SCPY 158 Physics Il : Part Il - Modern Physics
Wilseez WA b : dauil - Handaalnl
Course Description (a1a5utgsieiun)

nguaunnsntw (Theory of Relativity) naAansalaudu (Quantum
Mechanics) Wandaznau (Atomic Physics) Wandudandss (Nuclear Physics)

\J

nartansAlauau (Quantum Mechanics)
%30
naufalauad (Quantum Theory)
w30
Wandmadauan (Quantum Physics)
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ludosdl “Quantum Mechanics”
wsedn 8 “Usngnisal” @ “iReadesiuifnduly” ssuudl “Seuadnunng”
%4 Classical Physics “l3” ansnsaasuneld wu
(i) N5 “wr3ed” vae “ing (A1)” [(Black)body Radiation]
(i) Usngnsal “Tnladianasn” (Photoelectric Effect)
(iii) Usmngnisalmaundu (Compton Effect)
(iv) “aandunuudu (line spectrum)” vas “5%8” 7l “aznax’ wisanyn
wignunsaasuels Taeld wuaRedi “lifi” Tu Classical Physics” wu
(i) ““afuw’ wimdnluiia (Electromagnetic Waves)” uansautmdu “aynn”
(i) “(5zau) wasuidululs” fdn “Lidewles”
(iii) “m3UanvdesndesulusUvasaauuwsivaniniin (vie “n1susided™)
Aaduded “nisiasussaundeau”
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Tu Classical Physics : “agu” fiu “aynin” Wuded “snenusgnadniay”

lu Quantum Physics : “aau” <> “ayniA”
PPR= ) va & (¢ ) 173 D) wa @ o
( AaY” drusandaasauUNLUY ?J‘léﬂ']ﬂ & ?J‘Léﬂ']ﬂ grusaanduuntdy “‘aau

Quantum Physics

|
| |

gAwsn (~ nau A.A. 1926) galvial (~ as a.A. 1926)
“anuduaynia” vas “Aau” wWiv “annandunau” vas “aynia”
cpuvdasasnoslalasioy” vaq Ty UTIUE “(waRnssuves)aynin” lagly

(Bohr’s Model of Hydrogen Atom) “Wenvuadu (wave function)” fadu

TUau “aunns (afu) vesrlshawes”
(Schroedinger Wave Equation)
s

“auunazduy (probability)”
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[Quantum mechanics] describes
nature as absurd from the point of
view of common sense. And yet it
fully agrees with experiment. So |

hope you can accept nature as She
is - absurd.

— Richard P ?e.t/n.man, —

AZ QUOTES

http://www.azquotes.com/quote/460292

[absurd (adj) = (i) unreasonable; not sensible (ii) ridiculous; foolish in a funny way]
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Quantum mechanics is certainly imposing. But
an inner voice tells me that it is not yet the real
thing. The theory says a lot, but does not really
bring us any closer to the secret of the old one.
|, at any rate, am convinced that He does not
throw dice.

(Albert Einstein)

izquotes.com

http://izquotes.com/quote/226488

(imposing ~ impressive)
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Although quantum mechanics has
been around for nearly 70 years, it is
still not generally understood or
appreciated, even by those that use
it to do calculations.

= 576’-}2/74’./1 Haw/z,é.n.g, —

AZ QUOTES

http://www.azquotes.com/quote/475250
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| think | can safely say that nobody
understands Quantum Mechanics.

e R cchard P ?et‘//‘l.nuzn, _—

AZ QUOTES

http://www.azquotes.com/quote/564056
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“siadafiazinun” Tu “Quantum Mechanics”
(1)  “nsusided” vas“iIngan” (Blackbody Radiation)
(2) Usingnisal “Wladianasn” (Photoelectric Effect)
(3) Usingnisal “asusisiy” (Compton Effect)

(4)  “@aruanss” va9 “aznau’” uay “aiunasu’ ¥as “aznan’
(Atomic Stability and Atomic Spectra)

(5) “wuvdnassezmanlalasian” vas “lus” (Bohr’s Model of Hydrogen Atom)
(6) “guiRnnuduniu’ ves “aun1a” (Wave Property of Particles)
(7) “eidunau” vas “aynma™ (Wave Function of Particle)
(8) “dertuniu” uaz “arnuurandy’ (euidundu” ven “azls” Auis)
(9) “aun1sadu” vas “ylshwans” (Schroedinger Wave Equation)
(10) fegremsld “aun1sedy” ves “vlshaaad”
(10.1) aymmddse (“Free” Particles)
(10.2) eymaludadndwiledfgeatiud

v
1
aada o

(10.3) aynAluvadndnllalinNlAI1NgIINA

Y
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(1) “p1susised” vae“Ingan” (Blackbody Radiation)

“IMAn” = “Ing” vise “suu” N “aanduisinauainnnsenuf iy’
lng “liszrauiediag” La39 “Uned” sanunnevas Wy

. \\ // \\

\
—
\

N
N7
N\ )
\

\
N\ A2

|

\

/\ ‘
4 |
|
4 \
-
/ “ o ;
7
b \\

N

b
\

/‘\

4

N

“Modern Physics” — Raymond A. Serway, Clement. J. Moses and Curt. A. Moyer — 3e (2005) — page 69

o

“UnInse” azintfadoudy “Inann”

9q
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Experimental Facts:

(i) dng “nnytin” N1 “guugiduysal gendn 0 Kelvin” ag “uned” aanu Tng
“WasuUNLNEaNN” Azl “n13nTEany” AU “adnenlaau (wavelength, 1)
[v38 “@d1ud (frequency, f)”] o819 “Avitiag”

(i) “anwaz” ¥89 “N1INT¥R18” VB9 “WANN” NI “wHaanun” A “wilaiuae
12877 619 “URINUWNUNT AU “Aarue1nau A7 (W39 “arud f7) azdunu

29 ¢¢

“gaumaiiduysal” winlu lag “ldau” Au “olin” “auin” uaz “gUd1e” vasing

“WAdU” 6o “nlanqean” = “aas (Power)”

Tu “szuu SI” azliniedu “adadundl (J/s)” e “dad (W)~

Coqm " (13 = H 9 (13 = ! & d'” 13 4 H 29
NAIU” 7D “UUINUIBLIAT 7D “UlanUNuN” = “aduy (Intensity)
Tu “szuu SI” azfivilalu “Indrenrsrauns (W/m?)”

SCPY158 Physics Il 2562 — Quantum Mechanics — Theory NANT yqyqugf Wand witaa 10



“WAIU” 7 “Ingan” N8 “Qaungiduysal T unoanun
‘:! ¥

A9 “URINULIAT 519 “ULINUINUN
J(A,T)

(13

el 7\‘max

Intensity per unit wavelength

A (um)
“Modern Physics” — Raymond A. Serway, Clement. J. Moses and Curt. A. Moyer - 3e (2005) — page 68
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(iii) ng (nsnseam) vasIu [Wein’s (Displacement) Law] :
113 =Y - - s S v 2
A21NBIIAAY” VDY “SIFNLHBDNUY” NA “ANUANEIETN” (A, 4,)
\ o . Y 9
g “WNYW” e “gaumniianas”

2.898 x 1073 -K
Amax(T) = XT (K) (m )

“Wein’s (Displacement) Law”

(iv) nguasamnu (Stefan’s Law) :

Pwml(T)_ ‘Frdatavian” 7 qmqﬁﬁ”ﬁﬁqmmuamUimT(K) ‘Wiaanu1”

Y]
5o & (v sy Sl

“N RN § e Nllgaumndl T (K) “weiaanun” fa “wilaviuae

9 Y
%4
=1 aa

1987”7 33UNN “A9MUB1IAAY A7 UAs vgn“wuwwwmfamm T 22 “udsiiunse”
AU “WUNR” V9“0 wae “UUsHUATY” AU “IaE” vae “gaumgiiduysal”
V29 “IMgAn”

SCPY158 Physics Il 2562 — Quantum Mechanics — Theory NANT yq,/aqw§ Wand witaa 12



P T) <A
total( ) } Piotal (T) = cAT*

Ptotal (T) X T4
o =05.67x%x10"8Wm2K™*
Ao “Arnsadamniu-luaauud (Stefan-Boltzmann constant)”

{Prq(T) 92 “ulsiiunse” Au “Nuilansan” seuing “J(A, T)” fu “1)

gwisuinglagiialuazld
Piotal (T) = edAT*
“nyuasdawmniu (Stefan’s Law)”

“e” fpp “dulszansnisuanesed (emissivity)”
Waandn 17 dwmiu “ingiald” waziidn “winiu 17 dwmdu “ingan”

(14

A1
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Theoretical Explanation:

(i) “Classical Physics” asutgnanisnaass “lila”

Intensity -! M

\ O

Wavelength
http://images.slideplayer.com/32/9874489/slides/slide_4.jpg
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(ii) 1wl 1900 “Max Planck” wud1 “aun1snaunsaussengnanisnnasila’ Ao

1

“Planck’s Empirical Radiation Formula”

“A” wag “B” \Ju “empirical constants”
(vaan “An” 11 “donnaainuni1maass”)

“gun13dneuy” a1unsa “derive” Talaansne “auygiu” 91
(8) “nIuN3E” intuan “nisduvasiuana” Feegh “wunnglulnss”

(Suni1 “oscillators™) [widlaulu Classical Physics]

SCPY158 Physics Il 2562 — Quantum Mechanics — Theory NANT yq,/qu§ Wand witaa 15



(b) “wdaew” 7 “Oululd” vas “oscillator” idudne “avud > fe
Eoscitiator =nhf ; n=1,2,3, -
h =6.626 x 1073 ] - s = Arassavasndsa (Planck’s Constant)
—> “Wdeew” vas “oscillator” fidn “lidailes”
[Tu Classical Physics: “wass1u” vas“oscillator” Fuiu “frdsdos”

vas “amplitude” Fegrunsadian “winlsnlea” was “rAoilies”

(©) nsUanUdosndesu (wised) Badudiedl “nmsdsunlassziundeay”
w99 “oscillator’ Tne “wasuiivanUdss” aswindiu “Anurisvasssau
wé’amuﬁagjﬁﬂﬁ'u”

AE = hf
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O n=-oco

E n
Ahf — 4
A J
Shf - 3
v
2hf T 2
.
QO |
A 1
Z
=
0 L 0

“Modern Physics” — Raymond A. Serway, Clement. J. Moses and Curt. A. Moyer - 3e (2005) — page 74
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— “Theoretical expression” w81 empirical constants “A” waz “B” @
hc

s

dla  kz = 1.38 X 10723 J/K = “Boltzmann’s Constant”

A = 2mhc? LAY

2mhc? 1
AS ehC/ﬂ.kBT -1

JAT) =

w39 Tuwauvas “arnud [

2mhf3 1
J5 1) =

CZ ehf/kBT —1

(1=5 a=(F)ar = (%) can » J D =JG - 1.1 (5)
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(2) Usngnisal “Inledianasn” (Photoelectric Effect)

Incident

(\jxlight
Collector
r ﬂ
—> - -——=>——-=-
N e
Emitter | / AT

|
Vacuum tube

A ) Ammeter
Power supply
O O

(Voltage V)

Modern Physics for Scientists and Engineers - Stephen T. Thornton & Andrew Rex - 4e (2013) — p.103
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Waae uaailinud f “wamung” annsenuuu “Kalave” ag dlelectrons wigaaanun

1an “Aalang” N electrons aanun 91 “Emitter”

wazisen “electrons Nvigaeanun” 91 “photoelectrons”

“Wwaanny” — f = f, = anuavasu (“threshold” wss “cut off” frequency)

4
=

t:! = B Y] 174 =Y 99
FIUANVUNU “vyUAVDNAN

nT2UUL “iAaduagesinisa” Tdaan “deendn 107° s
Tae “luvdunuainudy’

i f < fo 9z “lifl electron naeanun” lidraziiu “anuduvaas” Wuwinla
{Classical Physics — aiiy “anuduvasuas” Wi “urnwa” az “d electrons wanaanun”}
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a1 “photoelectrons” aunsatndauiiluas “Collector”
azinn “nszudalnil” naluaeas
158N “nszudalnnn” Mnnan “photoelectrons” 91 “photocurrent”

d13ali “Collector” & “dndlnia” Uu “uan” (Wieuiu “Emitter”) —
“photoelectrons” azgn “139” wWwn Collector

Yy

81dalsf “Collector” & “Andlnin” du “av” (Weunu “Emitter”) —
“photoelectrons” asgn “wan/miae/du” ldlviidam Collector

“stopping voltage” = “aruansfndvgnes”
“ausnedng” sendng “Collector” fu “Emitter” #vinl# “photocurrent” Uu “gud”
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o f = fo 113 “Wuanunneas” agvinly “photocurrent twuaw”
wel “Stopping voltage” az “aunu”

Photocurrent
Iy > I
I
Il
| 0 Applied voltage
-V

“Modern Physics” — Raymond A. Serway, Clement. J. Moses and Curt. A. Moyer - 3e (2005) — page 82
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Einstein —  “was (Fadu electromagnetic wave) #ifinnud f” Usznaudiae
(wanangAnssulu) “ayna” (3andn “photon”) sl “wasa”
E = hf
—> ile “photon fifiwdswsu E = hf > hf,” vufu “electron veas
atom ﬁaguuﬁfmaﬂam” photon AEBNWA U “Tiavun” vaesiu
Innu electron (photon azgn “aanau”)
—  “electron” 314 “wasauldFudrunile” Tuns “uil” anRalane
W30 1w1vue “wasuBawmilen (binding energy)” vasiialavs ¥
deusanin “dendusu (work function, W)”
W = hfy
“asudLivae” anduy “wassuaailgegavaselectron (K qy)
du13a “w K, g, 61U n15n “stopping voltage (Vs)”

29

P

Kinax = eVs
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Einstein — 14 “Conservation of Energy” azla
hf =W + K0 = hfy, + eV — hf — hf, = eV
—> eVS - hf - hfo

“asan” s2ran9 “stopping voltage (V) Au “aaudvesuds (f)”
Azl “nelidunse” A5 “autu” Wu h/e wazdl “f-intercept”
gNAMNUS [ = f

Vs

slope = h/e

01 fo /
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(3) Usangmisal “maunsu” (Compton Effect)

89/a18 “aauudwanIiin” 918 “adnueandu 27 (ludasves X-ray) ludvannsenu
“UNUINOUINY” WU

“aauuianinilfinszilsesnu’”’ azUsznaung
“aauuimianinindanus1nduduy 1”7
uaz “paundimanluiiniaaueingau lnau’ A’ > 17

6
AA = 2" — A = 2A,sin? (E) = A.(1 — cosh)

h

lngh A, = — =“Compton wavelength” ¥as “ayn1aniliuia m”
mc

WAy 0 v “yunseids (scattering angle)”

“Classical Physics” 85u1e iunvesaduudmaniiinidainueniegu 2’ > 1 14dld

SCPY158 Physics Il 2562 — Quantum Mechanics — Theory NANT yqyqugf Wand witaa 25



Scattered photon

E= hf'
_ &
Incident photon P= A
E=h
AANANAA G- s
X
b= L Target
A electron
E; = mc® Recoil electron

By =E,

Modern Physics for Scientists and Engineers - Stephen T. Thornton & Andrew Rex - 4e (2013) — p.114

SCPY158 Physics 11 2562 — Quantum Mechanics — Theory NANT ygyqu§ Wand witaa 26



00

!
I

A A

>_, e - —— - ——— -—

http://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld1 E/Part3_E/P37_E/Compton_effect E.htm

SCPY158 Physics 11 2562 — Quantum Mechanics — Theory NANT ygyqu§ Wand witaa 27



n1sasUNENNIvRIAAULNAN WA NNANeIRAU A'> A

wa1saun “incident EM wave” 91 Usznauaie “incident photons” 5 “Wda”
waz “Tuauan (Fadu)” 1Ju
B _hc 3 _E h

E—hf—T LAY p_;_z
e “incident photon” wufu “electron flaglu atom vesuruing” aziin1s “anew
WA waz Taudu (1Badu) visdaulinu electron” vinlw “scattered photon” &
“Wasew” uaz “Tuaudn (Fadu)” anas u
E’:hf’=E lay p’=E_,=£
A c A
W15 “N15TUSEUINS incident photon Au electron” Wu “two-particle elastic

collision” Fauduluau “conservation of energy” wag “conservation of linear
momentum”
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\Wasan & “Tan1a” 91 electron azdl “aanun5age” — dadld “Special Relativity”

2 —

1 “conservation of energy” : WAL “ABUBY” = WAIIIUTIN “hasuy”

Ebefore +Ebefore . Eafter _I_Eafter

photon electron = “photon electron

Aouwy photon fadnueniedu A —  gPefore he
P photon ~— 2
v = = / after hc
GEKINP) photon UANYNIRAU A — E = —
photon ylU

neuwy electron agfis >  E27¢ = 2

T electron

wasvy electron wasuil — Eé‘l’;’ﬁion = E, = ymc? = K, + mc?
hc+ 5 hC+E hc+ 5 hC+K+ 5
— +mc? =— = — 4+ ymc? = — mc
1 y e = Y a e
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hc_l_ Z—hC+E _hc_l_ Z—hC+K+ 5
T Tme =5t E=—+yme == e + mc

\J

hc hc ,
KeZT_T >0 - A=A

“Naseual”’ Wy “uan’” #so “Aud” winu)

E, = ymc? =E—E+mc2
A A
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1« “conservation of (linear) momentum”:

h h
X — component : 1= (/1,) cosf + (ymv)cos¢

h (h
(ymv)cos¢p = i (/1,) cos6 (a)

h
y —component : 0 = (/1,> sinf — (ymv)sing

h
(ymv)sing = ( /1,) sinf (b)

w0 = = () + (2) -2 ()2
2

=) + () ~2() (7)o
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wnu E, uaz p, aslu “relativistic relation” EZ = pZc? + m?c* azla
(-5 ene) =[G) +(G) -2(3) G)eoso]+mec
T~ tme’) =1(> T 7 ) (57 ) cos| ¢ +m?c
\!

h
Al =1 —-A1=— (1 —cosO)
mc

Tunsaun “electron 8auwdunu atom” viss “EM waves #lgiiaug1iaaula’
“photons w83 EM waves” ag interact fiu “vs atom” (@ssiuaa M)

h
AL =2 —A—M—C(l—cose)

“AA” 2zdan “dosung” au “dunalila”
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(4) “@anuanes” ¥as “aznau” waz “ainasu” ¥as “oznan”
(Atomic Stability and Atomic Spectra)

Rutherford’s Atomic Model:

U 1910: Rutherford’s Scattering Experiment (“n13n32133” va4 “oa—particles”
N “UHNUNDIATUNY )

Fluorescent screen Gold foil

Most particles

fl
undeflected Alpha particle

emitter

http://allaboutrutherford.weebly.com/uploads/a/7/3/0/47309895/2912369 0rig.png
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http://allaboutrutherford.weebly.com/uploads/4/7/3/0/47309895/2912369_orig.png

84 a—particles (“nucleus” wass1a “helium”: 3He) Mfinan “n1saaneda” vas
“H15NUAURSIE” UG “UBUNDIAIUILE” WU

a—particles “daulug” neg “duly” lnsunuaz “lignsuntuiay”
1 o—particles “Ligqlainga” 71 “n3139” 2aANIA1E “YUNT2I N “vunaln”
[“ou” AU “azlsuneadne” N “Ll@nuIn” “ulIWIN” Lae ““unuIn’]

Annan1naaae Rutherford gguan

“Uszquan” (Lar “ulanauneviunvas atoms”)
azsaudafuagniely “Usiaanane assgagudnaisvas atom”
Fasendn “Nucleus”

wazisen “nucleus vas atom Manwiga (Fsnde hydrogen)” 31 “Proton (p)”

- “Rutherford’s Atomic Model”
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T -

Orl:nz g @«I - --Ngslleus

Electrons — -
Rutherford’s Atomic Model

https://d2gne97vdumgn3.cloudfront.net/api/file/6wlhLhQJGU02SImSpl7w

SCPY158 Physics 11 2562 — Quantum Mechanics — Theory NANT ygyqu§ Wand witaa 35



“lasedsne” vas “atom” lutaguu (luszau Atomic Physics & Nuclear Physics)

Electron

http://teachtogether.chedk12.com/uploads/images/redactor/ae15d8287f565¢c29cf835bd81d92¢c385.PNG
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http://teachtogether.chedk12.com/uploads/images/redactor/ae15d8287f565c29cf835bd81d92c385.PNG

Y

Z = “Atomic” Number
AU Z A2

ﬁﬂﬁd?ﬂlﬁ@iﬂ atom 178410 m, = 9.1 X 10731 kg
azlu“fdne” Usyq “+Ze” Usq “—e”
[ [
atom = nucleus + electrons
[
| |
protons neutrons
| |
Uszq “+e” Uszg <07 (WWunanq)

AU Z A1

A

my, = 1.672X 10727 kg | | m, = 1.674 x 10727 kg

AU N A2
N=A-7
= “Mass” Number

“neutron” Ju “electrically neutral twin” vas “proton” @uaalndiAssiuun)

[3en “neutron” wag “proton” sauAudn “nucleon”
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Classical Mechanics — “electrons” &1 “fiuszy —e” uag “indaunsaunucleus” az
1“A71uL39” (ag1edaengnazdl “Adutsegaudnaa,”)

PREDICTED Classical Electromagnetism :

‘—-‘-L’\ BEHAVIOR

Longer

waelngtn —> “BUN1ATINUTEY” 1 “iadoun” Tne § “Arnanse”
3z “Uase/un EM waves aanun”
—  “WANNIUYBIBUNIAT AT “anae”
shorer  —> “3ANVDI29IAT (1) A2 “anay”

_ wavelength

— “atom” 2z “laidnes”
(University Physics with Modern Physics — Young and Freedman — 14e (2016), p.1279)

“EM waves #ukiaanun” a2l “arugnindu (1) duaszess”

{Classical Electrodynamics — “electron” findouitdu “aenav” (§ a,) azudes
“EM wave” il “a2u8 f,qq” Wiy “adnudvesnisiadeuiiiluaenay £,
Wa 7 anas 2lA [ WA frqq MNNVU ALY A Fzanas}
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Tu“ananduase’isndin
(i) atoms“anes”
uag
(ii) “EM waves #i atom (¥9457%) Wkoanu” (Lﬁaﬁmagﬂuaa'\uz“ﬁw”)*
aefidnuae “lidaifies” Tneifidnwandy “du” Sondd
“anasunuuidu (Line Spectrum)”

“iasasdle” nlalunis “Anwr EM waves 71 atom weiaanun” i3and1“Spectrometer”

Classical Physics “lai” a@nunsaasuie “lassaiisvasaznan’

* “EM waves finpann atom vaes1a’” feglugnus “vssuds” asiianvas “natilas”
q U
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400 500 600 700 A (nm)

H

400 :'){I)() (i('l)() 7(I}0
(a) Emission line spectra for hydrogen, mercury, and neon.

(b) Absorption spectrum for hydrogen.
(Physics for Scientists and Engineers with Modern Physics - Serway & Jewett, Jr. — 8e(2010) p.1253)

SCPY158 Physics Il 2562 — Quantum Mechanics — Theory NANT yq,/qu§ Wand witaa 40



“Diffraction Grating Spectrometer”

"
High d— N
voltage :"{-—-.
. Diffraction Ao
Slit . A
Discharge grating 3
tube to
excite gases Screen

(Modern Physics for Scientists and Engineers - Stephen T. Thornton & Andrew Rex - 4e (2013) - p. 92)

9 dsind, =nd wld Axsind » 1x0 dwu A3 >, > A
(luga9 0 < 6 < 90° wia “yu 0 1nAu” azld “A1 sind Tnaunae™)
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TuneUUa asiinsld “iaud” wadaalunis “sauunas”

v “ : 2 Ry
|\ P <
fey ‘ V]
¥ \/ ‘
1 S ™4 £

https://i.ytimg.com/vi/321MA6U7pg8/maxresdefault.jpg
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€2 ool V1D, ¢ 5 » 2 1 193 D099 113 99 Lo ¢ 1)
ALY NALENA “NITERYIUY” abU “LNINEHDARUULEITN UL 210 J19%5U “léld
78 “arueninau 2”7 azdulumuauns

d sinf,, = ni
Hp) “d” AD “szezrie” TenIng “989” v grating
“n” A “a19u” vad “niseeuy; n=1,2,3, -
way “6,” Ao “yuagun” d1uUsUN1SLEYIUY “arnui n”
WaeaIn (aznauva) s1nAneviiaiu azlv spectrum #isnenu
A9t lagn15AnE" spectrum 91 (aznauvas) S1ALNEBNIN

zaUTAUBNLAdn SPectrum WugnuNeanu1aIn (aznauwas) s19la

SCPY158 Physics Il 2562 — Quantum Mechanics — Theory NANT ygyqu§ Wand witaa 43



“Emission” “Emission”

AsAne1 EM waves flaznau “uroanun” =
Spectroscopy - Spectrum

“Absorption” “Absorption”

n13Ane1 EM waves viaznau “ganau Spectroscopy — Spectrum

high density diffraction
hot matter grating Continuous spectrum
M i
§ — Il -
hot gas Emission spectrum
colq.gas Absorption spectrum

http://s-educat.blogspot.com/2010/05/atomic-spectra.html

- )
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Rydberg’s Formula {4l “one-electron” atoms (wiu H, He™, Li**,--)}

1nn1sAne “hydrogen spectrum” &susznaunae “spectral lines” #1 “daAraa1ud
w1z waz “lisaiilas” IuIuuIN WU

du1sa “wen spectral lines” sanidu “series”
Ingh “adunvas spectral lines” naglu “series whganu”
azdianuauwusnuaiu “Rydberg’s formula”

(11
_Hn]% n?

Toefi (i) A Ae “Aarue1dndu” ves spectral line
(ii) Ry fa “Rydberg’s Constant” &adu “empirical constant”
Sloy 669 o e : 9 Mgt €99
(iii) n; wazne U “Srududnuan (positive integer)” — “laisaugus

Y

waz  (iv) n; > ny
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Uiy “diundu” 199 “avueninan’” asdudBnnaiuends “daulugnaau’
Tu “vilanmingadued™:

1 o o S
== “durugnadn” Tu “vilavitendnuend”

(“Aau 1 gn”# “Adxe17” Wiy “1” — lu“nilaieanuend” azil “adu 171 gn”)

Tu ‘spectroscopy”

N A C o N T 2m
(i) dsusen 7 71 Mavaau (wave number)” @aduryaineIny k=7

uaz (ii) feuld “wdqe” 1Wu cm™ (vansan Tu “1 cm” fanmadunan)
U

v

{“adu 1 gn” fda2nue1d “Aecm” —  Tu “l cm” azdl “adu 1™ gn”

v
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dwsu hydrogen atom : (i) a1was Ry #ildain “nns fit nan1maaes” Ao

1
N

Ry (exp) =1.0967758 x 10’ m~?!

way (i) “¥ai3un” Vg “series” #nee) A

ng=1 -
ng=2 -
ng=3 -
ng=4 -
ng=5 -

n; =23,
n; = 3,4,
n; =4,5,-
ni=25,6,
n;, =67,

-

-

-

“Lyman” series

“Balmer” series (agludasiinnuaiiu)
“Paschen” series
“Brackett” series

“Pfund” series
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(5) “wuudnass (Mawd) aznaulalasiau’ vae“lus”
[Bohr’s Model (Theory) of Hydrogen Atom]
U 1914 Neil Bohr w&us “wuuanass” dwsu “hydrogen atom” fadu “atom
aniiga” Ussnaudae “electron” wag “proton” (vinudiridu “nucleus”)

(i) “electron” wwasui (Iaas) Wu “asnau” sau “proton” Ined “attractive
Coulomb force” vinniu “wssgaudnans (Centripetal Force)”
(ludnuwaizfeINu N1sLAdaUNVBY “A1LAT1ER” 58U “An991%ing”

(i) fi“adlmasitiew” (3un “Stationary Orbits” — “electron” fiagluaslaasiitey
g “lufinsgeyidenaany” (“laduised” ulaziinause)
(iii) “nsuanUdaenasany” vas “electron” (lugu “EM waves”) azdavudied
“nsiUaeualaas” 91 “aslaasiiindsanuge” und “aslaasiifindasunindi”
Tng “avud” vas “EM wave” 7 “wwisanyn” aswildan
E;— E; = hf
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(iv) “wouly” vas “Stationary Orbits” A “vun” vas “lunuduiayu (angular
momentum, L)” vas “electron” fandu “drurufuin” ves “h”

nh

L=mvr=nh=— ; n=123,

2T

{ Classical Mechanics » L=Fxp =m(@ X V) —» L = muvrsinf}

“electron”
m,—e

<

1« “Classical (nonrelativistic) Mechanics”

—

é
(i) = Fcoutomp = Fcentripetal -

ke? e? v?
= =ma, =m|—

2 C
r (4mey)r r

,  ke?

mv- = ——

r
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“Satl” va9“29laas” MmTu “Stationary Orbits”:

ke’ mv?m
= — = T = —
r2 r m mke? mke?
n2nh?

mke?

mmvir?  (mvr)?

— 125 rn=1,2,:-

“Sas” vag “adlaas” Bl “auadniign” (n = 1) -

hz o .
r = . = ag ~ 0.5 A =“Bohr Radius
- r,=nay ; n=1,2,-

“aa1u52” vas “electron” Tu “Stationary Orbits™:
nh  nh(mke®\ ke’
B n2h?2 )  nh

mvr =nh - v, =
mr, m
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“WA9UsIN” ¥as “hydrogen atom” (E) [assume 31 proton agiils (iuaun)]:

“kinetic energy” vas “electron”
[

E | =| K| + lll
“electrical potential energy” was “szuu” (electron-proton)
1 ke* ke® ke’ ke?
E=§mv—r “2r  r  2r
ke? ke? ke? /1 mk?e* /1 13.6
En = - 2n, N  2a,n? - _Z_a(,(ﬁ> R (nz) T eV

“Theoretical Expression” @a4 “Rydberg’s Constant™:

1 f 1 (El- — Ef) mk?e* < 1 1 > _ 2m*mk?e* ( 1 1 )

1 ¢ ¢ h ~ 2h%hce nf n? h3c

— Ry (theory) =1.097 x 107 m™?

2~ 2
ng  n;
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“Energy Level Diagram” was “Hydrogen Atom”:

- E(e¥)
o0 ooo .
fi -0.38
3 -0.54
4 —NE5 Exroited
states
3 -1.53
9 l"T‘T -3 .40
Balmer
series
oy
Lyman
seties
Growd
N AAAA 3g O

https://d2gne97vdumgn3.cloudfront.net/api/file/A2QcOW3Tw6oL7MhOSd71
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(6) “auvinnudunau’ vae “ayna” (Wave Property of Particles)

“Photoelectric” Effect “EM wave” wanauifidu “aynia”
} 13un “aun1n” vas “EM wave” 91

“Compton” Scattering “Ilmay (photon, y)”

g U “EM wave” #iii “aa1ud (frequency, )~ [“mwmaﬁu (wavelength, 1)]:
“wasu’vas“photon”: E =hf - f = -

“waseuile (rest energy)” was “photon” : E, = “gud”
(“photon” wdpuiidag “8ns13a ¢~ <> “photon” & “wqa” 1Uu “gud”)
E hf h
c ¢ A
{9 E2 = p%c? + E§ azlddn dwmsu “photon” (@ssi E, = 0) E = pc }

“Tuiiusu (W)’ vas“photon”: p =
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“auygnu” vas “iwwausaed” (de Broglie’s Hypothesis):
U 1924 “de Broglie” w&uain

“yn1n” ATIZEINTANENS AU “adw” 1d
Fun “Adu” vay/ineadasiu “aunin” 91 “aausans (Matter Wave)”

d195U “auna” NA “Tuudy (Wady), p” waz “wasny, £

« . e ’s ANNYIIAAU “LABUSDYN h
AUY12AAY” VB “‘AdUEEAS = . S5 A=-
(de Broglie’s wavelength) p

gy %9 g1 o Gy ,, AYNUD “iABUTREn” E
AU VRS “ARAUEEANST = - - f=—
(de Broglie’s frequency) h
3 “gUnuuaunis” 9 “wllaunu” nsaluas “photon” e dmiu “Aduaans” azladn
E\/hy E ymc* c* .
fA=|=]l-)=—= = — = v, (phase velocity) > c
h/ \p p ymv v

173 < : D) T <9 T = a
AU (phase velocity)” = “A21u159” Y89 “9nUee UUARY
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“HUAFIU” V9 “wauseed” lasun1s “Budu” adnugndas
Iae “Davisson-Germer ‘Electron Scattering’ Experiment” Tud 1927

Louis de Broglie (1892-1987)

SnfAndvunanSaas
1929 Nobel Prize in Physics

“for his discovery of the wave nature of electrons”

This made him the first person to receive
a Nobel Prize on a PhD thesis.

https://www.biografiasyvidas.com/biografia/b/fotos/broglie_louis.jpg
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“de Broglie’s hypothesis” ¥281% $nla/05une “Bohr’s atomic theory” léazu:

(i) vilu e “electron” aglu “adlaasiitaw” (MFundn “stationary orbits™)
39 “lyigaydenwdany” (Luus “3e8” w3 “EM waves”)

- “anuenInau” ¥es “Adusdns” ves “electron” flaglu “stationary orbits”
fiein “wad” flaziliiin “adudls (standing wave)” sau “nucleus” il
“laisinnsuei EM waves”

(i) “Au” va9 “Rouly” vae “stationary orbits”

—  “Rouly” vas “stationary orbits” senadasiu “Reuly” vas “nsiinafuils”
¥84 “electron” sau “nucleus”:

113 I3 6, X 3] 113 3] 173 I3 73 29
AAMUYIY VDY LaUIDUIY VDY 'Jﬁiﬂﬂ'i 994 “‘electron” sau “nucleus
i P < 199 173 A ., o A ) 17 )
LUU “IUAULAUNT VB9 “A1UY1AA N VR4 “Aauddans” ¥4 “‘electron

h h
=i = =0 (2) () = =
nr, =nd, - 2Ar, =n o n — - mv,r, =n
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(7) “Wendundu” vas “auna” (Wave Function of Particle)

“de Broglie’s hypothesis” — “aynin” uansauufdu “adu” 14 (Sun “aduddans”)
(“udu” Iay “Davisson-Germer ‘Electron Scattering” Experiment™)

"

A315AUTIEIY “WANTIN” Va9 “aunn” 1a laeld “Wenduadu (wave function)”
Feazguwnuaie W (7, t) {lu“uile”aif > Y(x,t)}

= TP Y- K v Cncw vy, v & = ¢ 2 va & o o,
1189310 “ARAY” Uanwae “N32a18” ASUY N159 “aynin” uane audfdu “aau
Azl “ldanunsassydiunusvasaynialiotnausiugn”
vanldiesdn “aruunazdu (probability)” (13e “Tend”)

N3z “wuaynin” Tu “uSaueeg” dunndesiiesle

"

3 “adulinduau (Uncertainty)” Tun13ia/szy “aAunivasaynin” — “Ax”
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“Herdupdu’ vae “aduadans” azlidn “lidugud” Tu “Usnanilenmanuaynia”
A D = "l”” o [ ‘991 o 2D “"‘L 'd‘[ 29
(W30 “Uaiaynirauseagla’) uas “Wugud” Tu “ustianliilennawuaynia
“Aandumau” 7 “Uanwazuuul” A “ngumau (wave packet)”
Feaunsaas1elalag s “Wandunau” wuu “gnsuaiin’ (MIsLuU “a18u’)
[Harmonic (w3s Sinusoidal) Wave Functions]
P8 “woundgn A” “Aaue1ndu 17 wag “anud f7 Al 913U

Y(x,t) = z A; sin(k;x — w;t)
o

3 “adulduiuau” Tunsia/szy “Aue1IAaL” vag “AdudadaTs” — “AL”
“A1NNE1IRAULAAY” FLWINNU “AUIIINAUABUTDUA VDY “AAULEENT)

\J

3 “adulduiuau” Tunsda/szy “Tuaudu (Badu)” ¥a9 “aynin” — “Ap”
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“Herdundu” wuu “srsuaiin” (Wiawuu “gneil”)
Y(x,t) = Asin(kx — wt)

~ o ., d : 2T
%4 “A214817PaY N “wuuau”’ (/1 = ?)

d.d o/ a dl 1 h
—  lgussene “oynin” N8 “Tawuay (Wadu)” 9 “wivew” (p = I)
udl 32 “lad” aunsauanda “aynin” agh “Aunislvu”

o910 LAMULALIlaULLAL X AHAMULANAIIIINATLRUIDU S BE19YALIY

v

[N N\ L
NV
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Narsaunnsall 1t “Heddundu” wuu “ardueiin” 2 feddu #ifl “uoundgn A” windy
waidl “ravadu k> (“Arueniniu A7) wag “mmﬁlt%mm w” (“mmﬁ ) finenu
ey {W;(x,t) = Asin(kx — w,t) waz W,(x,t) = Asin(k,x — w,t)}
113U

— WY(x,t) = Asin(k;x — w,t) + A sin(k,x — w,t)
. . . fatB a—p _(a+p a—=p
N sin(a) + sin(B) = sm( > + > ) + sm( > > )
a — a +
sin(a) + sin(B) = 2 cos( > ﬁ) sin( > '8)
N Ak Aw
2zlé W(x,t) = 24 cos [(7) X — (7> t] sin(kx — wt)
d' kl + kz w1 + Wy
LD Ak=k2—k1,Aw=w2—w1,k=T,w=T
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Y, (x,t) = Asin(kyx — w,t) waz W,(x,t) = Asin(k,x — w,t)

“envelop”
ﬂ' " P Aw
D>V, = —
. & Ak

% T
¥ #
LY + 4
~ * -
#
» e
» u + - u -
- -
- N . -

(http://hyperphysics.phy-astr.gsu.edu/hbase/Sound/beat.html)

Y(x,t) = 24 cos [(Az—k) X — (A7w> t] sin(kx — wt)

“envelop”
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nADUTidI8A1UEY Vg = i—‘l‘: FaFendn “anna3angu (group velocity)”
IGEEGE “mnﬂ?iauuﬂaaLLastﬁgﬂ” V99 “WATIN”
Aue1anau “In” (Ak \8n)
AUA “1” (Aw 18n)
“envelop”

Y(x,t) = 2Acos [(%) X — (AT(U) t] sin(kx — wt)

A0 “aq”
dl dl [V} < w = | 1
IARIUTINIBAIUTY v, = — 158NT

“ausuna (phase velocity)”
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5’qﬁqccﬂqﬁ{j’uﬂ§'u s a sy ad o 1) 113 2 99 o 66 a9
wuugsuailin” M “n13nsEane” ¥as “Uaundan” iu “ANenIAaY
2819 “AaLiiad” Turas “A1” asaunu azla “Hedduadu” ndian “lLidugud” izl
St “Ax” — “wave packet”: §1“AA” Hvurn “Tadu” — “Ax” azfivunn “ianas”

Several harmonic waves Wave packet
JAVAVAVAVAVAVAN A
N AVAVAVAVAVN I T
| g !
g N
—
- //
A ///
/\/\/\/\/\,/ U
M/W -~ Ax —

http://hyperphysics.phy-astr.gsu.edu/hbase/imgmod2/unc3.gif
https://saniaheba.files.wordpress.com/2018/01/screen-shot-2018-01-28-at-4-45-06-pm-e1517154397938.png
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drunsananalidn “Ax” uaz “Ap” (Fsdunwusiu “AA” wau “de Broglie’s relation™)
azdiAnuaunusSAuaIu “wananulindueu’ vas “lawwwdsn”
(Heisenberg’s Uncertainty Principle)

Ax Ap = h
“Ax” = “anuldiviuau” Tun1sia/szy “Auntsvasaynia”
“Ap” = “anulduduau” Tunsia/sey “Tumuau (Badu)” ¥as “aunin”

\J

“lad” @u15an51U “Aunie” wag “Taaudn” Tauduauy “wiauq A
a1 Ap = 0 (3 “Tuwuan” 71 “wduau”) agla Ax — oo (“ld” sransavanduviala)

—  “Minimum” Uncertainty : Ax Ap = h
SBlar 66 ‘[ ) T4 9 173 9y =% “‘1 ! o, ‘19’”
Wu “walaenss” 90 “wave nature” ¥a¢“aynin” &9 “liaiusanidnle
WaAileds “Uncertainty” iasannanundue) (\iu nssuiunisin) azla

Ax Ap = h
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Werner Karl Heisenberg (1901-1976)

%4

UnWanduneasiu

1932 Nobel Prize in Physics

“for the creation of quantum mechanics,
the application of which has, inter alia, led to
the discovery of the allotropic forms of hydrogen”

http://philosophica.blog.tiscali.it/files/2018/03/wernerkarlheisenberg.jpg
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\iasann “nt&juﬂﬁ'u (wave packet)” {u “Aaunuvaiaynin’” (Tugﬂmaaﬂ?iu) St
“a7a32” Yas “naumdu” Fsfine “auiFangu (group velocity, v,)”
Aw dw
Vg = E —> Vg = E

WINAU “A2137” Vas “aynna” (particle velocity, v)

Am3U “aynin” 3 “ura m” waz “anuda v au “de Broglie’s Hypothesis”

“ . 5 E\ _2m(ymc?)
—  “anudlau’weusesn; w = 21f =27 (E) = .
2mmc? p2\ "2
=—|(1-—
“ h ( cz)

da)_ancz( 1) . V2 _3/2( 2v>_2nmv ) p2\ 32
dv  h 2 c? c2) h c?
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113 o L ZT[ p Zn(me)
—> LAUARU LAUIBYN. k = 7 = 21 (E) = T

2mmv p2\ "2
-2, _2)
dk 2mm v \? 2mmv, 1 2\ . oy
v h (“ﬁ) T (‘5)(17) (=)

dk  2mm ) v? _1/2+27rm ) p2\ 3% 12
dv  h c? h c? c?

3 3

dk_an1 v?\ 2 ) v? N v? _27rm1 v?\ 2

dv  h c? c? c2)|  h c?
dv h p2\3/?
dk:2nm<1_c_2>
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st “aasangu (group velocity, v,)” fe

_dow dwdv |2mmv ) 22\ ) ( R ) p2\3/? B
Ve T ak " dvdk | h 2 orm c2 -V

Fanu “anus” vad “aynia” (particle velocity, v)

T < : 99
Tuvauzd “anuiaa (phase velocity, v,)” Ae

2mmc? p2\ 12
W { h (1_C_2) } c?

= = = — >
Up k 2TV (1 ) v_2>—1/2 » C
h c?

&9 “laidl physical meaning”
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(8) “Werdunau” uag “aruuianily” “‘Aedtunin” van “azls” Auls)
The Fifth Solvay International Conference (October 1927)
_ (founded by the Belgian industrialist “Ernest Solvay” in 1912)

: .
]
. ’
-

‘‘‘‘‘‘‘

Back:  Auguste Piccard, Emile Henriot, Paul Ehrenfest, Edouard Herzen, Théophile de Donder, Erwin
Schrédinger, JE Verschaffelt, Wolfgang Pauli, Werner Heisenberg, Ralph Fowler, Léon Brillouin.
Middle: Peter Debye, Martin Knudsen, William Lawrence Bragg, Hendrik Anthony Kramers, Paul Dirac,
Arthur Compton, Louis de Broglie, Max Born, Niels Bohr.
Front:  Irving Langmuir, Max Planck, Marie Curie, Hendrik Lorentz, Albert Einstein, Paul Langevin,
Charles-Eugéne Guye, CTR Wilson, Owen Richardson
17 of the 29 attendees were or became Nobel Prize winners.
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Max Born (1882-1970)

UnNdndu1easiu-29nge
1954 Nobel Prize in Physics

“for his fundamental research in quantum mechanics,
especially for his statistical interpretation of the
wavefunction”

https://upload.wikimedia.org/wikipedia/commons/thumb/f/f7/Max_Born.jpg/240px-Max_Born.jpg
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“Nenduadu ¥ (7, t)” oradu “complex” function — “lduen” ezlsiuts “Inense”
“probability density”

%30 “probability distribution”

“Tan1a” Mg “wuaynia” Tu “nilaviigusuins” (Nliganenansegh “7) 9 “1aa1 t”

Y@ t)|* =V*@F OPF t) =

P* (7, t) An “complex conjugate” veas W(7, t)

“Tama” M9z “wuaynia” Tu“Usuasiéane dV>

Y7, t)|2dV = e o
¥ o)l (wuqﬂﬁenmaagm “r)yn“aan t”

“Normalization Condition”
“Tomavisnun” fiaz “wuayna’” azfiduindu “vile”
(aun1nvTRtagilninil)

[ weorav =1

all space
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Tunsdlfl “oynia” wdsuitldianizlu “wiladd” (lunuauny x):
“Nerdupdu” > W(x,t)
“probability density” — |W(x,t)|? = P*(x, t)¥(x,t)

¢ 59 S o €6 29 et o ug_/, ”,
W(x, ) [2dx = Tanna iaz “wuayan Tu ?i?ji"’a”az”jq dx
(sTrne x a9 x +dx) e t

400
“Normalization Condition™: j |W(x,t)]*dx =1

— 00

|W(x,t)|?dx =

X P
j 2 “Ton1a” Nz “wusynin”
°'L ! = = 113 29
x Y9N X 09 X, N t
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(9) “@un1sman’” vas “ylsAaass” (Schrodinger Wave Equation)

1933 Nobel Prize in Physics
“for the discovery of new productive forms of atomic theory”

<« Erwin Schrodinger
(1887-1961)

UnWandvnieadanse

Paul Adrien Maurice Dirac —
(1902-1984)

UnWandu19enge-aLusnu

https://www.nobelprize.org/nobel_prizes/physics/laureates/1933/
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lunsal “aunia”:
15IUTI81Y “WOANTTY (msmﬁlauﬁ)”wm“mgmﬂ” g uan/sey 31
aunds (7) anusa (U) anuse (@)
waz “Usanaudue” [wu Tuwudy (P) wasswaad (E;)]
Wasuivu “1aan” agals
Vsunauvianiinnld Taeld “npnisiaRauiivasiiadu (Newton’s Laws of Motion)”
> uf “Gun1NeRaui” F oy = md — W T, T, d wae “Usunadug” 14
Tunsdld “aynin’” wansantaluy “ARu’:
15198UTIENE “waAnTI” vae “aynia’” Tagld “dadduniu”
Fonldlaensud “aunsaduvssalshiaasd (Schrodinger Wave Equation)”
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d1m3U “aunn” Nl “wda m” wwaeui/ag Tuusiiand “wasudng V(r)” azladn
“fGun1snauvesylshsasuuudunuian” (Time-Dependent Schrodinger Wave

Equation) Ao
2

h* _, d
—— VYT ) + V@AOYF, t) = ih—tp(?, t)
2m ot

—

V2=V.V= “Laplacian” Operator wag V = “Del” operator

Tu Cartesian Coordinate System (x,y,z) —

§=éxa+e a+ei way V2= 02+02+(92
ox Yoy oz 0x2  0y?  0z2
nsdifl “aynin” ndeudildlanizlu “ullelid” (luuuaunu x):
—h—za—Z‘P(x )+ V(x)¥P(x,t) = ihi‘{’(x t)
2m 0x?2 ’ ’ ot '
— Fa9 “ufaun1s” wWown W7 t) wio W(x, t)
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75015 “wa9-31” Schrédinger Wave Equation: (nsed “anu” 4a)
(i) ‘Weu “waseusw (Total Energy wss Hamiltonian)” was “aunia/szuy”

1—9’2
E=K+V=—+V{@)=H
2m

(ii) wWagu “Usununneg” Wu “Operator (faadunis)”:

B> Pop=—thV ToTo =T V(T - Vo, (F) = V(@)

L0 ., 0
E—>E0p=1ha 99 H—>H0p=lha

n2 2

E=="—4V h—=———V2 4V
p +V(@) —» i m oy + V(r)
(ii) 11l “operate” vy “Werdduadu Y@ t)”:
2

hZ )
o 2 —> —> —> — ih— —>
VW) +V@YE D = i W 1)
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25013 “was-31” Schrodinger Wave Equation: (nsad “wits” 3id)
(i) ‘Weu “waseusw (Total Energy wss Hamiltonian)” was “aunia/szuy”

2
E=K+V=24ve)=H
2m

(ii) wWagu “Usuneunneg” Wu “Operator (faadunis)”:

9,
popop=—ihas XX =X V() = Vop(®) = V()

d 0
E > E,,=ih— v H- H,, =ih—

ot ot
E = p_2+ V(x) = iﬁi = —h—2£+ V(x)
2m ot 2m 0x?
(i) 11U “operate” vy “Wardundu W(x, t)”;
—h—za—zlp(x t) + V(x)W¥(x,t) = ihilp(x t)
2m 0x?> ’ ' ot ’
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“dun1snauvesrlsaaaasuuy ldau’ nutlan”
(Time-Independent Schrédinger Wave Equation)

(nsel “an’” §R)
Tunsaift “waseudng” liduiuna “egrsdman” (il ¢ lusunisvewdssudng)
ausalou “Wedduadu W@ t)” Tusd
“NanM” Va9 “drufivuiiusumis (spatial part): (@)”
fiu “daufivufuaan (temporal part): T(t)”
Y@, t) =9 @) T(t)

wnuaslu Schrodinger Wave Equation azla

hZ . . . R . 0 N
—%v2 W@ TO]+VE) [zﬁ(r) T®)] = ih—[p@) T(0)]

h o L 0
—5 - TOVAYE) +VEPE) T(0) = ilp (@) T (¢)
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“SAADANIANNNT B8 “WT) T(t)” azla

9 =F
T( )9t —T(t) = E (A1Aem)

FuU x Wit Fufu t Wit

1
———rvzlp(r) + V(@) = ih——

(daluazwudn AnAeAl “E” Ap “wageu” ¥as “aunn”

D»e

“dufivufiurian (temporal part): T(t)”

dr(t) dr(ty  (E
T(t) dt b= T() ( )dt

ih - aT(t)—E h
T(t) dt ~

oo E
“Iintegrate” wgunu “v3a1” — In[T(t)] = —i (ﬁ) t

T(t) = exp [—i (%) t] = exp[—iwt] = e”@t

rom=an(5)-2
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1 Y
o o

“daunvunuaiunis (spatial part): Y (r)”

W2 L -
_%vzlp(r) + V(@) Y(F) = EP(r)

“HUN1SAAUVDIBLSAWIBSHUU “lVW’ AuLa1”
(Time-Independent Schrédinger Wave Equation)

\J

“(F)” azdufiudnemzuss “wisudng V(#)”

YE L) =@ T) = ) e 1@t

wuanz “P(@)” Tngnsud “auni1snauvasrlsnaassuuy vy’ Auaan”
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“dun1snauvesrlsaaaasuuy ldau’ nutlan”
(Time-Independent Schrédinger Wave Equation)

(n36l “wile” §R)
Tunsaift “waseudng” liduiuna “egrsdman” (il ¢ lusunisvewdssudng)
aunsaleu “Weaddundu W(x, t)” Tusd
“Hanm” Va9 “rufiguiuiiuvis (spatial part): Y (x)”
fiu “daufivufuaan (temporal part): T(t)”

P(x,t) =) T()

unuaslu Schrodinger Wave Equation azla

hZ 62 . ad
— oo ) T(O)] + V(x)[i/J(x) T©)] = iho [P () T(0)]
K2 02 . Y
—5—T(®) 550 +V@PE) T = iip(0) 2-T(¢)
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“NSAADANIANNNT B8 “Wx) T(t)” azla

L (x) +V(x) = ih—— aT(t)—E
2m1,b(x) 922 PY(x X [ T( )3t GaliNik)
Fuiu x Wit Fuu ¢ Wity

(dalUaznudn ArAeda “E” Ao “Waeey” vaq “aunn”

“nuiiguiutam (temporal part): T (t)”

1 dT(t) ar@) (E
T dar _° 7 T ‘_‘( )dt

: o e E
“Iintegrate” wigunu “v3a1” — In[T(t)] = —i (E) t

1© = exp |4 (£) ] = exploion] = -

ro=tmr=an(f)-5
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1 Y
(%4

“daunvunuaiunis (spatial part): Y (x)”

h* d*(x)
2m  dx?

+V()y(x) = Ep(x)

“HUN1SAAUVDIBLSAWIBSHUU “lVW’ AuLa1”
(Time-Independent Schrédinger Wave Equation)

\J

“ih(x)” zTuiudnenizyes “wasudng V(x)”

W(x,t) =yP(x) T(t) = P(x) et

wuanz “P(x)” Tnensud “aunisaauvssvlshsassuuu lidw’ Auaar”
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Waulvvautwn (boundary conditions) :
Tunsaf “wasaudnd V(x)” wWasunu “auwnus x”° Tuanwae “alidaiiias”

“Wentunau” aziiaAn “ratilas” WU “IS8U” AsIUsIaal “vau/seusa (boundary)”

V(x) | I Y1(xo) = Yu(xo)
I dyr\ (Y
(), = (i),
—x 1 o 0
X0
(Boundary)
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(10) dirveinansld “auntsadu’ ¥ae “ylshaass”
(10.1) ayamdese (“Free” Particles)
999

“Dasy” — “ Lufiusameausnnszin” — “wasudng V(x)” «Ju “gud

I3 = a 1 |dy o/ 99
duN15ARUYRITLSALLRBSLUUlLIUAULIAN

h? d?
" 2m ;/:C(Zx) +V()Y(x) = E Pp(x)
2 2
3¢ “an3u” Ju _ th d ;’i(zx) = E yp(x)
2
Sogulsl® 2918 I - BNy @

“Second-Order” Differential Equation

P (x) azagluzu “Exponential Function” (11 “aywus” uda 89 “Usuwmilowau”)
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sunAl P(x) = Ae™ [A waz a T “Arnsia” @adoan)] unuasly (a) asld

2mE 2mE ,
aer“x=—( Py )Ae“x - a2=—( Py )=—k2 - a = tik
: 2mE vV
Hp) k2=(Z;) %30 k=$

P(x) = Ajet ™ + A,e ¥ = A cos(kx) + B sin(kx)
“exponential function” #& “argument” tu “IuruIunnn’
drunsasulalumanvss “trigonometric functions”

A Aq, A, waz k (W39 A, B waz k)

Taeanald “k” azmlaann “[aulvvautrn” delunsaidl “lidsl” — “k” dawinlsnla
dau A, uaz A, (W39 A uaz B) azuldann “loulvvsutun” (@slunsaiu “lid”)
waz “normalization condition” (@sldaunsaldnunsalil)
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Wanaz “Andnuainauila” Tuwauwss “aau’” 1@anly “exponential form” &eazld
“complete” time-dependent wave function Tugu

W(x, t) = POT (L) = (Aet** + A eikx)eint
afuadauiilunierin —

lP(.X', t) — Ale+i(kx—wt) +Aze—i(kx+wt)
« pAufideulumadne
mngﬂu,uwaaﬁeﬁ%’uﬂ?iu — “k” o “iavndu (wave number)”
ffaenns “adu” Mussene “aynia” i “ladauilluniern” — danld A, 1Tu “qud”
— “probability density” fa
W (x, t)|? = |A44]°
— i “Tonna” ﬁazwuaqmﬂ ‘Wine AW ﬁ“nnﬁ%mﬁa”
(\0u completely unlocalized particle)

S “Slenaeit”
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AMUAUNUSTENING A, A,, A uaz B:
Y(x) = Aje™¥ + A,e” % = A cos(kx) + B sin(kx)
14 Euler’s formula, e'* = cos(a) + i sin(a), aglé
AetHRx 4 A e ¥ = A, [cos(kx) + i sin(kx)] + A,[cos(kx) — i sin(kx)]
{szan91 cos(—kx) = cos(kx) uwaz sin(—kx) = —sin(kx)}
AetRx 4 A e™H* = (A4, + A,) cos(kx) + i (A; — A,)sin(kx)

Tufle A = (A, + 4;) uaz B =i(4, — A;)
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=

(10.2) aynraluvadnduniliingsaiiua

L1)

| N 1 N i
V(x) =00 V(x)=0 V(x) =
Pl(x) =0 Plx) #0 P x) =0
(aun1naglild) (aun1aaglils)
> X
x=0 x =L

auma “lisnunsead” lu “Usan 1”7 waz “vsau LI > P'(x) = 0 = Pi(x)
Tu “Ustaae 11” = “wasudng” Wu “@usj” — “Wllaunu” N3alvas “aynAdEse”

Y (x) = Acos(kx) + B sin(kx)

. \/ k% h?
139 k = vZmE %39 E = ( )
A 2m
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A1ARa 4, B waz k wildann “Seulvvauwn” waz “normalization condition”:
1% “Roulvvauwn” 7l “x = 07 — “Wedtundu” dos “dowilas” 9 “sousio x = 07
Yix=0)=0= pli(x=0)

2zl YU(x =0) = Acos(0) + Bsin(0) =4 =0
— Y1(x) = B sin(kx)
1% “Roulvvauwn” @l “x = L7 — “Wedtundu” dos “dowilas” 9 “sousio x = L”

Ypllx=L)=0=9"(x =1)

Azl Y"(x = L) = Bsin(kL) = 0 — sin(kL) = 0
A ‘ T 2T
“aaladrgns’ > kL =0,m, 2m,-- > k=0, T
¢ - ¢ M v 27T
“Waind” — “k” Ju “aud” Lild —> k = T

T
L
uinA

{8 k=0 > kx=0 — P(x) = 0 (fwdunndvas x) — “lLifleynin” }
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21 nmw o T

—)...:— L&la n: ) ,...

L L '

lA97 “Waseu” vae “aunn” Ae

kph?  n’m?h* (m?h?
= =N

2m 2mL? 2mL?

olehy k = _ I
— =7

E—> E, =

wen “n” 91 “lavalpusan (Quantum Number)™
“WAIW” Y9 “ayuna” dan “laisailias”

“wassuengn” (= “zero-point”energy) “bislugud™: E .. = E,

R

Fon “aanuz” A “wé’amw‘i"}qﬂ” 31 “AnTuziny (ground state)”
waziden “aaus” Al “wasudaly” 3
“garuzgnnszuddiuivile”, “sanusgnnssdudifuiians”,
(first-excited state) (second-excited state)

) die n=1,23,

e

T2 h?2

- 2ml?
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“Tutiuau (Waeu)” a3 aynA Ao

h_ hzn =hk — hk, = h (nn) _nh “Tanlaidaiilos”
P=21"2nx YV AR
0, x<O0
s A 2 c nmx
“Wandumau” vae “aunin” A P, (x) = { B sin (T) 0<x<L
0, x> L

+
- a1reaa “B” wlaaan “normalization condition”: j lY()|?dx =1

y L nmx L 2
—  Tunsaill agld B2 f sin? (—) dx = B? (—) =1 - B= |-
0 L 2 L
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[ 2 () ax= ()

o o v nr v L v ¥ L
wWasuauds: i u = (—) x wld x= (—) u AU dx = (—) du
L nm ni

“limit of integration” azwAsuan “x = 0 e x = L” Ju “u = 0 e u = nn”

L nmwx L nm
j sin? (—) dx = (—) J sinu du
0 L nr/ J,

10 cos(2u) = cos?u — sin®u = (1 — sin®u) — sin®u = 1 — 2sinu azla

L nmx L\1 (™"
. 2 _ _ _
fo sin (—L )dx = (_nn)Z fo [1 — cos(2u)] du
L nmx L sin(2u)1™"
2 (T Y _
]0 sin? () d <2nn> [u 2,

nmx

JOL sin? (—) dx = (%) [(nn —0) — %{sin(Znn) — sin(O)}] =

L
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0, x <0
Nmx .
270 Y, (x) =< B sin (T) 0<x<L Tes pB=
0, x > L

e~ N

azladn “adunuiniy” ¥as “Tanta (Mazwuaynia)” [probability density] As

0, x <0
2 nmx
| Y, (x)|% = (—) sin? (—) 0<x<L
L L
0, x> L
> “Ton1a” Nagwuaynia “TuuSianmneg” aziian “livinfiu”

lu “ground state” azdl “Ten1awuayniANINAign” AU “x = L/2”
Tu “1% excited state” — AdwnUs “x = L/4” wag “x = 3L/4”

T “2" excited state” — Aidwnus “x = L /67, “x = L/2” wag “x = 5L/6”
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(00] T (00) (00) (0e] (00 (00]
ny
Energy
3 E;
2 E,
1 T Eq
x=0 x=L x=0 x =1L x =0 x =1L

“Zero-point” Energy > 0

“waaany, E,”, i
dwiu n = 1,2, 3 va9 “aynin” Tu “dadndwnileiingeatiug”

afdfuady, ¥, (%) waz “amunuinduvasionid, |, (%)%
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IS n, IS 99 g = o 1 9 A 1 1 W
Wa “n” #A “Taung” —  “lanid” Nazwuauna “Annauvue” a1 “winiu”
(“aatiaunu” Ninuelae “Classical Physics”)

2 :
‘1’10 Quantum-mechanical
distribution
n=10
/Classical
distribution
O L X

Physics for Scientists and Engineers with Modern Physics — Tipler & Mosca — 6e (2008), p.1191
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1 1
=1

(10.3) aumaluvadnduilaiinnadnugsdnna

V(x)
| 1 11
VO VO
Vix) =V, V(x) =0 V(x) =V,

E E
Plx) #0 Px) #0 YM(x) #0

> X
x=0 x =1L
Vo, x<0
“waesudng” —»  V(x) =40, 0<x<L
Vo, L<x

PNTUINIAN E < Vy — aynia “gnin” adareludadng
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vl (x<0) >V <0)=V,>E:

I3 = I a 1 \l |dy [ ’9
SUNTIIAAUVBIYLIAILADILLUU LUYUNULIAN

VD Ly = E o
az“angu” iy _ Zh; dz;”;?) V' (x) = E ¢'(x)
“Fagulnsi” 2zl dZ;p;gx) = lzm(‘;fz_ E)] WI(x) = k2Pl(x)
o elD g BGD

P (x) azagluzu “Exponential Function” (nn “aywus” ua? 89 “Usuwmilowau’”)
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GHEEIRY Pl(x) = Ae™

il A waz a u “Anein” (Fedamn)

unuaLly dz;p—;gx) = k2! (x)

awla a’Ae® = k?Ae®™ - a’?=k? > a=+k

Sy WI(x) = Aet* + BeFx

Wosan —o0 < x <0 deviu “B” doadu “Aud” fiaziu Yl(x = —0) = o
S Pl(x) = Aetr*

— “Wefdundunisusndadng” (MTanugeania) a1 “Lidugud” lagaziian “anas
wuu exponential” (Tuusiadl x Ju “au”

— 1 “Tamanaznwuaynin” luusiia “aneuanyadng”
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U ll(0<x<L)->V0<x<L)=0:
Tu “Ustan 117 — “wisaudng” W “gud” — “wliaufiv” nsdives “aynndase”

P'(x) = C cos(kx) + D sin(kx)

232
p V2mE - k“h
13D k= — ED) E =
A 2m
s lll (L <x) > V(L <x)=V,>E:
Tu “uStas 1” = “wasaudnd” Wy “V,” — “wmilaunv” Tu “uSiaa 17

1/JIII(X) = FetKX 4 Ge KX
Wewn L <x < o fauy “F” doalu “aud” fiazuu PpI(x = +00) = o

et PYU(x) = Ge™*

— “anaswuuexponential” & § “Tanranaznuaynia” Tuuiiu “aneuanyadng”
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11
(L <x)

V(ix) =V,

l/)III(x) = Ge KX

_dl/)H
| dx =0

-dl,[)m]
x=L

| dx

(x < 0) O0<x<L)
V(x) =V, V(ix)=0
Yl(x) = det™ | YU(x) = C cos(kx) + D sin(kx)
il = V2mVo — E) way _ VZmE
h h
ARSI “A”, “C”, “D”, “G”, waz “k> (= “E”) azwlaan “rtaulvvauivn”
. dy!]
fx=05 Wir=0)=plc=0) uw || =
. ]
Ax=lo Pplc=L) =y =1) uz || =
X dx=L
+00
wag “normalization condition” : j lY()|?dx =1
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The wave functions ¢ for a The probability densities |#|? for

miCk i'll a pt?lcnlial well of a particle in a potential well of
finite height with n = 1,2, and 3 finite height with n = 1,2, and 3

https://d2vicm6117ulfs.cloudfront.net/media%2Fbd6%2Fbd6544e0-7217-42b3-9f7f-f44b36b4e508%2FphpZN2ZQn.png
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=R % I3 1 U 99
LUUNNKR “Naf1dnInauUnd

1. awA1ANg1InauiaegeEn (peak wavelength) fiusiaanunainstenieuyud
Tnganfanguasiu [9.35 X 103 nm]

I3 ) ‘6 U ey (¢ a o S99
Amax”” WUT “NARW’ NU “gaunliduysal

gauigiiseneuyed = 37 °C = (273 +37) K=310K
2.898 x 1073 (m - K)

A (T) = T 3 A0 (310 K) =935 x 106 m
2. amaudveslnmaudeilanaudu 0.020 MeV/c [4.8 x 1018 Hz]
° {13 " . _ _ C _ h _ _ pC
dwisu “photon” : 6 E = hf :9h(i) = (E) c=pc - f= -
0.020 x 10° x 1.6 X 1077 ] 3
( 3 % 108 m/s )(3><10 m/s)

- — 483 x 1018 H
f (6.626 X 10-3% ] - 5) “
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3. MuUAlRsALN29919ARgNNU 6.96 X 108 m A1a9v9959E8NILHDNN1RIN
a9 ngidu 3.8 X 1026 W 29w
()  gunniivadInINing trAndMsuridvesiuduingan [5.75 X 10° K]

NIWHSIEVRIINAN — Prorqi(T) = 0AT* — PEYN(T) = o(4nREy\)T*
i PUN (T) 3.8x 1026 W
o(4mR2) (5.67 x 10-¢ ﬁ) (47(6.96 X 108 m)?)

T*=11x 10" K* - T =5759K

(¥) nAmauluts (n) AMIANUYIRAUNLANMUTNNINTNFANEUNATUVDITE
Nupiaanun [504 nm]

2.898 x 1073 (m - K)
T (K)

A (T) = Amax (5,759 K) = 5.03 X 1077 m
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4. dranueedusasgedainlidianasaunaaainaznaunasne 300 nm
[ = = 1 a a (%
ININAINUYALUYITENINDLEANATDUNUDE MDY [4.13 eV]

C hc
W = (Ephoton) = hfmin = h (Amax) B Anax

(6626 x 10734 - 5)(3 x 108 m/s)

(300 X 10—° m)

_ 6.626 X 10717

_ = 414
W=—ex10 ¢ eV

min

= 6.626 X 10719

SCPY158 Physics 11 2562 — Quantum Mechanics — Exercises nAns yaeqns Wand wina 3



5. aauwivdnlwihdadueduszuiuanud 300 MHz annssnussainsuiiud
50 cm? §rannuduvasadudinainiiamiaiu 9 x 1076 W/m?
ASasINsANNIENUYasIAsUULNLAY (Sruaulnaause 1 Sunfl)

[2.26 x 1017 photons/s]

=

Wui 50 cm? = 50 X (1072 m)? =50 X 107*m? = 5 x 1073 m?

WEufiannsenuiud 50 cm? Tu 1 il = arnuda X wui X 1s
\\%
= (9 X 10_6@) X(5%x1073m?) X1s=45x%x10"28]

wasuvadlnaeu 1 a1 = hf = (6.626 x 1073*] - 5)(300 x 10° Hz)
=1.9878 x 1072 ]
IUUINABUNANNTZNU 4.5x1078]

fufi 50 cm? Tu 13wt 1.9878 x 10725 J/82

De

= 2.26 X 1017 i
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6. drmnueninaudasudmsulsngnsallnladianvsnuasiisaauiidn 230 nm
INIAINBIIAAUVDILEINAGAIUURIVBITAAURINA AW LHLBAN AT

WA 1.5 eV vignaanun [180 nm]
W=h —h(c)— 6.626 X 1034 3 X107 m/s
=hfo=h{z3)=(® IS\ 230%x 10 m
W =8.64 x 1071° _ 864 x 1077 V=>54eV
- ° J=Tex10 ¢V =>4

Kelectron = 15 eV = 15 X 1.6 X 10_19] =24 % 10—19]

%
M Ketectron = photon — W agla Ephoton = Ketectron T W

- Epnoton = 6.9V =11.04 x 10719]
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C hc

N Epporon = Hf = h (E) e A=

E

photon

YSuna “he” \Qudsunaui “wuves” Tumodern physics — feuuanan “sauiu” 1 Ju

hc = (6.626 X 1073%]-s)(3 x 108 m/s) = 1.9878 x 1072° ] - m
%39

hc = 1.9878 x 1072° ( ) - (10° nm) = 1240 eV - nm

1.6 X 10~1°

B 1240 eV - nm

6oov - 8Unm
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7. aUasigunan1silasunlainnueg1nnauYeeseaangaeiian1ue11na UL
0.040 nm wasaniia Compton scattering fAudiannsou Ineyunszidevas
Sedenddian 90° [6.08%]

h h
A=A —-2A=—(A—-cosf) » A'=424+—(1—cosO)
mc mc

h
0 =90° - cos@ =c0s90°=0 » A =1+—

mc
A = 0.040 nm + (6:626 X107 - ) — 0.04243
— T 9 T x 10 3T kg)(3 x 108 m/s) i
| | AL
Wasitguan1siuagunlainueIiniu = (7) X 100
= (0'00243) X 100 = 6.075 %
—\ 0.04 - 0
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8. Sedendminuenanau 0.0300 nm im Compton scattering Audiannsauds
Winegile fyunszidsvasisdiondma 60° aaiAdueIAaUYRISdaNgn
wWasuluaznasauvesdiannsaunasainnisyu [0.0312 nm, 1.59 keV]

h h
A=A —-2A=—(A—-cosf) » A'=424+—(1—cosO)
mc mc

h
0 =60° - cosO@ =cos60°= 05 -» A'=A14+——=0.0312nm
2mc

, . hc hc A =2
Keiectron = photon — Lphoton — hf —hf" = VR = hc 11
0.0312 nm — 0.0300 nm
0.0312 nm X 0.0300 nm

Keoiectron = 1240 eV - nm( ) = 1.59 keV

SCPY158 Physics 11 2562 — Quantum Mechanics — Exercises nAns yaeqns Wand wina



9. WiNGIUIMNAWUAGEN (Kppay) VOSBLENATBUNERINARUIING N3]

¢ v = Y <
AauNAULRgulau
EZ
Kmax —
2
mc
| E + 5
139 F ADNAI9UY09 WA UNaunNanN1SoU
CCqn Y S99 113 99 = / hC hC
WAUIaN” s “electron”fs K, =F — F' = — — —
A Al
d! = | d' ! = 1 d. hC hc
FeazliAgegn We A’ dalanign > (Ko)max = 5 — 3
A /‘lmax
/ h ! = d' d' fe)
M Al=1 —21=—(1—cosh) — A azdiAlaign e 6 = 180
mc
e = A
max — mc
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(Ke)max = - — -
A A A 2h 2 2h (c
e A+ mc 1+ mc (E)
hc 2F
O
(Ke)max = ( P ) B hcy 2 - 2E 2E
1+ (7) mc? L+ t ez
2E2 (mcz) ,
_ mc? 2 _ E
(Ke)max 1 N 2F X (mCZ) g 4 mCZ
mc? 2 2
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10. WANEIIAAUYRNABURAAnAINNSIUATUSETAUNAITUYaLBLannTauTY

lalaslaueznanain n; = Suds ny = 2 [4346 A]
@ n; O n;
electron
o—>
photon
L Ny

AEqtom = Ephoton = hf = h (%)

13.6 eV

hydrogen atom : E,, = — 2
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11. 2w recoil speed vasaznauvadlalasiau WosznanliUasslnnou ualtuasu
STAUNAIUAIIN N = 3 W89 n = 1 (MU lyinauwsn aznauva9talasiay

2gl9) [V = 8hRy/IM]
“photon”
® s
“H atom” in n = 3 state “H atom” inn = 1 state
“conservation of linear momentum” — P = —p
P = MV E h 1 R 1 1
= = = —_—= — a4y — = —_———
P=C=7 M 3T ng nf
» 1 1 1\ B8Ry 8hRy
Tunsdiiin, = 3uezn, =1 > —=Ry|-—=<|=— wazV =
A 1 9 oM
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12. aunalusnauiindenuaatvingu 1.0 MeV danubinuuaulunisin
Tuudnvaslusnauia 5% awnanuliwiueuntdsengainfintununs

ALY [9.12 x 107 1* m]
pz
Kproton = 1.0 MeV < Eo,proton = mpCZ =938 MeV - K = m
p

m, = 1.67 x 107%” kg

- p=.2m,K =/2(1.67 x 10727 kg)(1 x 106 x 1.6 X 10~19])
p=231x10"2%kg-m/s

(A_p) X100=5 - Ap = (i) =1.16 X 107?1 kg - m/s
A 6.626 X 10734 - s »
AxAp=>h - Ax=>—= =9.1x10""m

Ap  2m (116 x 10721 kg - )
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13. azmaunilegnnszaulveglutundsnuninasnugaindiaaiuziiy 1.8 eV
adaaeznaniledludaiuzgnnszau A1 2.0 uS nounazaAnasgdanIusny
M

(1)  AMUALAZAINE1IAAUTRINRDUNUdRgRRNUNIVMZNZADULNA transition
[4.35 x 10'* Hz, 690 nm]

AEqtom = photon — hf =h (E)

A
(@)  anubindusuluainwasauvesdnnou [3.30 X 10719 eV]
) h h
1% “Uncertainty Relation” - AEAt > h=— — AE >
2T 21 At

Tefl At =2.0us=2.0x10"%s
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14. Wsiduvasaymaniladeulailuy

2 <2nx) ¢ L < L
tp(x)={ cos |~ or—-<x=<-
0 for other values of x
(n) =21A1 A 31n normalization condition [2/VL]
f+oo , , +L/4 , 2TX , L 2
1€3] dx=A] COS (—)dx=A (—)=1—>A=—
—00 —L/4 L 4 \/l—;
@) awnlenmaiazwuaynasziing x = 0 fex = L/8 [0.409]

4f+L/8 2<2nx)d _4[1{L+(L)}]_1+1_0409
L)y, \T)® kB @ Ta T
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+L/4 27X 1 [HL/4 ATrx
f cos? (—) dx = —j [1 + cos (—)] dx
_L/4 L 2) 14 L
L 4rrac\1TL/4
+L/4
{[x]-L/4 * (4n) lsm( L )]_L /4}

+ (ﬁ) [sin(m) — sin(—n)]} = %{% + O} = %

A
Sfee e @EnCEL
=2lls ]+ () [in () s} = 35+ (7))
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15. [F2548] agmm‘ﬁlmma m agjnw"luﬂaﬁ'néaﬁuﬁwﬁeﬁﬁ N3 L Favuneda
wasuAndvasaynawiriugudnielute (lurae 0 < x < L) wasliAnlu
atfudneuenta frouniaiifsituadudy

3nx)

Y(x) = Asin (T

(M) aaudsunsmiszning [P(x)|2 wag x Tutae 0 < x < L Tngszyduviia x 9
[P (x)]* AAnengasae

(lud9 0 < x < L) il A JuAinsia

z
Y (0)|? L

o =
W]~
N~
|
|
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(@) ananuiaznluiisznusynalug 0 < x < L
PO<x<L)=1

“I s 1 a = -191,, orad e oo 9
[“Ton1ENasNUBUYNIALUNNUIIUNDUNIAGIUITABYLA LNINY “UUS”']

1 < = 1 L
(@) awnauenluiissnuaynalugo -

p (L < ZL) 1
J— S x S — _— —
3 3 3

“dy dl o/ 1 L 2L 29
Wunlansaw (vas [P (x)]? fu x) Tudas SSx<T
Aandu “wilsluan” vae “Wuildnsneiun (luds 0 < x <L)~

L a o o

1 1 1 1
fAwiniy - o ol

2L
<x<—
3

(@) anutasluiaznuaymalugie 0 < x <

eo]

Tnwinrayusznauniy
“livin” ez “Auildnsan (vas [P (x)|? fu x) Tutae 0 < x

Aanliwinau “villelunda” vas “Wuinldnsinaviun (ludes 0 < x <L)

bJ

L’
8
L
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(3) WVBUaNNITVRNYlALRBIAMTUBYNIA Tute 0 < x < L

(@) aldnaanda () LiNaMINEIUYDIBYAIAL

3mx ~ P
wnd YP(x) = Asin (T) aslu“aunisvesylsharns” aldlude () azla

() - evn - o5

2m 2ml2
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16. [F2553] aumauqa m gninagludadndatiuaviledd nd1e L Ingh
wasnudngvasayniavinduaudaigluve (lugae 0 < x < L) uae
fidndustiuanieuania freynalfidsiduadudy

0 = [Fsin(X)  (inosxsi) don=123.

(n) euaun1svaslsaasnlizuiuaidusvaynial Tude 0 < x < L

h? d*Pn(x)
_ om  dx2 — Enlpn(x)

(¥) aslgnaanda (n) LiNanWaUIINVREYNIAL

wny “P, (x)” asly “aunisvesylshameas” nlaluds (n) azla
h? n?mw?h?

<__> [ () im0 = Eutha0 » B ="

2m
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(A)  WVBUNTINTENRIN |1/)3(x)|2 war x g9 0 < x < L lngseymgegn
YAINTIN LAZANLAUI X wnsfmluﬂ']maﬂ GG LLauL‘Uuﬂu‘c’JWJ‘c’J

2
A2 ==
L

Y (0)I?

| =
W] =~
N|

@ auhandufiaswuaynia Tutae 0 < x < L/3 fawinduinle
P (£ <x< 2_L> _1
3 3 3
“Nuilgns (vas [P (x)]? fu x) Tutas g <x< % ”
fiandu “nilduay” voe “Nuiildnsmiianun (udw 0 < x < L )”
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@ awnanuazluissnuaynia Tugae 0 < x < L/8
L/8 L/8

P(OSng)=Oj |1/)3(x)|2dx=%J sin? (3Lix)dx

0

L 3mTX L
Waguaawds u=— - dx =|—|du
L 31
31t/8 31t/8

P(O Sxﬁg) = (%) (%) j sin“udu = (%) Oj (1 — cos2u) du

0
{~~ cos2u = cos?u —sin*u = (1 —sin*u) —sin“u =1 — 2sinu }
31/8

Plosrsg) =@, -@EIF-20(F)

P(O SxSé) = (%) %T_%(g)] _ 37T2—472T\/§
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17. efdunduvesaymadass (V = 0) nludeuldidu
Y(x) = Acos(kx) + B sin(kx)
Tnefl 4, B wae k Wudasi &1 ¥ (x) Jusnavessaunisylshaiass

o & szlz
WINANUVBIBYNIAY lE = ]
LU Y(x) = Acos(kx) + B sin(kx)
2 32
adlu “aun15ylshaans” dmsu “aynindass’: ) = E Y(x)
2m  dx?
. %
wld — %{—sz cos(kx) — k?B sin(kx)} = E {A cos(kx) + B sin(kx)}
k?h?
~ - 2m
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=

18. Bdinasaudnilsgnininliiadeunegmelundawilelif lnsagnaniusnudd
Wasuinau 2.0 eV
(n)  ANUNINNVNEDY 1 AAdAvile [4.34 A]

1
SIS Ea0R 113 &

e 1 1 ¢ £ aa C% Soe9 1'%
NABINUNNA" <> “Uarngnusdngauun” (1219 L)

)}

232
w o neh o
“Wa\‘N']u” YD “auﬂ'\ﬂ” A E— En = nz (2 L2> o n = 1’ 2, 3,
i m

2 h? h h
=2ell - L = =

144 3‘3‘1 bR E =E — —
gausne’ — 1= 573 \/m m

6.626 X 10734 - s )
L = =434x10"1%m
V8% (9.1x10731kg) X (2 X 1.6 x 10719])
@) Bdnaseudainisnasnuinlalunisiisussaungsauanaatusiuluss
AnnuzaNNsEAUAIRUTINilS [6.0 eV]
AE:EZ_El :4E1_E1 = 3E1 = 60€V

SCPY158 Physics 11 2562 — Quantum Mechanics — Exercises NANS yq;aqwé‘" Wand wina 24



19. 291A1 A dwsuileriduaiu
. /TIX - (27mx
l/J(X) = A [Sln (T) + 4 sin (T)]

e 1% ¢ v o = v I 1 aa 1'%
Falaanuasiuvesilendunauvasaynangnisaglunass 1 {6 nde L

[1/V85 L]
[P (x)|* = A? {Sin2 (?) + 16 sin? (ZLE) + 8 sin (%) sin (2%)}
| Wpeoldx = 1
0
A? UOL sin? (nTx) dx + 16J sin? (?) dx

0 +8 fOL sin (nL_x) sin (leix) dx} =1 (1)
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[l @)= 1o GB35
- (smen] - (Dot
[ EEoc-3 oo (o2 ()5,
- (smcan] o (s

-2 ©
[ GEYn () oe =2 sn (a7 ()
=S [ () abin (D] =55 (P, =0 o
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wn (2), (3), waz (4) aslu (1) azla

42 {G) +16 (5) + 8(0)} — A2(851L) =1

2
\!
1
A=
V8.5 L
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20. aunagninagluuiiin —a < x < a vesadndatunning 2a lay

92 = [ cos (52) 550 ()

2311 A wae B ’ [lAl = |B| = 1/+24]
| (x)|? = A%cos? (%) + B?sin? (%x) + 2ABcos (Zz) sin (nax)
+a
| k=1
—-a
w [ eost () ax+ 57 [ st (B ax
+
+2AB f_aa COS (7212) sin (%x) dx} =1 (1)
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i cos(Z)ax= 2o (D))

_ %{[a + (%) sin(m)] - [~a - (%) sin(-m)|} = a (_20;

+a

[ sin? () ax = [ fr=cos(Z)ar =3[ (35)sin ()]

~3lla- Ganem] - o= (R)ancz]} e @

+a

j:;a oS (%) sin (7%) dx = 2] cos (_x sin (Zz) cos (gz) dx

2a
2 +a 4
-=2(3) [, o Gl Gl -l GO, -0 @

a

SCPY158 Physics 11 2562 — Quantum Mechanics — Exercises nAws ygegns Wand wina 29



wnu (2), (3), waz (4) aslu (1) azla
A%(a) + B?(a) + 2AB(0) = a(4*+B?) =1
g1 |A| = |B| azla 2a4% =1

"

1
|A| = |B| = —
V2a
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21. s dunduvesdannseudassideuldilu Y(x) = A sin(5 x 101%x)
e x fvdaedu m 2w

(n)  AMNEIREUIABUTIEdYRIBIENNTOY [1.26 X 10719 m]
(@) Tuauduvssdiannsau [5.26 X 10™2* kg-m/s]
(M)  wasuvedianaseuluviie eV [95 eV]

21 v

wisunu  Y(x) = A sin(kx) = A sin [(7> x] wld k=5x101"m™?!
2w 21
k  5x1019m-1

h 6.626%10734] s s
P= = T x10-0m =526 x107“* kg -m/s
p* _ (526 x 107%* kg - m/s)?
2m, 2 X (9.1x 10-31kg)

A= =126 x 1071 m

K =

=152 %x 10717 ] = 95 eV
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22. waunsanansanindneyniaueannigluivedesednielaceuluneaiv
aynagegninaglundas 1 fiinde 1.0 X 107" m (vwiadurrugudnans

vasiinaded) smmasnuuasTluuduvesaynauearlussiundasudge
(m, = 4% 1.66x107%"kg) [0.516 MeV, 3.31 x 1072 kg - m/s]

“WAIY” VaY “aunianaan” 7 “gnin” aglu “ndas 1 &R~ nd19 “L” Ao

E—Zﬂzhz—2 i do n=1,23
=" ML =n 8m.. 2 Wwe n=1,2,3,

h?2 (6.626 X 10734 ] - 5)2

T 8m,L2 8 x (4% 1.66x 10727 kg) x (1.0 X 1014 m)2
8.27 x 10~ 14
=8.27x107M] = eV = 5.15 x 10° eV = 0.515 MeV

1.6 x 1071°
h h 2w nm B hm h
L

p==o—=hk > pp=hky=h(7) = Pmn=—7 =57

Emin = E1
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