need to go to the toilet, please", or "I need help,
please" in all other cases).

At the end of the exam

• At the end of the examination you must stop writing immediately.

• For every problem, sort the corresponding sheets in the following order: cover sheet (C), questions
(Q), answer sheets (A), work sheets (W).

• Put all the sheets belonging to one problem into the same envelope. Also put the general instruc-
tions (G) into the remaining separate envelope. Make sure your student code is visible in the viewing
window of each envelope. Also hand in empty sheets. You are not allowed to take any sheets of
paper out of the examination area.

• Leave the blue calculator provided by the organizers on the table.
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• Take the writing equipment (2 ball point pens, 1 felt tip pen, 1 pencil, 1 pair of scissors, 1 ruler,
2 pairs of earplugs) as well your personal calculator (if applicable) with you. Also take your water
bottle with you.

• Wait at your table until your envelopes are collected. Once all envelopes are collected your guide
will escort you out of the examination area.
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General Data Sheet

Speed of light in vacuum � = 299 792 458 m ⋅ s−1
Vacuum permeability (magnetic constant) �0 = 4� × 10−7 kg ⋅ m ⋅ A−2 ⋅ s−2
Vacuum permittivity (electrical constant) �0 = 8.854 187 817 × 10−12 A2 ⋅ s4 ⋅ kg−1 ⋅ m−3
Elementary charge � = 1.602 176 620 8(98) × 10−19 A ⋅ s
Mass of the electron �e = 9.109 383 56(11) × 10−31 kg= 0.510 998 946 1(31) MeVc2
Mass of the proton �p = 1.672 621 898(21) × 10−27 kg= 938.272 081 3(58) MeVc2
Mass of the neutron �n = 1.674 927 471(21) × 10−27 kg= 939.565 413 3(58) MeVc2
Unified atomic mass unit � = 1.660 539 040(20) × 10−27 kg
Rydberg constant �∞ = 10 973 731.568 508(65) m−1
Universal constant of gravitation � = 6.674 08(31) × 10−11 m3 ⋅ kg−1 ⋅ s−2
Acceleration due to gravity (in Zurich) � = 9.81 m ⋅ s−2
Planck’s constant ℎ = 6.626 070 040 (81) × 10−34 kg ⋅ m2 ⋅ s−1
Avogadro number �A = 6.022 140 857 (74) × 1023 mol−1
Molar gas constant � = 8.314 4598(48) kg ⋅ m2 ⋅ s−2 ⋅ mol−1 ⋅ K−1
Molar mass constant �u = 1 × 10−3 kg ⋅ mol−1
Boltzmann constant �B = 1.380 648 52(79) × 10−23 kg ⋅ m2 ⋅ s−2 ⋅ K−1
Stefan-Boltzmann constant � = 5.670 367 (13) × 10−8 kg ⋅ s−3 ⋅ K−4
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Two Problems in Mechanics (10 points)
Please read the general instructions in the separate envelope before you start this problem.

Part A. The Hidden Disk (3.5 points)
We consider a solid wooden cylinder of radius �1 and thickness ℎ1. Somewhere inside the wooden cylin-
der, the wood has been replaced by a metal disk of radius �2 and thickness ℎ2. The metal disk is placed
in such a way that its symmetry axis � is parallel to the symmetry axis Ԉ of the wooden cylinder, and
is placed at the same distance from the top and bottom face of the wooden cylinder. We denote the
distance between Ԉ and � by �. The density of wood is �1, the density of the metal is �2 > �1. The total
mass of the wooden cylinder and the metal disk inside is � .

In this task, we place the wooden cylinder on the ground so that it can freely roll to the left and right.
See Fig. 1 for a side view and a view from the top of the setup.

The goal of this task is to determine the size and the position of the metal disk.

In what follows, when asked to express the result in terms of known quantities, you may always assume
that the following are known: �1, ℎ1, �1, �2, � . (1)

The goal is to determine �2, ℎ2 and �, through indirect measurements.

S

B
r1

d r2

S B

r1

h1

r2

h2

a) b)

Figure 1: a) side view b) view from above

We denote � as the distance between the centre of mass � of the whole system and the symmetry axisԈ of the wooden cylinder. In order to determine this distance, we design the following experiment: We
place the wooden cylinder on a horizontal base in such a way that it is in a stable equilibrium. Let us now
slowly incline the base by an angle Θ (see Fig. 2). As a result of the static friction, the wooden cylinder
can roll freely without sliding. It will roll down the incline a little bit, but then come to rest in a stable
equilibrium after rotating by an angle � which we measure.
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S

ϕ

Θ

Figure 2: Cylinder on an inclined base.

A.1 Find an expression for � as a function of the quantities (1), the angle � and the
tilting angle Θ of the base.

0.8pt

From now on, we can assume that the value of � is known.

S

φ

Figure 3: Suspended system.

Next we want to measure the moment of inertia �� of the system with respect to the symmetry axis Ԉ.
To this end, we suspend the wooden cylinder at its symmetry axis from a rigid rod. We then turn it away
from its equilibrium position by a small angle �, and let it go. See figure 3 for the setup. We find that �
describes a periodic motion with period ԉ .
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A.2 Find the equation of motion for �. Express the moment of inertia �� of the
system around its symmetry axis Ԉ in terms of ԉ , � and the known quantities
(1). You may assume that we are only disturbing the equilibrium position by a
small amount so that � is always very small.

0.5pt

From the measurements in questions A.1 and A.2, we now want to determine the geometry and the
position of the metal disk inside the wooden cylinder.

A.3 Find an expression for the distance � as a function of � and the quantities (1).
You may also include �2 and ℎ2 as variables in your expression, as they will be
calculated in subtask A.5.

0.4pt

A.4 Find an expression for the moment of inertia �� in terms of � and the known
quantities (1). You may also include �2 and ℎ2 as variables in your expression,
as they will be calculated in subtask A.5.

0.7pt

A.5 Using all the above results, write down an expression for ℎ2 and �2 in terms of�, ԉ and the known quantities (1). You may express ℎ2 as a function of �2.
1.1pt

Part B. Rotating Space Station (6.5 points)
Alice is an astronaut living on a space station. The space station is a gigantic wheel of radius ԇ rotating
around its axis, thereby providing artificial gravity for the astronauts. The astronauts live on the inner
side of the rim of the wheel. The gravitational attraction of the space station and the curvature of the
floor can be ignored.

B.1 At what angular frequency ��� does the space station rotate so that the astro-
nauts experience the same gravity �� as on the Earth's surface?

0.5pt

Alice and her astronaut friend Bob have an argument. Bob does not believe that they are in fact living
in a space station and claims that they are on Earth. Alice wants to prove to Bob that they are living on
a rotating space station by using physics. To this end, she attaches a mass � to a spring with spring
constant � and lets it oscillate. The mass oscillates only in the vertical direction, and cannot move in the
horizontal direction.

B.2 Assuming that on Earth gravity is constant with acceleration ��, what would be
the angular oscillation frequency �� that a person on Earth would measure?

0.2pt

B.3 What angular oscillation frequency � does Alice measure on the space station? 0.6pt

Alice is convinced that her experiment proves that they are on a rotating space station. Bob remains
sceptical. He claims that when taking into account the change in gravity above the surface of the Earth,
one finds a similar effect. In the following tasks we investigate whether Bob is right.
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R
ωss

Figure 4: Space station

B.4 Derive an expression of the gravity ���ℎ) for small heights ℎ above the surface
of the Earth and compute the oscillation frequency �̃� of the oscillating mass
(linear approximation is enough). Denote the radius of the Earth by ԇ�. Neglect
the rotation of Earth.

0.8pt

Indeed, for this space station, Alice does find that the spring pendulum oscillates with the frequency that
Bob predicted.

B.5 For what radius ԇ of the space station does the oscillation frequency � match
the oscillation frequency �̃� on the Earth? Express your answer in terms of ԇ�.

0.3pt

Exasperated with Bob's stubbornness, Alice comes up with an experiment to prove her point. To this end
she climbs on a tower of height � over the floor of the space station and drops a mass. This experiment
can be understood in the rotating reference frame as well as in an inertial reference frame.

In a uniformly rotating reference frame, the astronauts perceive a fictitious force ⃗�� called the Coriolis
force. The force ⃗�� acting on an object of mass � moving at velocity ⃗� in a rotating frame with constant
angular frequency �⃗�� is given by ⃗�� = 2� ⃗� × �⃗�� . (2)

In terms of the scalar quantities you may use�� = 2����� sin � , (3)

where � is the angle between the velocity and the axis of rotation. The force is perpendicular to both the
velocity � and the axis of rotation. The sign of the force can be determined from the right-hand rule, but
in what follows you may choose it freely.
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B.6 Calculate the horizontal velocity �� and the horizontal displacement �� (relative
to the base of the tower, in the direction perpendicular to the tower) of the
mass at the moment it hits the floor. You may assume that the height � of
the tower is small, so that the acceleration as measured by the astronauts is
constant during the fall. Also, you may assume that �� ≪ �.

1.1pt

To get a good result, Alice decides to conduct this experiment from a much taller tower than before. To
her surprise, the mass hits the floor at the base of the tower, so that �� = 0.

B.7 Find a lower bound for the height of the tower for which it can happen that�� = 0.
1.3pt

Alice is willing to make one last attempt at convincing Bob. She wants to use her spring oscillator to show
the effect of the Coriolis force. To this end she changes the original setup: She attaches her spring to
a ring which can slide freely on a horizontal rod in the � direction without any friction. The spring itself
oscillates in the � direction. The rod is parallel to the floor and perpendicular to the axis of rotation of
the space station. The �� plane is thus perpendicular to the axis of rotation, with the � direction pointing
straight towards the center of rotation of the station.

y = 0

d

Figure 5: Setup.

B.8 Alice pulls the mass a distance � downwards from the equilibrium point � = 0,� = 0, and then lets it go (see figure 5).
• Give an algebraic expression of ���) and ���). You may assume that ���� is

small, and neglect the Coriolis force for motion along the �-axis.
• Sketch the trajectory ����), ���)), marking all important features such as

amplitude.

1.7pt



Theory
English (Official) Q1-6

Alice and Bob continue to argue.
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Two Problems in Mechanics (10 points)

Part A. The Hidden Disk (3.5 points)

A.1 (0.8 pt)
 
 � =
 
 

A.2 (0.5 pt)
 
 
Equation of motion for � ∶
 
 �� =
 
 

A.3 (0.4 pt)
 
 � =
 
 

A.4 (0.7 pt)
 
 �� =
 
 

A.5 (1.1 pt)
 
 ℎ2 =
 
 �2 =
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Part B. Rotating Space Station (6.5 points)

B.1 (0.5 pt)
 
 ��� =
 
 

B.2 (0.2 pt)
 
 �� =
 
 

B.3 (0.6 pt)
 
 � =
 
 

B.4 (0.8 pt)
 
 ��(ℎ) =
 
 �̃� =
 
 

B.5 (0.3 pt)
 
 � =
 
 

B.6 (1.1 pt)
 
 �� =
 
 �� =
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B.7 (1.3 pt)
 
 � ≥
 
 

B.8 (1.7 pt)
 
 �(�) =
 
 �(�) =
 
 

x

y

-d
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Nonlinear Dynamics in Electric Circuits (10 points)
Please read the general instructions in the separate envelope before you start this problem.

Introduction

Bistable non-linear semiconducting elements (e.g. thyristors) are widely used in electronics as switches
and generators of electromagnetic oscillations. The primary field of applications of thyristors is con-
trolling alternating currents in power electronics, for instance rectification of AC current to DC at the
megawatt scale. Bistable elements may also serve as model systems for self-organization phenomena
in physics (this topic is covered in part B of the problem), biology (see part C) and other fields of modern
nonlinear science.

Goals

To study instabilities and nontrivial dynamics of circuits including elements with non-linear � − ԋ charac-
teristics. To discover possible applications of such circuits in engineering and in modeling of biological
systems.

Part A. Stationary states and instabilities (3 points)
Fig. 1 shows the so-called S-shaped � − ԋ characteristics of a non-linear element �. In the voltage
range between Ԋh = 4.00 V (the holding voltage) and Ԋth = 10.0 V (the threshold voltage) this � − ԋ
characteristics is multivalued. For simplicity, the graph on Fig. 1 is chosen to be piece-wise linear (each
branch is a segment of a straight line). In particular, the line in the upper branch touches the origin if it
is extended. This approximation gives a good description of real thyristors.

0 1 2 3 4 5 6 7 8 9 10

U [V]

0

1

2

3

4

5

6

7

8

9

10

Uh

Uth

I [A]

Figure 1: � − ԋ characteristics of the non-linear element �.
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A.1 Using the graph, determine the resistance �on of the element � on the upper
branch of the � − ԋ characteristics, and �off on the lower branch, respectively.
The middle branch is described by the equation� = �0 − Ԋ�int . (1)

Find the values of the parameters �0 and �int.

0.4pt

The element � is connected in series (see Fig.2) with a resistor �, an inductor � and an ideal voltage
source ℰ. One says that the circuit is in a stationary state if the current is constant in time, ���� = const.

ℰ

R L

Figure 2: Circuit with element �, resistor �, inductor � and voltage source ℰ.

A.2 What are the possible numbers of stationary states that the circuit of Fig. 2 may
have for a fixed value of ℰ and for � = 3.00 Ω? How does the answer change for� = 1.00 Ω?

1pt

A.3 Let � = 3.00 Ω, � = 1.00 �H and ℰ = 15.0 V in the circuit shown in Fig. 2.
Determine the values of the current �stationary and the voltage ԋstationary on the
non-linear element � in the stationary state.

0.6pt

The circuit in Fig. 2 is in the stationary state with ���� = �stationary. This stationary state is said to be
stable if after a small displacement (increase or decrease in the current), the current returns towards the
stationary state. And if the system keeps moving away from the stationary state, it is said to be unstable.

A.4 Use numerical values of the question A.3 and study the stability of the stationary
state with ���� = �stationary. Is it stable or unstable?

1pt

Part B. Bistable non-linear elements in physics: radio transmitter (5 points)
We now investigate a new circuit configuration (see Fig. 3). This time, the non-linear element � is con-
nected in parallel to a capacitor of capacitance � = 1.00 �F. This block is then connected in series to a
resistor of resistance � = 3.00 Ω and an ideal constant voltage source of voltage ℰ = 15.0 V. It turns out
that this circuit undergoes oscillations with the non-linear element � jumping from one branch of the� − ԋ characteristics to another over the course of one cycle.
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C ℰ

R

Figure 3: Circuit with element �, capacitor �, resistor � and voltage source ℰ.

B.1 Draw the oscillation cycle on the � − ԋ graph, including its direction (clockwise
or anticlockwise). Justify your answer with equations and sketches.

1.8pt

B.2 Find expressions for the times �1 and �2 that the system spends on each branch
of the � − ԋ graph during the oscillation cycle. Determine their numerical val-
ues. Find the numerical value of the oscillation period ԉ assuming that the time
needed for jumps between the branches of the � − ԋ graph is negligible.

1.9pt

B.3 Estimate the average power � dissipated by the non-linear element over the
course of one oscillation. An order of magnitude is sufficient.

0.7pt

The circuit in Fig. 3 is used to build a radio transmitter. For this purpose, the element � is attached to
one end of a linear antenna (a long straight wire) of length �. The other end of the wire is free. In the
antenna, an electromagnetic standing wave is formed. The speed of electromagnetic waves along the
antenna is the same as in vacuum. The transmitter is using the main harmonic of the system, which has
period ԉ of question B.2.

B.4 What is the optimal value of � assuming that it cannot exceed 1 km? 0.6pt

Part C. Bistable non-linear elements in biology: neuristor (2 points)
In this part of the problem, we consider an application of bistable non-linear elements to modeling of
biological processes. A neuron in a human brain has the following property: when excited by an external
signal, it makes one single oscillation and then returns to its initial state. This feature is called excitability.
Due to this property, pulses can propagate in the network of coupled neurons constituting the nerve
systems. A semiconductor chip designed to mimic excitability and pulse propagation is called a neuristor
(from neuron and transistor).

We attempt to model a simple neuristor using a circuit that includes the non-linear element � that we
investigated previously. To this end, the voltage ℰ in the circuit of Fig. 3 is decreased to the value ℰ′ =12.0 V. The oscillations stop, and the system reaches its stationary state. Then, the voltage is rapidly
increased back to the value ℰ = 15.0 V, and after a period of time � (with � < ԉ ) is set again to the valueℰ′ (see Fig. 4). It turns out that there is a certain critical value �crit., and the system shows qualitatively
different behavior for � < �crit and for � > �crit.
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t
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ℰ [V]

t0 t0 +τ

Figure 4: Voltage of the voltage source as a function of time.

C.1 Sketch the graphs of the time dependence of the current ����� on the non-linear
element � for � < �crit and for � > �crit. 1.2pt

C.2 Find the expression and the numerical value of the critical time �crit for which
the scenario switches.

0.6pt

C.3 Is the circuit with � = 1.00 × 10−6 s a neuristor? 0.2pt
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Nonlinear Dynamics in Electric Circuits (10 points)

Part A. Stationary states and instabilities (3 points)

A.1 (0.4 pt)
 
 �on =
 
 �off =
 
 �0 =
 
 �int =
 
 

A.2 (1 pt)
 
 
Possible numbers of stationary states for � = 3.00 Ω :
 
 
Possible numbers of stationary states for � = 1.00 Ω :
 
 

A.3 (0.6 pt)
 
 �stationary =
 
 �stationary =
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A.4 (1 pt)
 
 
Behaviour for �(� = 0) > �stationary :
 
 
 
 
Behaviour for �(� = 0) < �stationary :
 
 
 
 
Is the stationary state: □ stable? □ unstable?
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Part B. Bistable non-linear elements in physics: radio transmitter (5 points)

B.1 (1.8 pt)

0 1 2 3 4 5 6 7 8 9 10

U [V]
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Justification:
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B.2 (1.9 pt)
 
Formula of �1 =
 
 
 
 
Numerical value of �1 =
 
 
 
 
Formula of �2 =
 
 
 
 
Numerical value of �2 =
 
 
 
 
Numerical value of � =
 
 

B.3 (0.7 pt)
 
 � ≈
 
 

B.4 (0.6 pt)
 
 � =
 
 



Theory
English (Official) A2-5

Part C. Bistable non-linear elements in biology: neuristor (2 points)

C.1 (1.2 pt)
Sketch for � < �crit :

IX

t
t0 t0 + τ

Sketch for � > �crit :

IX

t
t0 t0 + τ

C.2 (0.6 pt)
 
 
 
Formula of �crit =
 
 
 
 
Numerical value of �crit =
 
 

C.3 (0.2 pt)
 
 
Is the circuit a neuristor? □ Yes □ No
 
 



Theory
English (Official) Q3-1

Large Hadron Collider (10 points)
Please read the general instructions in the separate envelope before you start this problem.

In this task, the physics of the particle accelerator LHC (Large Hadron Collider) at CERN is discussed. CERN
is the world's largest particle physics laboratory. Its main goal is to get insight into the fundamental laws
of nature. Two beams of particles are accelerated to high energies, guided around the accelerator ring by
a strong magnetic field and then made to collide with each other. The protons are not spread uniformly
around the circumference of the accelerator, but they are clustered in so-called bunches. The resulting
particles generated by collisions are observed with large detectors. Some parameters of the LHC can be
found in table 1.

LHC ring
Circumference of ring �6659 m
Number of bunches per proton beam �808
Number of protons per bunch �.�5 × �011
Proton beams
Energy of protons 7.00 TeV
Centre of mass energy �4.0 TeV

Table 1: Typical numerical values of relevant LHC parameters.

Particle physicists use convenient units for the energy, momentum and mass: The energy is measured
in electron volts [eV]. By definition, � eV is the amount of energy gained by a particle with elementary
charge, e, moved through a potential difference of one volt (� eV = �.60� ⋅ �0−19 kg m2s−2).

The momentum is measured in units of eV/Ԓ and the mass in units of eV/Ԓ2, where Ԓ is the speed of light in
vacuum. Since � eV is a very small quantity of energy, particle physicists often use MeV (� MeV = �06 eV),GeV (� GeV = �09 eV) or TeV (� TeV = �012 eV).

Part A deals with the acceleration of protons or electrons. Part B is concerned with the identification of
particles produced in the collisions at CERN.

Part A. LHC accelerator (6 points)

Acceleration:

Assume that the protons have been accelerated by a voltage � such that their velocity is very close to
the speed of light and neglect any energy loss due to radiation or collisions with other particles.

A.1 Find the exact expression for the final velocity � of the protons as a function of
the accelerating voltage � , and physical constants.

0.7pt

A design for a future experiment at CERN plans to use the protons from the LHC and to collide them with
electrons which have an energy of 60.0 GeV.



Theory
English (Official) Q3-2

A.2 For particles with high energy and low mass the relative deviation Δ = (Ԓ − �)/Ԓ
of the final velocity � from the speed of light is very small. Find a first order ap-
proximation for Δ and calculate Δ for electrons with an energy of 60.0 GeVusing
the accelerating voltage � and physical constants.

0.8pt

We now return to the protons in the LHC. Assume that the beam pipe has a circular shape.

A.3 Derive an expression for the uniform magnetic flux density � necessary to keep
the proton beam on a circular track. The expression should only contain the en-
ergy of the protons �, the circumference �, fundamental constants and num-
bers. You may use suitable approximations if their effect is smaller than preci-
sion given by the least number of significant digits.
Calculate the magnetic flux density � for a proton energy of � = 7.00 TeV,
neglecting interactions between the protons.

1.0pt

Radiated Power:

An accelerated charged particle radiates energy in the form of electromagnetic waves. The radiated
power �rad of a charged particle that circulates with a constant angular velocity depends only on its
acceleration �, its charge Ԡ, the speed of light Ԓ and the permittivity of free space �0.

A.4 Use dimensional analysis to find an expression for the radiated power �rad. 1.0pt

The real formula for the radiated power contains a factor �/(6�); moreover, a full relativistic derivation
gives an additional multiplicative factor �4, with � = (� − �2/Ԓ2)− 12 .

A.5 Calculate �tot, the total radiated power of the LHC, for a proton energy of � =7.00 TeV (Note table 1). You may use suitable approximations.
1.0pt

Linear Acceleration:

At CERN, protons at rest are accelerated by a linear accelerator of length ԓ = �0.0 m through a potential
difference of � = 500 MV. Assume that the electrical field is homogeneous. A linear accelerator consists
of two plates as sketched in Figure 1.
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A.6 Determine the time � that the protons take to pass through this field. 1.5pt

+ -

d

V

Figure 1: Sketch of an accelerator module.
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Part B. Particle Identification (4 points)

Time of flight:

It is important to identify the high energy particles that are generated in the collision in order to interpret
the interaction process. A simple method is to measure the time (�) that a particle with known momentum
needs to pass a length � in a so-called Time-of-Flight (ToF) detector. Typical particles which are identified
in the detector, together with their masses, are listed in table 2.

Particle Mass [MeV/c2]
Deuteron �876
Proton 9�8
charged Kaon 494
charged Pion �40
Electron 0.5��

Table 2: Particles and their masses.

time t1 length l time t2

mass m

momentum p

x

y

Figure 2: Schematic view of a time-of-flight detector.

B.1 Express the particle mass � in terms of of the momentum ԟ, the flight length� and the flight time �, assuming that particles have elementary charge Ԕ and
travel with velocity close to Ԓ on straight tracks in the ToF detector and that
they travel perpendicular to the two detection planes (see figure 2).

0.8pt
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B.2 Calculate the minimal length � of a ToF detector that allows to safely distinguish
a charged kaon from a charged pion, given both their momenta are measured
to be �.00 GeV/c. For a good separation it is required that the difference in the
time-of-flight is larger than three times the time resolution of the detector. The
typical resolution of a ToF detector is �50 ps (� ps = �0−12 s).

0.7pt

In the following, particles produced in a typical LHC detector are identified in a two stage detector con-
sisting of a tracking detector and a ToF detector. Figure 3 shows the setup in the plane transverse and
longitudinal to the proton beams. Both detectors are tubes surrounding the interaction region with the
beam passing in the middle of the tubes. The tracking detector measures the trajectory of a charged
particle which passes through a magnetic field whose direction is parallel to the proton beams. The ra-
dius ԡ of the trajectory allows one to determine the transverse momentum pT of the particle. Since the
collision time is known the ToF detector only needs one tube to measure the flight time (time between
the collision and the detection in the ToF tube). This ToF tube is situated just outside the tracking cham-
ber. For this task you may assume that all particles created by the collision travel perpendicular to the
proton beams, which means that the created particles have no momentum along the direction of the
proton beams.
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(4)
(4)

(4)

R
(5) (5)

(1)

(1)

(1)(2)
(2)

(3)
(3)

transverse plane

longitudinal view at the center

of the tube along the beamline

cross section of the

(1) - ToF tube
(2) - track
(3) - collision point
(4) - tracking tube
(5) - proton beams⊗ - magnetic field
 
Figure 3 : Experimental setup for particle identification with a tracking chamber and a ToF
detector. Both detectors are tubes surrounding the collision point in the middle. Left : trans-
verse view perpendicular to the beamline. Right : longitudinal view parallel to the beam line.
The particle is travelling perpendicular to the beam line.

B.3 Express the particle mass in terms of the magnetic flux density �, the radius �
of the ToF tube, fundamental constants and the measured quantities: radius ԡ
of the track and time-of-flight �. 1.7pt

We detected four particles and want to identify them. The magnetic flux density in the tracking detector
was � = 0.500 T. The radius � of the ToF tube was �.70 m. Here are the measurements (� ns = �0−9 s):

Particle Radius of the trajectory ԡ [m] Time of flight � [ns]
A 5.�0 �0
B �.94 �4
C 6.06 �8
D �.�� �5
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B.4 Identify the four particles by calculating their mass. 0.8pt
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Large Hadron Collider (10 points)

Part A. LHC accelerator (6 points)

A.1 (0.7 pt)
 
 � =
 
 

A.2 (0.8 pt)
 
 
approximation: Δ =
 
 
numeric: Δ =
 
 

A.3 (1.0 pt)
 
 
formula: � =
 
 
numeric: � =
 
 

A.4 (1.0 pt)
 
 �rad ∝
 
 

A.5 (1.0 pt)
 
 �tot =
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A.6 (1.5 pt)
 
 � =
 
 



Theory
English (Official) A3-3

Part B. Particle Identification (4 points)

B.1 (0.8 pt)
 
 � =
 
 

B.2 (0.7 pt)
 
 � =
 
 

B.3 (1.7 pt)
 
 � =
 
 

B.4 (0.8 pt)
Particle Measured mass; mass unit [ ] : Identified as:

A

B

C

D


