Inhaltsverzeichnis Theo 4 Vorlesungs Tutorium I- 28

Theo 4 Ubungs-Tutorium

Mitgeschrieben und geIATEXt von Julian Bergmann

Inhaltsverzeichnis
1 29.04.11 1
1.1 Hausaufgabe 1 . . . . . . . . . . . e 1
1.2 Hausaufgabe 2 . . . . . . . e 1
1.3 Hausaufgabe 3 . . . . . . . L 1
1.4 Einschub: harm. Oszillator . . . . . . . . . .. .. . 2
1.5 Bohr’sche Bahnen . . . . . . . . . 3
2 06.05.11 3
2.1 Hausaufgabe 3 . . . . . . . 3
2.2 Hausaufgabe 4 . . . . . . . e 4
3 13.05.11 5
3.1 Hausaufgabe 6 . . . . . . . . L 5
3.2 Zusatzaufgabe . . . . . ... 6
3.3 Hausaufgabe 7 . . . . . . . . 7
4 20.05.11
4.1 Hausaufgabe 8 . . . . . . L
4.2 Hausaufgabe 9 . . . . . . L e
4.3 Zusatzaufgabe 2 . . . ..o 10
5 27.05.11 10
5.1 K2 o e 10
5.2 K3 o e 11
0.3 Zusatz . . . ..o e 12
6 3.06.11 12
6.1 Hausaufgabe 12 . . . . . . . . . 12
7 10.06.11 13
7.1 Hausaufgabe 13 . . . . . . . . . . 13
7.2 Hausaufgabe 14 . . . . . . . . 15
8 17.06.11 16
Prasenzaufgabe 11 . . . . . . . . oL 16
Hausaufgabe 15 . . . . . . . . . . L e 20
Hausaufgabe 16 . . . . . . . . . . . L e 21
Zusatzaufgabe 4 . . . . L L e 21
9 24.06.11 22
9.1 Hausaufgabe 17 . . . . . . . . e 22

Julian Bergmann



Inhaltsverzeichnis Theo 4 Vorlesungs Tutorium II - 28

10 01.07.11 24
10.1 Z5 o o 24
10.2 Minitest 6 . . . . . . L e 25
10.3 Hausaufgabe 18 . . . . . . . . . . . e 25

11 08.07.11 26
11.1 K2 o 26
11.2 K3 . o 27

Julian Bergmann



1 29.04.11 Theo 4 Vorlesungs Tutorium

1 - 28

1 Tutorium vom 29.04.2011 (Blatt 1)

1.1 Hausaufgabe 1

Compton-Wellenléinge eines Teilchen mit Masse m: A, = -*

h=6.626-10"34Js = 4.1357 - 10~ 15eV's
h=2 =1.0546-10"3*Js = 6.582 - 10 16¢V's
he = 197.33MeV fm

126V = 1.79 - 10-%0kg

a) me=9.1-10"3kg = 0.514¢V

)\C(e—) __ 2wh __ 2mhc __ 2:3.14.197.33MeV fm

Mmec mec? 0.51MeV

~ 2429.86745fm ~ 2.43 - 10~ ?m
b,c) analog

d) m(Auto) =t = 10%kg = 0.56 - 1033215V

_ 27h _ 2whe __ 2-3.14-197.33MeV fm
A (AUtO) — m(Auto)e T mc2 T 0.56-1033 MeV

~ 22131073 fm ~ 22.13 - 10~%6m

A _h_ b
deBroglie = p = mp-*

1.2 Hausaufgabe 2

h=10"3Js nur in Quantum-Land

d=20cm=A, M =0.1g

A:C'Ang

10_3kb%ms

_f_ S J— 73

= AP =g = —555— = 2.5- 10 kg
A 2510 3kg™ k

Ao = 37 = “qoomgy — = 255 = 905"

d.h. Die Kerne besitzen min. 90%"!

1.3 Hausaufgabe 3

a) Lagrangefunktion:

L=T-V=1im?-< 2=i®
(1) = (r(t) cos(o(t)), r(t) sin(¢(1)))
7= (i-cos(p) + r(—sin(9)), i sin(¢) + 1 cos(9)¢)

= 2 = 2 4242 = 2

Julian Bergmann
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Hamiltonfunktion:

H=T+V=1m 262:%mf+%mr2gb2—%

mu= -
Kanonische Grofien:
oL 2] _ 0L __ .
¢ pr= oy — mr
2 m2r? 1, -2 ﬁ _ m2rid?
2m 2mr2
2

H=T+V =050, ¢

2mr2 r

% =0, %g # 0 = ¢ zyklisch.

Konstanten der Bewegung:

2

=3 L2 q§2

(1) H = FE, da H(q,p) nicht explizit zeitabhingig.

(2) pg = L, da ¢ zyklische Variable.

L: konstanter Drehimpuls.

Hamilton’sche Gleichungen:

; __Bﬂ_ h— OH _ Do
Py = 0, ¢ 8p¢_m7“2

Pr=""5; +mr30 "= op,

2m(Er2+e2r)—L2
r

¢) Umkehrpunkte: p, =0

m(ET‘2+€2T)7L =0 = r*+¢ r—m—o

=T = :I: VA g A = —4m(2EL? + me?)

AmE

d,e) wegen Einschiiben fallen gelassen.

1.4 Einschub: harm. Oszillator

2

— — fe& f
E—T"‘V—mT—I—T e

— 2m

o= 2mE, b= [

5—3 + Z—z =1 = Ellipse

2 2
yy q _
2mE + 2mE

—_

F = [ f(x)dx, Ellipse: § pdq = wab = mﬁsz\/? — %E\/?

v=g\/L = Sﬁpdqzmbzsz\/?:

Oszillator-Zustande: E,, = nhv

= | pdg =nh

Hinweis zur Schreibweise: f=D=k

Julian Bergmann
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1.5 Bohr’sche Bahnen

n=n,+mney, ne,=1,..,n

Bahnen: a)

2 Tutorium vom 06.05.11 (Blatt 2)

2.1 Hausaufgabe 3
0
&+ wd sin(x) = F cos(wt)
. p2E+1 )
a) sin(x) = Z(—l)k(zki:l), ~z— gab -
1 2 el

= i+ wor — gwor® = F cos(wt)

~SIN(y) = ¢

! _ dzx s dr _ dxdr _ ./
b)#'=gt, d=F=gF="w

2

= i = w?z”

= 2" + Q% — £0%2% =T cos(7)

¢) (zf+el +..)+ Q%o +e1+...) —e(xo +exy +...)3 = T cos(7)
zf + Q%xg = T cos(T)

= DGLs : q;’ll + Qle = gjg

zly + Q%xy = 32k,

d) 2m-periodisch nur fiir ag = by =0

e) xo(7) = ﬁ cos(7) einsetzen.

3 1
o+ Q% = ﬁ (Z cos(T) + 1 cos(37))

~
cos3(7)

) z1(7) = Acos(1) + Bcos(37) = 2//(1) = —Acos(7) — 9B cos(37)

(
4020 = AQ2-1) cos(r)+B(22-9) cos(37) = & 5 cos(r)+ 4 gy cos(37)
1 r

_3_18 _
= A= B = § oz—1y3r—y)

[(ezmsyet

g) (e,7) = gi cos(7) + e( g—gyr 08(7) + % E—pa@r—gy Cos(37)) + O(c?)

Julian Bergmann
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2.2 Hausaufgabe 4

(o]
a) ¥(z,0) = f fP)¥p(z — 20,0)dp
_(p—p )2 )
B f 1 405 1 67%(07p(17*$0))dp
27‘(‘ NG~ /O (27Th)1/2
%/—/ N———
c1 Cc2
Integrand:
_(p*po)2 ) —p2—2ppo+p(2) )
e 403 e%p(z—afo) —e 4202 e%p(z—azo)
. Lyt 2 w0 ~i0r
—eop(- 2+ (22 + L —ao)lp+ (-2
TP T ez P T e TR T O 5
\,_/ N —

= az? +ba:+c—a(x + x (%) ( )2)+c

U(z,0) =c1,c2 f eaPtzq)? C7%dp

—0o0

[e.o]

_o? —alp—B)2 .
= C1co€’ 1a /e A=) dp, mit o = ég
p

—00

N—_————

G

b2
— c— 4
= c1ce" 10 - 20p\/T

Exponent:
A
T fg = T4l
— + o [
(m x0)20

Damit: ¥(x,0) =

4(

1

_E)

2z + 7 (@ — 2]

_i_zpo(x zo) _ (J»‘—}ﬂ;o)Q]

2
oph

-~ 4 g — ap)

! L gm0 phmiezo)

(2m)/4 /o, (2mh)?

1 /20
(27\_)1/4 Tp

= /2 =_1
Fiir t=0: opo, = g 2 h Vs
= £ = é
2
= U(z,0) = me_ e enpo(@—w0) _ M(z,0)ei0)
o (z— 10)2
b) f U (z,0)2dr = %00 dx

/ 7r /
27roz 2mo2 \/ﬂaz 2 Oz = 1

Julian Bergmann
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3 Tutorium vom 13.05.11 (Blatt 3)

3.1 Hausaufgabe 6

W(r) = N exp(~ 525)
a) Substitution: z — z¢p — x
oo o0 1:2
[ 9(z)dz =N? [ e 2dx=Nymo
—o0 —00
1
= N = (n0?)"1
b) Nach Vorliebe von Herrn Prof. Dr. Lenske:
U(p)= [ e"P*U(z)dx

U(r) = | e u(p)de

—0o0

o

1l e == gy = \/g

oo inT— (zfz0)2 oo
U(z) =N [ dee™™ 22" =N [
) —00
_ _(@—wo)® . 2% | mex _ T
a= 202 +pr = 202 + o2 202 +1px

= —#(wz — (2m0 +ip - 20%)x + 23)

= —#((x + (xg + ipo®)?)? — (xg + ipo?)? + x02)

x
= —#(;%2 — 2ipoxg + pPo?)

Das Gauf-Integral iiber Z liefert den Faktor v/27o und man erhélt:
2,2
U(p) = (4mo?)ie™ "3 Firm

o0
Die Fourier-Transformation ist norm-erhaltend: [ g—ﬁ|\11(p)|2 =1
—0o0

c) r—x9p—u n=l:

QM‘ s,

<z >= }O deW*(x)z¥(z) = ./\/’j? du(u + zp)e”

—00

Q‘H
[N
I

[e.e]
- ﬁ = z0y/0 =m0, weil [ dzxe” 0
—00

<p>=0

Julian Bergmann
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o0 oo x/2

<2?>= [ da¥*(2)2?¥(z) = N? [ da’ (z+x0)? e oF

—oo —o0o —
x2+210x+w8

[e.o]

a:2 [ee] 2

0o _(L‘Q I _x
=N?| [ daa’e o2 + 2z /dacace o2+ [ drae 2
—00 —00
—00
N———
=0, ungerd. Integrant

(xfaforwofU) 3V +

w) — (4mo?) e ivmy

o0

<p’>= [ 2w (p)p*T(p)
— 00
2 < dp —o?p? 2
= (4ro®) [ Ee™Pp
— 00

1
_20\72”( 2f e

e) (Aﬂf) =<z?>—<z>’= kr2\f+x0_x0:%\/»

Q

‘ -

(Ap)? =<p’ > - <p>*=
1
éAxApZ%mithzl

NI= o
3

d) 1. n=1:[z,p] =ih, [A, BC|=[A, B]C + B[A,(]
[z, p"] = ihnp" 1

[z, p" ] = [z, p"|p + p" [, p] = ihnp" + ihp™ = ih(n + 1)p"+H 7!

2. [p, f(2)] = af'(z)
Taylor: f(x )ZE%f( J(0)a", f'(2) =2 5y (nf(0)2" )

n

[p, f(2)] = X2 n.f M(0)[p, 2] = 32 5 S (0)(—ihna™ ) = —inf'(x)
Auch iiber Anwendung auf ¥(x) und Ableitung.
Alm
3.2 Zusatzaufgabe 7
o0 // ?\ Re
i % = arctan ‘iooo =7 R R>
Residuen-Satz: -l
i zgd‘j_l Nennernullstellen: z = 44

= 271'22Z =

=27mi Yy Resqf(z) = 2mi- Res,— Zf—27mh,(( ))‘ _

Julian Bergmann
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3.3 Hausaufgabe 7

1A 1
1
In(z) = (r—x01)2+w%’ Wnp = %7 n €N :
00 o !
1 _ A 1
a) A f (a:—aco)z-‘rw%dx T w2 f (M)JA :
_ —00 n 1
Substution: (%)2 =y’ =dy= % :
w% J ﬁwndy = ﬁ arctan(y) iooo = % N : >
" —c0 Xo X
> A=
4 Tutorium vom 20.05.11 (Blatt 4)
4.1 Hausaufgabe 8 :
o V| - ®
a) E<%’k2:%E’ K:%(%_E) _—
wl([]j) = Aleikw + Bleiikz fur 1 0 a

Po(x) = Age™ " + Boel™ fiir 2
P3(x) = Ase®™™ fiir 3

(B3 = 0 da Teilchen von links ankommt, also kein Wellenteilchen von rechts.)

Anschlussbedingungen:
¥1(0) = 12(0); 2(a) = ¢3(a)
¥1(0) = ¥5(0); ¥5(a) = ¢3(a)

V) (2) = Ayike™™ — Byike e

Ph(x) = —Agke " — Boke®

A1+ By = Ay + Bo

(1)

(2) 1 Age R4 + Boelt = Ageika

( ) : Alik — Blik = —AQKJ + BQKJ
(4)

. —Agke R 4 Boker® = Agikethe

ka _ Aske™ 4 Agke—r
(4) = Bge S ——
. —Ka A3keika+A258_ﬂa
: Ase + =

Einsetzen in (2) = Ageika

= A2(€7I{a + e*fﬂa) — Ag(eika o %eika

= Ay = eika_ikeika/KA3 — Ay = %eikaeﬁa(l _ %)AE} ()\

2e—ka

Il
=
SN—r

A einsetzen in (2):

Julian Bergmann
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By = %eikae—na(l + %)Ag

By = —Leke(\ + 1) sinh(ka) A3

(1) = A1=A4+ By — B

Fiir Ao, By und Bj einsetzen

= | A1 = e*(cosh(ka) + £(X — }) sinh(ka)) A3

T+R=1

c¢) klassische Mechanik: fir E < Vy: T=0,R=1
Sehr breite Barriere: ka >>1:  lim sinh(z) = oo

T—00

=T — 0 fir ka = ©
d) klassische Mechanik fir £ > Vy: T =1,R=0
Fir £ > Vy wird « imaginér

Setze daher Kk = —iK, A= 3z = —ip = —iA

==

A 1
Gl lauten dann: T' = T I sn?(Ka) T
i(F—%)Qsinz(Ka)
1+1(A—+)%sin?(Ka)

e) Transmission wir 1, wenn sin(Ka) = 0, d.h.

R =

4.2 Hausaufgabe 9

(
o0 , L < —a

a) V(z) = Vod(z) ,z=0
0 ,0<ax<a

o0 , T >a

Potential symm. um 0: Losungen haben definierte Paritét

Region 1: —a<2x <0

b) jeweils V(z) =0
Region 2: 0 < x < a
CY — _|2Umitk® = 2mE
c¢) Ansitze:

Julian Bergmann
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P1(x) = Apsin(kx) 4+ By cos(ka)a(z) = Agsin(kx) + Bg cos(ka)
Paritétsbed.:
gerade: P(—x) = P(z) = P1(—x) = P2(x)

V — Ay sin(kz) 4+ By cos(kx) = Agsin(kx) + Bacos(kx) = By = By, A1 = —As
ungerade: = Ay = Ay, B; = —Bs
Stetigkeit bei z =0: 11(07) = 12(0T)
Az sin(0) + By cos(0) = Agsin(0) + By cos(0) = Bl = Bo
Fiir ungerade Paritét gilt auch By = —By = By = Bs =0
Unstetigkeitssprung: der ersten Ableitung:
Es gilt 5 (45(07) = ¢4(07)) + V¥(0) = 0
Py (x) = Aik cos(kx) — Biksin(kz)
Wh(x) = Asgk cos(kx) — Bak sin(kx)
e—0":
g—fi(Agk cos(ke) — Boksin(ke)) — (A1k cos(ke) — Biksin(ke))) + VoBr =0
= E—E(Agk — A1k) + Vo By = 0 (fiir gerade Paritét)
gerade Par.: A= -4 = —%2&2]{ +VoB1=0= Ay = %Bl
P1(—a) = ¢2(a) =0
Fall ,ungerade®: Mit A; = A = A haben wir den Ansatz
P1(x) = Asin(kz) = 1a(x)
Ya(a) = Asin(ka), A#0=k=""
BE = B = g’
[ ¥(z)Pde =1 = [ A%sin’*(kz)dz =A%a=1 = A= ﬁ
—0o0 —a
Also fiir ungerade Paritit: Wypngerade(T) = \/g sin(“x)
d) ¥1(—a) = 9(a) fiir Fall ,gerade“:
— Ay sin(ka) + By cos(ka) =0
Ay sin(ka) + Bg cos(ka) =0
= Bjcos(ka) = Ay sin(ka) = (S::)r;((zz)) = tan(ka) = %
Ar=Ay=-"92B; = |tan(ka) + 2 =0
= tan(ka) + cka = 0 mit ¢ = m}%joa
e) c<< 1

Julian Bergmann
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= —cx hat sehr geringe Steigung.
= Schnitt von tan(z) und —cx ungefihr bei 7
tan(x) =~ (z — m) + O(x?)

_ _ _T ~ ™
>z—nm+cx=0 =T =1 :>k~a(1+c)

_ R’k . R3m? 1
f) = E = 2m ™ 2ma? (1+c)2

ﬁ ~ 1 — 2c¢ (kleine c)

= E~ 27 (1 - 2c)

2ma?

4.3 Zusatzaufgabe 2

a=1,¢=0.05

k= ~2 2.991993...

005
genau: 2.9930429
5 Tutorium vom 06.05.11 Klausurl-Besprechung

5.1 K2

2 Gebiete: x < 0,z > 0, jeweils V(z) =0

_ 2Py E(z) = 2y _ —2mEy,

2m dz? dx? h2

Ki= /22 E <0
Los.Ansatz (briicksichtigt Normierbarkeit):

Bef* <0
Y(x) =

Ae ™ x>0
Bei x=0:

i) Wellenfu’ stetig == B = A

ii) Integration der Schrodingergl. um x=0:

~dn e+ [ Vpaole)ds = [ Bu@)de = R0/ - (=) =

—€

—Vo¥(0) + E(¥(e) — U(—¢))¥ : Stammfu’ von 9
¢ — 0 : Ableitung von 3 (z) bei x=0 springt um 2";—2‘/‘)@[)(0)}

Kk Be"® ,x <0
Es ist ¢(z) =
—KATR >0

Somit folgt 1'(07) —(07) = —kAe® — kBe®

= —kA— kB = 2’22‘/014

Julian Bergmann
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2
mVj

_mWy __ _2mE _
=FE=—-=

h2 h?2

= K =
o 0 00

Normierung: [ [¢(z)]2dz = [ A%e* 4 [ A2e=2r%dy
o e 5

KX 67290/@ '

— 2 _ 0 2 _ o -
1/2k 1/2k
A= /kx

Vee"™  x <0

Ve " x>0

5.2 K3

Y(x,0) = AO(b? — 2?)

\\\\\\T\\\\\

a) Normierung:
R
3
[ dele, 02 =1
_R

2
2 — — 1
= |A]F-20=1 :>A_\/%

b) Spektrum des Potentialtopfes:

p(£8) =0 = ¢(z) = Acos(kz) + Bsin(kz)
R.B.: 0= ¢(—&) = Acos(kZ) — Bsin(k%)
0=¢(&) = Acos(k) + Bsin(k%)

Das Potential ist achensymmetrisch um x=0

c) det cos(z) —sin(z) = 0 mit z = £E.
cos(z) sin(z)
Also D(z) = 2sin(z) cos(z).D(zy) =0
=sin(z;) =0 bzw. 2z, =nm =k, =2E, (neN>1)
oder cos(z,) =0 =2, = 2n+1)5, kn=(2n+1)%

2
= FE, = 7122"17”(}%)2 =n’FE; und k, = ng = nky

VIS

Normierung: = A,, =
d) Also gute Paritit:
gerade ¢, (x) = A, cos(kpz), én(—1) = +dn(x)
ungerade: ¢, (x) = Ay sin(kpz), én(—z) = —dn(x)
e) {¢n}n=1,..00, VONS (vollstiandiges Orthonormales System)

Dolon ><pn| =1
n

Julian Bergmann
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5.3

> en(@)e*(a) = b(x — 2')

n

R/2
$(,0) = Sopnle) [ da'r (o yb(a,0)
" —R/2
R/2
Also gilt: ¢, = [ dzyl(x)y(x,0)
—R/2

A L]
L sin(knz) Lo 2sin(ky,b)
= Uik %= G
cos(knx) 0 T
Cn
f) Con — 0 *
Cont1 = \/}TRQE in_H sin((2n + 1)71'%) :> 0
n o0
Wir finden also ¢ (x,0) = Z Cont192n+1(x \f Z 2n+1 sin((2n+1)pi%)poni1(z)
n=0

g) Fiir beliebige Zeiten t gilt:
Pn () = bz, 1) = e i ()

und somit Y (z,t) = > conti1¢anti(x)
n>1

o0 .
= %\/% ) gt SI((2n + 1w g)e™ 2 1y 4 (2)
n=

Zusatz
Viw)= [T =5 [ TR
' = cos(p)isin(¢) = sin(pz) = I(e*)
p2+m2
V) =33 [ dp).
ewpTp
Pole bei p = +im = V(z) = $3(27i - Resp(im)) = $3(2mi - ’m;i;lmz) = lre—me

6 Tutorium vom 03.06.11: Blatt 6

6.1

Hausaufgabe 12

m 2
=7+ M (2 — 2yl
4 m (a2~ 2y, [ 2o
=" - 2y e Rl )
=7+ (@ = vy ) )

Julian Bergmann
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0=\l = 7 mit a = /T
Epn(y) = hw(n+ 5 —°)
a(xT—x 2
< aln(v) >= | [ exp(— 24520 Hy (a (@ — mo)

H,,: Hermite Polynome

b)
U(xy) V(x)
A /E3
ES(Y) E2
Ex(Y) E,
(=MLY Eq
E(VN | Lz, ™
V2|

) Hi = —yV2mhw3z
= —V2Zmhd [ (b 4 b) =yl (b + )
< n/|Hyn >=< n/|—yhw(bT+b)|n >= —yhw < n/|(bT|n > +(—yhw) < n'|bjn >
= —yhw < n'|[Vn+1n+1> —yhw <n'|\/njn -1 >
= —qhw(vVn+1<nn+1>+yn<n|n—1>)
= —yhw(vn + 18, ni1 + VN 1)

7 Tutorium vom 10.06.11 (Blatt 7)
7.1 Hausaufgabe 13

a) [O’i,O'j] = 2i5ijkak

Alle auffithren:

01 0 —i 0 —i 0 1
[01,02] = 0102 — 0201 = -
10 1 0 1 0 10
i 0 -1 0 20 1 0
= — = = = 2103
0 -1 0 1 0 -2 0 -1
[0’2,0’3] = 2i0’1€231 = 2i0’1
[0'1,0'3] = 2’i0’2€132 = —2i02
etc.
10

{Ui,O'j} =0i0; +00; = 2(5@‘1 = 2(5ij

Julian Bergmann
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0 0
{o1,02} = 0102 + 0201 =

0 0
{o1,01} = 20101 =21
[O'Z',O'j] = QiEijkO'k = 0,05 — 0,04

{Jiaaj} = 251]]]- = 0i0j + 0504
»F4= 20505 = 2(deltaj;1 + €i510%)

0i05 = 5ij]1 + ieijkak

- -,

(@5)(b3) = @bl + io (@ x b)

= aiaibjaj = aibjal-aj = aibj(&-j]l + iz’fijko‘k) = aibjéij + iaijkaibjak = (dg)]l +

iG(a x b)
€% = cos(a) +ioysin(a), a€C, k=1,2,3
0
01 = , o3 =1
1
) oo
10 o
¢ = n= O n!
(-1) n2n g 2n X (-1)"(ao )2n+1)
= Z (2n — e i X (2n+kl)!
n=0
1 n 2n+1
=1 cos( ) + iok 51n(a)
mo 0 0 mi 0 —img
i=1,2,3 0 mo m; O imo 0
ms 0 mg+ms3 mp — 1Mo
0 —ms my + img mo — ms
moy = tr(21\/1)7 m; = %tr(ai]\/[)
trivial
i) 03 = (0})T hermitisch
T
0 —2
ag = =01
1 0
O‘:rg =01

ii) tr(o;) =0
iii)

iv)
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7.2 Hausaufgabe 14

o(z) = Axe 2?7

o] 0 22 0

a) [ dx|p(z)*=1 :ﬁ: [ dxa?e :—%’% [ dze :—%‘%\/g:
—00 —0 7% —o0 ¥
[5:47%]
2 q3/2 oz,—A%2
=y iyr = A= ngﬁ

b) (H = E)p(z) = 0= (T + V(z) - E)¢(z)

¢ = Al - Z)e P

o= Al 50 B
= Al o+ et 3

= —[% — :—Q]Axe_;?

¢ =~ — Go()

dh. [Z5 + (% - 5)]é() =0

und damit 2ﬁ—m(E —V(z)) = % — %Z

Auflerdem erkennt man: % = % = F = %hw = [hw(n + %)]n:l
x2

= ¢(x) ist der 1. angeregte Zustand in einem Oszillatorpotential

Julian Bergmann



8 17.06.11 Theo 4 Vorlesungs Tutorium

16 -

28

8 Tutorium vom 17.06.11 (Blatt 8)

P /o k/NL ©
L"= hiva o %12
o Bl °
a)
pL{(;‘) = et (L,‘ -}s-’ﬁs) haridd. f’of?wm

B

M(“" W
WA -A W

\ o f/MH2 -A

- 2 +1
=- ¥+ A i— +A-2—
-3 Ah"=);[f—~)\‘+$1}i3
2 M=0 N
> A =th \{fﬂ
> A==k )
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[} ﬁﬁf D \%f “(,, \"i ; o Z;?Zm ﬂawf}&m
ka0 W2 ! ’

o B2 o / \ X3/ V04

(/ﬂ{;ﬁ ?mr /ﬁ"w

P

Lo
' g ¢ AL 1«»{}" LR P R R S
[HANz 2 A2 100 yon e )
| o |
s

! +
{ ; e A =0 = X, i
; o gi& o i& "*"?;f Xz 2
i\, s /
\ o Y

{
5&»‘(3'&9&»%@»4& W@rmsﬁmzr
rzzﬂ’) (— &,Q;Z‘j}_ D ﬁmm é"y%&ﬁ’iﬁjﬁf Js{_,{rﬁ, f—f’,j

o -%L 0 ;i‘..%umf?xﬂm4 jem Cgpmuerd A, =
PR P
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fo i >

5 {- — s — =Ry
L {?.- ; i {;‘

. { 4 ;{- 1 ? = ’?

+ N V200 2y g

<)

Vi b@m
e g
S.l=2b = ade

f&&"i(:ji‘?’}ji = 7 Ao ® Y
Il — P? i N gl
4 - 1 gi' i sfl
TZ\;? "'1 j«_i.—g fij:_jujngﬁ
S T R S I R
- .Y . ; "
51“33=“i__-if5-:~£-j:5

iz 2 iz 2
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. . = et - { -
d) B p’u«;&j ke doe Briia B={Z4 a4, a,} naltn wic
- ¥ F

- 3 el el i A ™ / Y \l
B Ay L %4 Agbe "% Ay by "4 |
= - [ -3 -l - b N e J
i—x" A, 'L?{ A 4 Xy “lx *“i.z Ay ‘ex i.? /
I .

Aycox X 3Ly Ay 4y Lx 45/
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H15
X\YIZ € !'Rf/

x+>/+zs3.
- _ _ 1
5&- Xq"‘{?z i yq“'r;i
X, =4y - /4
% 7 / :{ih_P),’;
X, = {"%‘
3 Tz j 73'7“'@7

- : 4 2 TR
% SW (K}, +X, 1—)(;}{‘?4 T?/a. 1.){,.;}2,{?617%5\’;%#){;};3}1

fé‘w N&g& X3 a:;:m# );'
¥

€D M {‘xﬁyf +xay_; 'f‘X&yj)z'.'_‘ (’1""??‘7,}2: j£ ::\i:}.

) 4 .
AT

Toke divw. Unftichiss, durth vy sz (pailin 2241 40)
F i e oo gfiich 3, wpil dor Vi

Xty rE

hiboens 3 ;.gf.
Mor: 3¢

el 1, 4
Z

xfyrz X )’ /
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H16)  aj b), <): m&}(ww ks

¢, f) m&,{ Privmsas .;:"

Wﬁﬁmﬂf

{ ¥ —
{/.\wd- g_:ﬂm@.x_ri. 4 E_Q_
o LA
e

g
4

2 Pl

‘/&E' 1" f. A '?‘ H . P
1k ).Emg ;o oar=y E—-& P
7 iyl

F; u.) . \ 4 } )5’3 Y

Pa = 45 ¢ R
-Vih”"*’s) vi‘ ‘9"’
zf ”';;::31{ -4 .;?

\-'ylﬁ-fi“’flmmj

% ﬁ. ? - %-.; .
to S A /
Fasy B e T

- IM', - 4 5;3__
"”’% AR remr R

.
—— &
Ix /

R

*

o }3«,.

A

P B8R pop

T : ML”Mm el = T %?%PMM

X-}y; X“‘ﬁmp er

'9 géxit’?’ﬂ“swm &W ﬁm 25 m Jom 0
" SWM%M}M&MI W

M«gx
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9 Tutorium vom 24.06.11 (Blatt 9)

9.1 Hausaufgabe 17

(z,0)

a) 1 =A% [dxaz*(a —z)?
0

= Ax(a — z)

= A? [ dx(a®2® — 2a2® + 2) = AQ(%
0

2.5
19 T3

— A2,5(1 1 4 1y _ A2,510—-1546 _ 42a®
=A%a’(3 — 5+ 35) = AT = A%

b) Entweder nach VON des Topfes:
On(z) = \/Esm( Tx), n=1,2..., 0<

Pz,

0) = %: Cndn ()

Cn = \/gAgdxx(a — z)sin(kpz), kyp =

= A\/g‘of dz(ax — %) sin(k,x)

1) [dzasin(kpx) = —

2) [dzxaz?sin(kyz) = —
0

Julian Bergmann

a

0

- _ 1
=

- _1
=

1
kn

QO%Q

acos(knpa) + é [ dx cos(knx)
0

acos(nm) = —(

a?
nm

r<a

nm
a

dxx% cos(knx)

1

= A? f drx?(a® — 2az + 2?)

+oo

¥(x,0)

pFoo

= —p-acos(kpa) + = sin(kna)

8,:2 [ dxsin(kpx)
n O

s

s:kyg:nw ﬁi(cos(kna) . 1) _ ag%(cos(s)—l)

Ok on

d

& (g(x)h(x)) = ¢"h + 2h'g + hg"

= ds?

(1 = 1) = (-

d? cos(s)—1

S

-1 n=2k keN
o s n=2k+1 ke
Damit: ¢, = [Aa 1) 1 - =
20 A5 (1—(=1)")
Cokt1 = \/@%m, cor, =0
P(x,0) = V155 ’im@m(x)

= S%(cos( ) -1+ 3% 2 sin(s) —

N

1
s

T N—_——

= fd:c:c sin(kn®) 25
0

xy
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c¢) Berechnung der Wahrscheinlichkeiten:
wi = |eg[? = 1224 = 1600 — 990 ~ 0.9986
wi=1—w=144-10-3
Norm der Reihe:

fdx]w(x,oﬂ = 97 Z _ (25-1)x® 96‘OB6 _ 637r6 4igao _ 6360 _
0 k=0

2k+1 67— 62 720-2 42 76 T 45.2.42
d) Zeitentwicklung:

Y(z,t) = 96 Z 2k+1 3P2k+1€ wzk+1t

1 2 2
Wn = En— 2ma2n

e) Wahrscheinlichkeitsdichte, -stromdichte:
p(z,t) = Z}:ﬁC§k+180§k+1($>C2n+1902n+1€i(w2’““*‘“2"“”
n,
¢, pj(x) € R
p(x,t) = ps(x) + pi(, t)
ps(x) = ;C%n—i—l@%n—&-l(m)

pr(x,t) = 37 Copy1Cant1Pokr1(2) P2 p1 () (€121 —wznan)l 4 emilwarsn —wan i)t
k<n

=23 copt1C2n4192%+1(2)pant1(x) cos((wakt1 — want1)t)
k<n

jla,t) = % Z(‘ngﬂ(@%@2%1(CU)—WQnHd%so;kﬂ(:E))C%H%Hei(w%ﬂ—w2n+1)t
n,k

= o 3 (P2n41(2) pon 1 (@) —Poni1 (2) 2 pogi1 () copr1canyi (e
k<n
e—i(w2k+1 —w2n+1)t)

i(Wop+1—want1)t _

= L5 (pont1(2) L poni1(2) — @ons1(2) Epopir (2))conr102n41 sin((wopr1 —
k<n
wWan+1)t)

atp(m t)+ 5 j(ﬂ: t) = 0 Kontinuitétsgl. ist erfiillt:

Sip(x,t) = Spi(x,t)

=% kZ (Eokt1 — Eopt1)cort162n+192k+1(%) p2n+1(x) sin((wap+1 — won1)t)

und m;?Zp’/(x) = —qugoj (z) ergibt sich:

Lj(z,t)=1L ; (1= By 1) P2k4+1(2) P2n 41 (%) Cop41Con 41 SIN((Wapt1 —wW2n41)E)

Also:

aaxj(x t) = ikZ (Eaks1—Eony1)02k+1(2)p2n41(7) copy1c2n41 sin((worg1—wang1)t)
<n

f) Berechnung von < z > (t):
<> (t) = [ dev* (@, t)w(e, )
0

r=(@x—-35)+§

a .
<> (t)=%2 P m [%5%/4—{ (12— ) Po1 () ogr 41 ()€ @orr1—w2ir1)t]
Da nur Funktionen auftreten, die Symmetrisch um x = § sind, verschwindet

Julian Bergmann
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das 2. Integral und < x > (¢) ist stationér.

960 a 1 __a

<@> ) =555 2 @rr ~ 2

Schwankung der Energie:

(AE)? =< (H- < H >)?) >=< (H?- < H >?) >

< H >= [dap* (v, t) Hi(z, t) = —ihfdmp*(x,t)%w(x,t)
0

_ 960 1 960 A% =« _ 960 (2*=)m

— x6 k (2k+1)6E2k+1 76 2m a2 Z 2k+1 El a1y |B |
_ 960 15 __ 10 ~

=F T8I0 — 2E1 ~ 1.01E;

Zu < H? >: H2¢n :H(H¢n) = E,Hoy :E72L¢n

< H? >= S0 p2 Z (2k+1)" 960 f2 § 1
= 2 GRS T w0 P12 BTy

221
— 960 2 (2 Um 2)“ | By| ER 200 3~ 1.237

AE=V<H?> - <H>=E,/2 10 _ /20

P

AE = 2B, Y3 ~ 0.453E,

10 Tutorium vom 01.07.11
10.1 75

_P® . h2 a2 2 d2
H = QPTn - _%v 2€mdr
Hy = ey

2
— h?/2mL) = ey
1/}// 2me =0

k:2:2;;56 = e =E — ¢(k)

Y(7) = e
< KK >= [ 83k — K)d*k
<klk>=1

> 1 T
< F]k >= Wez T

_ 1 o 7 7 1 T 1 337, k7 1 —iki
=< ﬂiEHn_Hw >= [dk <k > Frin—e < ki >= [ (27r)3d ke™ e =

1 ik(F—7 1
| k™ g

1 ik (77 1 1z
b) f 2m)® dgk‘e k( )WT — k= kez

Il
R

sphérische Koord: ... = (2;)3

dkk2d cos(0)dpet*s <os(0) m

o\l:\f =L
,LH»—!

iks _ —1k9 1

f dkk* zks E+in—e(k)

47r3

Julian Bergmann
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[e.e]

oo

. 1 kezks; o L k.eiks 1

T 4m? f dk is  Etin—e(k) — 472 f dk IS Eieta— 12 k2
—00 2m

o0 k iks 1
_ _m e
T 2m?h? _{O dk 20 E+i-0—k?

E>0, dann Z3E — k2 =0
hk12 = £1/2mFE +in
(n—04) hki = V2mE + in
hky = —/2mE + n
c) hky = V2mE + in lies inside the contour

Alm
zks
= 2h7r2 f dk 22”2’3 _k2 is
k iks
= Shi 'QWZRGSL?LE(‘¥,I€2 - %) —V2mE 2mE
3 h .

VZmE 1
__m R o\ \.Z
— 27h s —m R

» o (B e
G(7,7") = — 57 exp( () )

G(s) ~ - ~ &s(s) 4 j5ins)

which exhibitsthe outgoing wave behavior from the sourcepoint: ¥ — 7

10.2 Minitest 6

a) {]al >, ‘ag >}, < ai\aj >= 6ij
P, = |ai >< (IZ'|
Pi2|ai > < ai|a7; > < a¢| = \ai >< a¢| = P,
——
=1

b) p = (la; >< ;) = P

. < aile >
c) def.: |a; >— € =

< a2|e >
Im R2: (2 x 2) — Matrix

< a;il = (Ja; >)T = | < agle >*< agle >*

1 0
a1: Y 0/1—
0 1
1 10
a1 >< a1| = <1 0):
0 0 0

10.3 Hausaufgabe 18

a) ros(r) = xé(x —s) = s¢, also EW:z =35

Julian Bergmann
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b) Die stationdre Impulseigenfu’ sind bekannt: ebene Wellen
ér(z) = e**. Und es gilt bekanntlich

¢s(33) — (5(33 _ S) — dkezk(gc 5) %ck(s)eiks

Also EW-Koeff ¢ (s) = e~**

Kerim’s Lésung:

a) zd(x —s) = \d(z — s) ‘fdw

/xé(az—s)da:: /A(S(x—s)dx
5 =X
=>EW: A=s

b) 6:¢(x) = pop(x)
—ihZp(z) — pp(x) = 0 & ¢/ (z) + £ p(x) = 0
= ¢(z) = dp(x )=e"%“"’ pCR
¢s(x) = d(x — 5) f (ke dk

FT: ¢,(k =4 f bs(z)e " dy

Y

— i f 5(x o 3>67ik:p — %efikm
—00

o0 9
<Z>5(a;) = f %e—zksezkxdk — f %6 1hs ezhx dp
—00 k=P B ] ¢ ( )
P

Der Entwicklungskoeffizient ist somit ﬁe_igs

11 Tutorium vom 08.07.2011 (2. Klausur)

11.1 K2

2

a) V(r) = —ZTS

Schrodinger: (T'+ V (r) — Eo)(7) =0

Elektron(en)sin vernachléssigt, Elektronen im 1s-Orbital:

3
f
P(F) = Tze™"
_ Zme? e mc? _ mc?
7= TR hic ke (_Zafhc
2
— €7 ~
Qf = 5 ™~ 137,03)

Seinun Z — Z +1: f/(r) — _Zihe _ Vir)y— <
T+V(r) = 5 = Etldo(7) = 0
Vegg = V() + 15040

r2  2m

Julian Bergmann
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b) ABM =< go| - Zlgo >

AED — _2° zood 21-2v [ 40
¢) AEW = —Le? [drr?le r

0 —
4T
T - o - 243 9. 1 2443 _1
= —62473gdrre 2 = —624’}/3(—)77’27({017“6 Ar— _e24~ () 55l2vg = €47’ 1z =
—’}/62 — _ZZLQ€4

= AEM = —ayrhey = —Zoz?ch

= also stéarkere Attraktion 00 00

11.2 K3

2-Zustands-Wellenpaket im unendlich tiefen Potential

Es gilt: ¢(x,0) = Ay/a(e1(z) + zp2(z)), z€R 902\/

a

mit [ dzjp;(x)]? =1,

o1 = Jreos(§E) = pi(-a), 2= 5sin<w%> = —¢2(-2)

a)<w\¢>:A2a(1+z)*1 = A= L

Also 1(x,0) = o2 (1(x) + 2pa(x)

b) Paritédt: ¢(—x,0) = \/117(4,01(—@2’802(—33)) = \/117(@1(95) — 2p2(x))

= keine gute Paritét!

n VONS
c) ¥(,0) ’ ch(’pn = Z < @nl > on,  wn = |enffwr = H%a w2 =
2
1_7_22 =1—-wi, :>wn>1—0

tn =< pulty >= | pn(@)d(@)dz

—a

d) ¢(z,t) = \/@(901( T)e Wlt""Z(PQ(x)e_int)

P e = (3

e) <x>=<Yl|zp) >= fa dzp(x,t)x

w1 Lm(

l\?‘ﬂ

(AE)? =< H? > — <_aH SZ=< p|H? W) > — < p|H|yp >2

< Y|Hp >= ﬁ < 1+ zpa|H|p1 + 22 >

= 1+z2(< p1|Hlpr > +2* < o H|py >) = 1+Z2 (E1 + 2°E)
(AE)? =< H? > — < H >*= 5 (E} + 2°E3 — (E1 + 2°Ey)?

1+z2)
= o (BT (1422 = 1) + B3 (2°(1 + 2%) — 2%) — 2221 )

(1Jrz2
I _ mR?
By = 8ma?’ Ey = 2ma?
2
=z T

X(Ef + E3 — 2E1Ey) = (5)*(E1 — E)?
2

= ()2 (o (5))2((2)2 - 1)% = (52)2 5 (£ (%)2)?

Julian Bergmann
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p) Zu < p? >:
2
= +V()=H
T+V=H
<ps>=2m<T>" 2 om<H>

oder hindisch: < M(%E%)QW >

Julian Bergmann
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