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Aula passada
Interação de um átomo com ondas eletromagnéticas
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H = H0 +WI (t) +WII (t)

H0 =
P2

2m
+ V (R)

WI (t) = �
q

m
P ·A (R, t)

WII (t) = �
q

m
S ·B (R, t)

WII

WI

⇠
~k
p

⇠
a0

�
⇠ 10

�4

WI (t) = �
qE0

m!
Pz sin (kY � !t)

ky ⇠
a0

�
⇠ 10

�4

WI (t) ⇡
qE0

m!
Pz sin!t ⌘ WDE (t)

O Hamiltoniano:

A onda eletromagnética:
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Em ordem linear nos campos:
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Termo dominante: Perturbação de dipolo elétrico
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Taxa de transição entre estados |fi> e |ff> para radiação não monocromática 
de intensidade I(w):

Para outras polarizações lineares:
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Os termos de dipolo magnético e 
quadrupolo elétrico

42

H = H0 +WI (t) +WII (t)

H0 =
P2

2m
+ V (R)

WI (t) = �
q

m
P ·A (R, t)

WII (t) = �
q

m
S ·B (R, t)

WII

WI

⇠
~k
p

⇠
a0
�

⇠ 10
�4

� ⇠
⇥
3800Å, 7500Å

⇤

WI (t) = �
qE0

m!
Pz sin (kY � !t)

WI (t) = �
qE0

m!
Pz sin (kY � !t) =

iqE0

2m!
Pz

⇥
eikY e�i!t

� e�ikY ei!t
⇤

=
iqE0

2m!
Pz

�⇥
1 + ikY +O

�
k2Y 2

�⇤
e�i!t

�
⇥
1� ikY +O

�
k2Y 2

�⇤
ei!t

 

=
iqE0

2m!
Pz

�
e�i!t

� ei!t
 
�

qE0

2m!
kPzY

�
e�i!t

+ ei!t
�
+O

�
k2Y 2

�

=
qE0

m!
Pz sin!t�

qE0

m!
kPzY cos!t

ky ⇠
a0
�

⇠ 10
�4

WI (t) ⇡
qE0

m!
Pz sin!t ⌘ WDE (t)

wDE

if
=

dPDE

if
(t)

dt
=

⇡q2

✏0c~2
|h'f |Z |'ii|

2 I (|!fi|) =
⇡

✏0c~2
|h'f | pz |'ii|

2 I (|!fi|) , pz = qZ

wDE

if
=

⇡

✏0c~2
|h'f | px |'ii|

2 I (|!fi|)

wDE

if
=

⇡

✏0c~2
|h'f | py |'ii|

2 I (|!fi|)

wDE

if
=

⇡

✏0c~2
|h'f | pi=x,y,z |'ii|

2 I (|!fi|)

wDM

if
=

⇡

✏0c3~2
|h'f |Mi=x,y,z |'ii|

2 I (|!fi|)

wQE

if
=

⇡ |!fi|
2

4✏0c3~2
|h'f |Qi,j |'ii|

2 I (|!fi|) ; i = x, y, z; j = x, y, z

wDE

esp(n!1) =
!3
n!1

3⇡✏0~c3
h
|h'n| px |'1i|

2
+ |h'n| py |'1i|

2
+ |h'n| pz |'1i|

2
i

wDM

esp(n!1) =
!3
n!1

3⇡✏0~c5
h
|h'n|Mx |'1i|

2
+ |h'n|My |'1i|

2
+ |h'n|Mz |'1i|

2
i

42

H = H0 +WI (t) +WII (t)

H0 =
P2

2m
+ V (R)

WI (t) = �
q

m
P ·A (R, t)

WII (t) = �
q

m
S ·B (R, t)

WII

WI

⇠
~k
p

⇠
a0
�

⇠ 10
�4

� ⇠
⇥
3800Å, 7500Å

⇤

WI (t) = �
qE0

m!
Pz sin (kY � !t)

WI (t) = �
qE0

m!
Pz sin (kY � !t) =

iqE0

2m!
Pz

⇥
eikY e�i!t

� e�ikY ei!t
⇤

=
iqE0

2m!
Pz

�⇥
1 + ikY +O

�
k2Y 2

�⇤
e�i!t

�
⇥
1� ikY +O

�
k2Y 2

�⇤
ei!t

 

=
iqE0

2m!
Pz

�
e�i!t

� ei!t
 
�

qE0

2m!
kPzY

�
e�i!t

+ ei!t
�
+O

�
k2Y 2

�

=
qE0

m!
Pz sin!t�

qE0

m!
kPzY cos!t+O

�
k2Y 2

�

ky ⇠
a0
�

⇠ 10
�4

WI (t) ⇡
qE0

m!
Pz sin!t ⌘ WDE (t)

wDE

if
=

dPDE

if
(t)

dt
=

⇡q2

✏0c~2
|h'f |Z |'ii|

2 I (|!fi|) =
⇡

✏0c~2
|h'f | pz |'ii|

2 I (|!fi|) , pz = qZ

wDE

if
=

⇡

✏0c~2
|h'f | px |'ii|

2 I (|!fi|)

wDE

if
=

⇡

✏0c~2
|h'f | py |'ii|

2 I (|!fi|)

wDE

if
=

⇡

✏0c~2
|h'f | pi=x,y,z |'ii|

2 I (|!fi|)

wDM

if
=

⇡

✏0c3~2
|h'f |Mi=x,y,z |'ii|

2 I (|!fi|)

wQE

if
=

⇡ |!fi|
2

4✏0c3~2
|h'f |Qi,j |'ii|

2 I (|!fi|) ; i = x, y, z; j = x, y, z

wDE

esp(n!1) =
!3
n!1

3⇡✏0~c3
h
|h'n| px |'1i|

2
+ |h'n| py |'1i|

2
+ |h'n| pz |'1i|

2
i

wDM

esp(n!1) =
!3
n!1

3⇡✏0~c5
h
|h'n|Mx |'1i|

2
+ |h'n|My |'1i|

2
+ |h'n|Mz |'1i|

2
i

On G

TE TE
E

ATÉ ORDEM E
W Ct GEARY G Wt EnEES as

CÉÉ
w t

I
AmEt Pay ascot saEES x as at



Pat
BEERY

PzYtZPy I RxB
Lx YPz ZPy
BY Zig

want fnEqLEtSxJawt
mBoCxt2Sx

ascot

F BIG at M EET 25

tenant M G litas

OUTRAS POLARIZAGEES E DIREESES DE

NCIDENCIA GARAM TERMOS DO TIPO

Lyt2Sy Lzt2Sz



IVANTO A PzYtZPy FAZEN DO COMO ANTES

Zito e Y Ho LEVA A VER NOTAS

HI PzYtZPy Qi ME Ei Eg 4142145

Assia qYZEQyz
COMPONENTE DO OPERATOR QUADRUPOLO ERÉTRIC

SEMELHANTEMENTE OUTRAS POLARIZAGES
E DIREGEES DE INCIDENCIA GERAM OUTRAS

COMPONENTES Dej DO TENSOR DE QUADRO

POLO ELECTRICS



REGRAS DE SELEGIO
DIPOLE ELE'TRICO De II Dang 3 1

DIPOLO MAGNE'TICO Dee Dme O 1

Dms O I

QUADRUPOLO ELÉTRICO

De 0,12 Dme 0111,12 Dms 0



Resumo
Dipolo elétrico:

Dipolo magnético:

Quadrupolo elétrico:
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CHAPTER XIV SYSTEMS OF IDENTICAL PARTICLES

To investigate this point in greater detail, consider a concrete example; a collision
between two identical particles in their center of mass frame (Fig. 2). Before the collision,
we have two completely separate wave packets, directed towards each other (Fig. 2a). We
can agree, for example, to denote by (1) the particle on the left and by (2), the one on the
right. During the collision (Fig. 2b), the two wave packets overlap. After the collision,
the region of space in which the probability density of the two particles is non-zero1

looks like a spherical shell whose radius increases over time (Fig. 2c). Suppose that a
detector placed in the direction which makes an angle with the initial velocity of wave
packet (l) detects a particle. It is then certain (because momentum is conserved in the
collision) that the other particle is moving away in the opposite direction. However, it is
impossible to know if the particle detected at is the one initially numbered (1) or the
one numbered (2). Thus, there are two di�erent “paths” that could have led the system
from the initial state shown in Figure 2a to the final state found in the measurement.
These two paths are represented schematically in Figures 3a and 3b. Nothing enables us
to determine which one was actually followed.

Figure 2: Collision between two identical particles in the center of mass frame: schematic
representation of the probability density of the two particles. Before the collision (fig. a),
the two wave packets are clearly separated and can be labeled. During the collision (fig. b),
the two wave packets overlap. After the collision (fig. c), the probability density is non-
zero in a region shaped like a spherical shell whose radius increases over time. Because
the two particles are identical, it is impossible, when a particle is detected at , to know
with which wave packet, (1) or (2), it was associated before the collision.

A fundamental di�culty then arises in quantum mechanics when using the postu-
lates of Chapter III. In order to calculate the probability of a given measurement result
it is necessary to know the final state vectors associated with this result. Here, there are
two, which correspond respectively to Figures 3a and 3b. These two kets are distinct
(and, furthermore, orthogonal). Nevertheless, they are associated with a single physical

1The two-particle wave function depends on six variables (the components of the two particles coor-
dinates r and r ) and is not easily represented in 3 dimensions. Figure 2 is therefore very schematic: the
grey regions are those to which both r and r must belong for the wave function to take on significant
values.
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Antes do espalhamento: pacotes localizados bem separados movendo-se 
um na diração do outro; partículas podem ser rotuladas
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Após a colisão, os pacotes se expandem como ondas esféricas superpostas: 
detecção em q

Qual foi a trajetória de cada partícula? A. STATEMENT OF THE PROBLEM

(1)

(1)

(1)

(1)(2)

(2)

D D

a b

(2)

(2)

Figure 3: Schematic representation of two types of “paths” which the system could have
followed in going from the initial state to the state found in the measurement. Because
the two particles are identical, we cannot determine the path that was actually followed.

state since it is impossible to imagine a more complete measurement that would permit
distinguishing between them. Under these conditions, should one calculate the probabil-
ity using path 3a, path 3b or both? In the latter case, should one take the sum of the
probabilities associated with each path, or the sum of their probability amplitudes (and
in this case, with what sign)? These di�erent possibilities lead, as we shall verify later,
to di�erent predictions.

The answer to the preceding questions will be given in § D after we have stated the
symmetrization postulate. Before going on, we shall study another example that will aid
us in understanding the di�culties related to the indistinguishability of two particles.

A-3-b. Origin of the di�culties: Exchange degeneracy

In the preceding example, we considered two wave packets which, initially, did
not overlap; this enabled us to label each of them arbitrarily with a number, (1) or
(2). Ambiguities appeared, however, when we tried to determine the mathematical state
(or ket) associated with a given result of a position measurement. Actually, the same
di�culty arises in the choice of the mathematical ket used to describe the initial physical
state. This type of di�culty is related to the concept of “exchange degeneracy” which
we shall introduce in this section. To simplify the reasoning, we shall first consider a
di�erent example, so as to confine ourselves to a finite-dimensional space. Then, we shall
generalize the concept of exchange degeneracy, showing that it can be generalized to all
quantum mechanical systems containing identical particles.

. Exchange degeneracy for a system of two spin 1/2 particles
Let us consider a system composed of two identical spin 1/2 particles, confining

ourselves to the study of its spin degrees of freedom. As in § A-2, we shall distinguish
between the physical state of the system and its mathematical description (a ket in state
space).

It would seem natural to suppose that, if we made a complete measurement of each
of the two spins, we would then know the physical state of the total system perfectly.
Here, we shall assume that the component along of one of them is equal to +~/2 and
that of the other one, – ~/2 (this is the equivalent for the two spins of the specification
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