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TRANSITION BETWEEN ATOMIC STATES AND SEMI-CLASSICAL RADIATION
THEORY USING QUANTUM PERTURBATION
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ABSTRACT

Some phenomena cannot be solved using the exact solution of the Schrédinger
equation. However, using approximated methods such as perturbation theory we are
able to obtain remarkable results considering terms up to second order. The physical
phenomena studied here are the absorption and stimulated emission by the classical
feature. In addition, we are going to discuss the physical meaning of perturbation
theory when we treat the behaviour how initial state ket evolves as time goes on. We
will evaluate the transition of probability between states, the rate and the energy
involved in the atomic transitions. It will be introduced fundamental concepts of
guantum mechanics, such as interaction picture, and a general perturbation theory
using constant and sinusoidal time-dependent perturbation term. Concerning to these
phenomena, we considered the perturbed term of the Hamiltonian of the interaction

between the vector potential and electron momentum.
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INTRODUCTION

In the state-of-the-art of scientific knowledge, quantum mechanics is the last
great theory that describes satisfactory the natural phenomena in a very small scale
(COHEN-TANNOUGJI, et al., 1977)]. In this work, the concepts of qguantum mechanics
will be carried on in order to describe some phenomena of classical radiation
interaction with matter. Moreover, to describe such phenomena, it is required to

advance further with approximation methods, such as time-dependent perturbation
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theory. Basic quantum concepts of perturbation theory will be described using the
time-dependent potential and interaction picture. The two-state level problem is
described in detail using the exact solution of Schrdodinger equation. Concerning about
the time-dependent perturbation theory, which the most problems faced in nature have
no exact solution, we will apply the approximation method to solve absorption and
stimulated emission. It is worthy to notice that the phenomena such as the photoelectric
effect and the energy shift and decay width can be explained using quantum

perturbation theory.

DEVELOPMENT

1 TIME-DEPENDENT POTENTIALS

In contrast with the quantum static, in which the potential is time-independent,
many problems in nature of importance considerably hold potential that are dependent
of time. Generally, the Hamiltonian can be partitioned in two terms; one containing time
explicitly as follows H = H, + V(t)* If we consider the system initially populated at one
of eigenstates of the Hamiltonian, for instance |i), the system will develop and, due to
time-dependent potential, can undergo transitions to states other than [i), i.e., n # i. In
this way, suppose that the physical system is, at t = 0, in an arbitrary state, in which

can be described as a superposition of eigenkets of the Hamiltonian, such as

it =00 =lp)= ) ca(®) ). (1)

With the progress of time, the physical state develops and its dynamic is
described by time evolution operator (Sakurai, 1994). Applying this temporal operator

in Equation (1) and using the Schrddinger equation for the stationary case, we get

lp; t) = Z cn(t) e_%E"tln). (2)?

L1t is important to notice that at t = 0, in the Schradinger picture, the basis kets does not change as time evolves.
Thus, in order to investigate the dynamic of physical state, the calculation of coefficients it substantially important
for this work.

2 The time evolution operator in the Schrodinger picture is given by U(t) = e #", where # is the reduced Planck
constant and H is the Hamiltonian of the physical system.
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The time-evolution of the coefficients, as we can observe in the above equation,
depends only on the time-dependent potential.> The probability of finding the system
in an eigenstate |n) is proportional to |c,(t)|?. Clearly, we easily verify that the

probability changes according to the value of the potential in the Hamiltonian.

2 THE INTERACTION PICTURE

To solve problems using the perturbation theory, it is required introduce another
concept relevant and useful, which is the Interaction Picture.? The time evolution of a
given state ket in the Schrédinger Picture was described in the Equation (2), in which
will be represented by the subscript S for Schrédinger Picture and | for the Interaction
Picture.

Defining |, to; t), = e™Mot/M|g, ty; t) as the change of the state described from one

picture to another and multiplying ih% taking use of the Schrodinger equation, we

obtain

d
ihaVP' to; t), = Vilo, to; t), (3)°

Also, V, stands for the potential and this equation is so-called Schrodinger-like
equation in Interaction Picture. 4 Claiming for the Heisenberg-like equation in
interaction picture, by which describes the dynamic of the observables, it is necessary
to consider the change of basis of observables, between Schrédinger and Interaction

Pictures obtained through the evaluation of the Equation (3), i.e.,
AI:eTASe h . (4)

Differentiating with respect to time, we obtain the Heisenberg-like equation
i

A =
= p

[AI» HO] (5)

! Even if the time-dependent potential is absent, the exponential term is present. This can assure that the evolution
of the coefficients are exclusively dependent on the potential.

2 To read more about Interaction Picture and the differences among others, such as Schrodinger and Heisenberg
Picture, please, go to reference (SAKURALI, 1994).

3 All quantum operators will be represented by bold characters instead of using a caret.

4 This equation is quite similar to the Schrodinger equation in the Schrédinger Picture, but instead of H, the
equation replaced by V;, being so-called Schrodinger-like equation.
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where we have used the As = 0 in Schrodinger picture. Describing a physical system
by an arbitrary state ket in interaction picture, using the same energy eigenkets basis

|n), follows

9,0 =0:6), = ) eal®) ) (6)

The main idea is to determine the expansion coefficients of (6) in order to
evaluate the probability of finding the physical system in any of the energy eigenstates
|n). Using the Schrddinger-like equation obtained in Equation (3) and recognizing that
cn(t) = (nlg, ty; t),, it follows

ihcy (t) = (n|eMot/hy e~Mot/h | ¢ t), (7)

where we have used Equation (4). Inserting the unit operator in Equation (7), we obtain

ihén () = Zmei(En-Emwh(m V [m)mlg, to; £), (8)

Using the definition of characteristic angular frequency between two states, i.e.,
Wpm = (E, —E,,)/h, defining the matrix element (n|V |m) as V,,, and c,(t) =

(m|o, ty; t),, we finally get

ihé.,(£) = Z elonmtV,  c. (1), (9)

m

The Equation (9) is the coupled differential equation for the expansion
coefficients. Therefore, to evaluate the probability of finding the physical system in any

energy eigenstate is necessary to solve it.

3 TWO-SYSTEM PROBLEM

Most problems in nature cannot be solved with exact solutions, it is necessary
to use approximation methods as perturbation that we are going to develop in this
work. However, it is important and relevant described herein the two-system level
problem in order to solve the differential equation obtained in Equation (9) for a given
time-dependent potential. Consider a Hamiltonian and a time-dependent potential for
such physical system as follows

Hy = E;[1)(1] + E3[2)(2] (10)

V(t) = ¢(e*112] + e7F|2)(1]) (11)
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where we have that for {, w > 0 and real. It is very clear to observe that time-dependent
potential connects one state to another, undergoing a transition. The potential
described before is purely off diagonal and it is possible to replace it in Equation (9). If
the physical system is supposed to occupy initially the lower state, then the probability

to find the system in the upper state is given by the Rabi’'s Formula® (PULICI, 2006),
1
2 _ 2 ‘02 2 2 /K2
2O = G/0 o 7o S (Voz/a+77/n2). (12)

The probability oscillates in time with an angular frequency O = /Q2/4 + {2/h2,
where Q = w — wy,. In the resonance condition? the amplitude oscillation is very large

and, consequently, the probability in both of the states are
lc2()|? = sin?({t/h) (13)

e (2 = 1 — ey (0] = 1 — sin? (%) = cos? (%) (14)

As we can notice, the system has all its energy entirely in the lower state. From
0 to mh /2, the state |1) is gradually decreased and its excess of energy is given to the
state |2), in a process so-called absorption. However, from wh/2{ to mh/{, the system
undergoes a transition from state |2) to |1), in a process called emission, where the its
excess of energy is emitted and the system restore its initial configuration. These
processes of absorption and emission are due to the time-dependent potential and we
can infer that this causes the transition between states. Though we are far away from
the resonance condition, the system still experiences some transition between states.
However, the amplitude of the oscillation decreases at half of its maximum when the
angular frequency of the potential is

W = wy £ (2¢/h). (15)

Weaker the strength of the time-dependent potential applied in the physical

system, narrow is the resonance peak of the transition.

4 TIME-DEPENDENT QUANTUM PERTURBATION THEORY

Whereas in the time-independent case the problem of solving the equation

1 This formula has a great importance on atomic physics and the solution of the differential equation it is not
demonstrated here.

2 The resonance condition here is when the angular frequency of the time-dependent potential is near the angular
frequency characteristic concerning the two states, i.e., w = w4,
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ihln) = Hin) (16)

is reduced to solve the eigenvalues of H, the time-dependent case a frontal attempt on
the full time-dependent Schrddinger equation becomes unavoidable (SHANKAR,
1994). Here, we are going to consider the perturbative solution to a class of
phenomena as

H(t) = H° + H1(¢) (17)

where H° is a time-independent part where the solution is known and H! is the
perturbation term. So far, we have described the transition of probabilities of finding
the system in a specific energy eigenstate. For a general case, we must solve the
coupled differential Equation (9) and expand its coefficients as perturbation terms. The
coefficients ¢, (t) can be expanded as

cn(®)=cd+ct+c2-- (18)

where the terms of the right side are the related with the amplitudes of non-perturbed
term, first-order, second-order, and so on. Initially the physical system is populated in
a specific state |i) at t = t, and to apply the definition of the Interaction Picture for such
case, it is convenient to choose a phase factor. Then, we have

li, to; to)s = Us(to)]i) = e~ Fito/Rg), (19)

Doing the change of pictures, from Schrodinger to Interaction one, we get

|, to; to); = eMot|i, to; to)s = e U ETEIL/R) = |i) > |i, to; o) = |i)s. (20)

At a later time, we must apply the time evolution operator in Equation (20). It

becomes
i, to; )1 = U (L, to) i, to; todr = U (L, to) i) (21)
The physical state|i, ty; t); can be expanded in terms of energy eigenstates as
058 = ) el In). 22)
Comparing (21) and (22), we have
> eal® 1) = Uy )l (23)

From (23) we identify that

(m] (chn(t)) [n) = (MU, (t, to)]i) = ¢, () = (n|U;(t, to)]i). (24)
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The expansion of the coefficients in Equation (9) means expand the transition
amplitude of time evolution operator in Interaction Picture. Then, from the Schroédinger-
like equation, we have that the evolution of a state ket in the Interaction Picture is given
by

d
ih = U, &, )i ;) = HHOU (6 )1) (25)
0

Integrating with respect to time,

t 0 i t
| i e == [ mHEOUE ) de @7)
to

to

And solving it, we get

: t
l
U,(t,ty) =1 _ﬁf HI (tHU,(t', ty) dt'. (28)

to

By iteration, we obtain the following approximated solution

. 2 t

U,(t,ty) =1+ (%l) fttH}(t’)dt’ + (%l) ft H}(t’)dt’j;t,H,l(t”)dt” + - (29)

0

where this equation is known as Dyson Series. Finally, all we need is replace this

expansion in Equation (23) and find out the transition probabilities between energy

1+ (%) f:H}(t’)dt’ + (%l)

0

states,

2 ot t!
f Hj (t")dt’ f Hp(£")dt" + -
t

0 to

cn(t) = (n] 1) (30)

Rearranging the terms and comparing with the expansion of the coefficients

given in Equation (18)

¢ = (n|i) = 6, (31)
n o (=N
HOM (7) j elont' HL (¢")dt' (32)
to
—i\2 t ot' , ) "
CT(lZ) — (_) z f f elwnmt Hrllm(t,)elwmit H}ni(t”) dt'dt"” (33)
h mJt, Yty

! The time-dependent potential term was changed by a general perturbation term.
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where H},, are the matrix elements of the perturbed term of Hamiltonian in Interaction
picture and w,; = (E, — E;)/h is the characteristic angular frequency between two
states of the transition. Finally, the transition of probability from one state |i) - |n) is

given by

2
Prn® = |0+ 9 4 a9

4.1 Constant Perturbation
Now we are able to deal with constant perturbation. Regard the perturbation

term, we hold

H©={n (S0 (35)

We can amend in Equation (35) in perturbation coefficients described in

Equation(31-33), and then we have

C,SO) = 6in (36)
1 —1 t . 12
Cr(l ) = (7) H%”J;) et@nit q¢’ (37)
;2 t t!
c? = (_—l) Z H. H! f ei“’nmt'dt'f elomit’ gr (38)
n nm*imi :
h m 0 0

At first, we are going to deal with the first-order term and we obtain after solving

the integral in Equation (37)

1
W= LT (1 —etont), (39)
" (En - Ei)

Therefore, the transition of the probability of first-order is given by

sin? (w;itﬂ. (40)

|2

|C1(11)|2 _ (;llirll;.)z

n —E;
We can observe that the probability of finding [n) depends not only on |V,,;|?, but
as well as on difference of energy between two states. Considering that we have many
states with similar energy of final states |n), i.e., E ~ E,, Or w ~ w,, and looking at the
behaviour of this first-order transition of probability as a function of the angular

frequency, we have
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4lHL |?
e = HHnil 2 ot =

w22 [ [ 4sin?(wt/2)] (41)

hZ2 w? '

The minimum of 4[sin?(wt/2)]/w? is given by
wt 2mn

7:7’17T$0):T. (42)

where n = +1,42,43,---. Analysing the maximum of this function is given by

max —4 [sinz (%t)] = max+ lim —4 [sinz (%t)] = max{ lim —2 sin%tcos%t

2 2 t
w=0 w w=0 | w—0 w w=0 | w—0 w

(43)

. sinwt ) ) )
= max{llm t} = max{hm cos(wt) t } =t
w~0 (w—-0 W w=0 Lw-0

We can observe the maximum is proportional to t2. On the other hand, the
amplitude of oscillation is reduced at half of its maximum so we can evaluate the full
width at maximum peak height

cos(wt) t? =t2/2 » (1 — (wt)?/2)t? = t2/2 > |Aw| x 2/t (44)

It is important to notice that as time increases, the first-order term of the
expansion is just appreciable for values where oscillations do not cancel. Then
wt/2 =n -t =2n/|lw| =2nh/|E, — E;| (45)

If the time interval of the perturbation is given by At and the energy involved in
transition is given by AE = E,, — E;, we have the following relation
AtAE ~ R (46)!

As time interval increases in perturbation, narrower the peak energy and
consequently we have a small amount of energy involved, being enough to cause a
transition. On the other hand, smaller the time involved, broader is the energy peak
and, consequently, the amount of energy involved in the transition is bigger. Thus, for

the appreciable transitions, with energy close to the final states, we have

|C(1)|2 _ |H11”|24[Sln2((l)t/2)] ~ |H111.l 2 tz (47)
n Y w2 h2 )

The probability of finding the physical system in the state |n) after a time interval
of perturbation is linearly proportional to the square of the time. There is, generally, a

group of final states |n) in which possess energy very close to the energy of initial state

! This equation is known as the energy-time uncertainty relation.
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|i). Supposing the final states have a continuous spectrum in neighbourhood of the
initial state, the total transition of probability is given by

Z (1)| f dN,, | (1)| f dEnp(En)| (1)| (48)

NnEp=E;

where in case of a discrete summing has been changed by an integral summed over
the density of states with energy interval between E and E + dE. Replacing the first-
order perturbation term into (2.2.13),

[ dBap@) | = [ agapen; |”;3| ez sin?((Ey — Et/20 (49

For large time intervals?, the term becomes

it
= o7 6(En — Ey). (50)

1
lim ————sin?[(E,, — E;)t/2A] T

t-o |E, — E;|?
Replacing this result in Equation (49) and solving the integral, we get

2m 2
L5 [ dEnp () 6CE, — B = THRT? () ep(Es s, (51

We can verify that the probability is proportional to the time interval linearly. In
addition, it is convenient to evaluate the transition rate, i.e., the transition probability

per unit of time. Then, defining the transition rate as w;_,,;) as the transition probability

per unit of time from initial state to the group of final states with similar energies, it
follows

wism = 1 ) = L (T o, o, ). (52)
i~[nl = ¢ Cn dt ml n/1En=E;

nEp=E;

Thus, the transition rate is given by

L For solving this limit, we have used the delta-function definitions, where §(x) =

sin x

—=0. Calling x = (E,, — E;)/2h, we have that

t

7 sin?[(E, — E)t/2h] = 7= 8((E, — E)/2h).

— lIm
472 500 |[En- L|
4h2

Using the relation §((E,, — E;)/2h) = 28 (E, — E;), finally we obtaln 5((E —E;))/2h) = 6(En —E).
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— 27
Wisn] = |H}ll|2?p(En)|EnEEi- (53)

On the other hand, the transition rate concerned to the first-order perturbation
term is time-independent in this regime. Sometimes, this equation can be written

considering a single final state,

21
Wion = Hy = 6(E, — E). (54)

This equation is known as Fermi’s Golden Rule. The term |H},|? that appears in
Equation (53) is due to the final states form a quasi-continuum spectrum and they are
quite similar. Looking at for the second-order perturbation term Equation (38), and

rearranging the terms of the formula, we get

P 1 1
@ _ __l)Z Hanml f iwpmt' _ jiwn;t 55
Cn ( o o (e e )dt (55)

where wp,;, + Wy = %(En — E;) = wy;. The second term in the above integral will lead to

the same time-dependence of the first-order perturbation term. By deduction, using the
equivalent argument adopted before, the only contribution comes from those energies
of final states similar to energy of initial state. Moreover, when the energy of the states
|m) differ from |n) and |i), this term contributes for the transition of probability and

increases linearly with time as well. Thereby,

27 1 HY
Wisn] = T Hy, + ﬁ p(En) g, =E;- (56)
m

The transition occurred due the second-order can be described as a transition
of two steps. The first one the system undergoes a transition from the initial state |i) to
lm) and subsequently to another state |n). These intermediary states are called of

virtual states and they require no conservation of energy in the virtual transitions.
4.2 Harmonic Perturbation
Consider now another kind of perturbation, with the term given by
Hl(t) = Hlel®t + H1To—iwt (57)

where the operator H'depends on the space and momentum as well. Taking the same
initial conditions treated in the previous section of constant perturbation and replacing

the perturbation term in Equation (50), we have
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—i
= (%)

We can compare it with the constant perturbation and we are able to notice that

t t
HTlllf ei(a""wni)t’dt’ + Hrll-ll-f ei(—w+wm-)t’dtl
to t

0

(58)

for appreciable transitions in harmonic perturbation, the condition is given by

(En - Ei) +w

. E; F ho. (59)

WpiTw=0=

IR

0=E,

IR

There is no conservation of energy in the harmonic perturbation satisfied by the
guantum system alone. The compensation comes from the perturbation part, where in
case of absorption process the system receives hw of energy from the perturbation
term and in the case of emission, the quantum system gives up the excess of Aw to
the perturbation term. Thus, the transition rates for stimulated emission and absorption

processes are given by?!

2T ——
Wil = 7 [H3, 1% p(Er) |5, =B~ ho (60)

2m——52
Wisn] = ? |H111-” p(En)lEnEEi+hw (61)

For summarizing, the constant perturbation has demonstrated that just in case
where the energy of the group of final states are near of the energy of the initial states
that we obtain appreciable transitions of probability. On the other hand, if the
perturbation is harmonic, the real contribution come from transition between the

system and the perturbation term as a complete physical system.

5 ABSORPTION AND STIMULATED EMISSION

The interaction of atoms with classical fields is of fundamental importance and
requires many complex problems in nature. However, we will consider here in this work
just two applications of quantum perturbation theory. The first is the absorption and
stimulated emission in hydrogen atom (in which the classical radiation hits the atom

and causes a transition between energy levels).

- —_—2
1\We can observe clearly that H;|n) < (n|HLT, i.e., the HY, = HT. Thus, THL,[? = [H,!| and it is evident the

symmetry between two processes. The transition rates per unit of density of states are given by
Wisn) _ 2o 2 _ Waoli

= |Hr1u2=2_n|H71J =
PED NG phe h PED gk, o
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We are in position now to apply quantum perturbation theory in interactions of

atom with classical radiation field. Consider the Hamiltonian is given by
2

H=
2m, mecC

A-p (62)

where p2/2m, + e¢(r) is the piece of the Hamiltonian that is concerned to the atomic
system and the term (e/m.c)A - p of that is related with the interaction between the
electromagnetic field with the momentum of the electron. The Equation (62) is valid
since the condition V- A = 0.! We can define a vector potential of a monochromatic
electric field as
A =2A,cos(k-r — wt) (63)

where A, and k are the polarization and the wave vector of the electric field. Writing
the vector potential in Euler notation and replacing in the Hamiltonian of the physical

system, it results

H=

lkl‘ lwt+e—lkl‘ Lwt] (64)

2m

Using the results of the harmonic perturbation obtained in section 2.3, we can

define the last term as a perturbation, where the responsible term for the absorption is
given by

Hl-!' — ik-r

ni

A " pe (65)

me ni
Thus, the transition rate of the absorbed energy from an electromagnetic field is
then

2m e?

& a0 et 1D 88, ~ B — ho) (66)

Wisn =

The final states |n) form a discrete spectrum and due to the fact that they are
not in ground state and the function cannot be infinitely sharp, we can verify that the
delta-function has a natural broadening due to finite lifetime (BUTKOV, 1973).2
Henceforth, it is possible obtain the energy cross section of the energy absorbed of the
transition as

Energy absorbed by the atom (i—n) per unit time
Energy flux of ratiation

(67)

Oabs =

! This condition is called Coulomb gauge.
2 In general, we regard 6 (w) as a Lorentzian function §(w) = lin&%ﬁ. In this sense, applying to the case
€—

6(w — wy;) = lim ¢

("0 2 (w-wp, )2+—
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Dealing with classical fields, we can use the Maxwell’s field equations and

obtain the radiation energy from these followings relations

1dA
=" in(K-r — 68
E s 2kA, sin(k - r — wt) (68)
B =V XxA =2kA,e,sin(k-r — wt). (69)

Thus B and E are mutually perpendicular and perpendicular to the wave vector
k and they have the same amplitude as we can verify in Equations (68-69). The energy

per unit volume is given by (Shankar, 1994)

1 E2+B2 _ k?|Aol? 20
“Zo\erTer) T 2m (70)

Now, multiplying the energy per unit volume by speed of wave propagation, we

obtain the energy flux radiation. Thus,

2m e? Ter 1oy |2
how == 2_2|<n|Ao'pelkr|l)| 0(E, — E; — hw)
msc

h
Oaps = w2 [Ag|? (71)
2mc
Rearranging the terms,
4m? e? 12
Gabs:%m_gcl(n|£.pelkrll)| 6(wm-—a)). (72)

Using the electric dipole approximation to solve the above equation, we must
verify the conditions in a proper way. Considering the wavelength of the radiation field
larger than the atomic dimension!, we can expand the exponential and take the
relevant term. Then

41?2 e?
Ogbs = )

2z e p DI 6w = 0. (73)

Taking the polarization direction along x-axis the wave vector in the n-direction,
all is necessary to calculate is the matrix element of the momentum operator (n|p,|i).
Using the Ehrenfest theorem (SAKURAI, 1994), we obtain the momentum as a function

of the commutator between space and the Hamiltonian

dH ihp i
H] = ih— = — = p, = ——m][x, HI. 74

Calculating the matrix element of the momentum,

! Taking the energy of the radiation quite similar to the characteristic energy level of the atom,

N Ze? Ze?
w~ = —
ao/Z Ry
anat A . . . . ieﬁ.x
Or, — T For small values of Z, the approximation can be done for this case, i.e., e’c"~ = 1.

42



REVISTA UNIFEV:

Ciéncia & Tecnologia

(nIpsli) = == m(nllx, H]|i) = = m(nirH - Hr i) = = —m{(nlxH]D) — (n|Hx])]

= —%m[(nlrxlei — (nIrcli)E,] = im(E”—;E")mlxli)-

(75)
After arranged the terms

(nlpxli) = imwp(nlx|i). (76)
For the purpose to eliminate the matrix element of p,, we must evaluate the
matrix elements of the commutator between p, and x. Opening the commutation

relation and inserting the unit operator in the coordinate basis,

(nl[py, x]1i) = (nlpxlD) — (nlxpyl) = (nlpy (lexu)xm - <n|x<2|l><1|>px|i>
J J

= (ulpylUIxli) = ) (nlxliNlpyli)
l l

(77)

Using the result of Equation (76) and replace it in Equation (77), we have
(nl[py, x][i) = im (Z wnj{nlx| D] x]i) — Z wki(nlxll)ﬂlxli)) (78)
l l
Doing n = i, finally we get
(illpy, €110) = 2mi ) wyl(UXID). (79)
l

Employing the canonical relations (COHEN-TANNOUGJI, et al.,
1977),[p, r;] = —ihs;; and noticing that I is a mute variable,

2
ih = ih (Tmz wm-|<n|x|i>|2>. (80)

That implicates the term in parenthesis must be equal to unit, i.e.,

2
> far =) onlalxlil? = 1 (81)

where is defined here as oscillator strength for quantum transitions between the states
from |i) to |n). Substituting the result of Equation (76) into Equation (73), we have
Taps(@) = 42 awy,i|(n|x|i)]? 8(wy; — ). (82)
The cross section of the absorbed energy represented here is a function of the
angular frequency and exhibits a sharp delta-function-like peak whenever the energy
absorbed is close to the energy level spacing. Summing over the angular frequencies
and identifying the strength oscillator,
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_2m*ah 2m . 2mlah , [ €
[ vus@rdo = (D S altnleli? | = 22 = 2 (©3)
n

By quantum perturbation theory, it has been possible to estimate the cross
section of the absorbed energy from a classical radiation using the first-order
perturbation and demonstrate that this is a classical result and it is also remarkable,

once it was not necessary to explicit the Hamiltonian of the physical system.

CONCLUSION

In this work, we have introduced the basic concepts of quantum perturbation
theory and its application in the absorption and stimulated emission. Using concepts
of quantum mechanics and evaluating the transition of probabilities of physical
systems, we could obtain very important results such as the rate of transition
probabilities when a hydrogen atom is excited by a classical radiation.
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