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Abstract

Non relativistic, semi-classical in dipol e approximation, based on time dependent Schrodinger equation under the
framework of perturbation theory, three different absorption processesin hydrogen atom are studied and cal cul ated
transition matrix element fromaninitia statetofinal state.

K ey wor ds. multiphoton ionization, perturbation and ionization rate

Introduction

Multiphoton ionization results from the simultaneous
absorption of severa photons, predicted(Koval 2004)
theoretically in 1931 by M. Geoppert, were for along
time considered to be mainly of academic interest.
This view changed when it was shown (Delone,
Mainfray, Charles) that a two-photon absorption
process could, because of a quadratic dependence of
excitation on intensity, produce a spatialy confined
excitation useful for three-dimensional data storage
and imaging. Two-photon absorption has received
considerable attention recently because of the
development of highly efficient two-photon-sensitive
materials, leading to numerous technological
applications. These successes have created interest in
exploring applications based on three-photon
excitations (3PA)(Joseph 2008). 3PA works when
three photons (identical or different frequencies) are
simultaneously absorbed in one event and make a
transition from initial state |5} to and excited state or
final state |} allowed by three photon selection rules
(Thayyullathil et al. 2003). The energy difference
between the involved lower and upper states of the
atom is equal to the sum of the energies of the three
photons. The three photon absorption most commonly
occurs in longer wavelengths (near infrared), some
scientists see hope for it in terms of biomedical and
photonic applications (Joseph 2008).
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Multiphoton absorptions are dezeribed by higher order
perirbation theory, which iz valid when the radiafion
field strensth iz less than the atomic field strensth If a
quanhin zystem iz reprezented by the time dependent
Hamiltonian H_ then from TDSE (Peter of ol 2003).

HW(t)) = E[¥(5)) (1)

Here H i= the tofal Hamiltonian which is the sum of

mpertwbed Hamiltonian Hp and  inferaction
Hamiltonian H'[t) much az;
H=H,+H't)
H'(£) has the form
H'iE) =H(H) if 0=t <t
(2)

=dif.t=0ond.t =7

Azsuming the solution of thiz equafion to be linear
combimation of basziz =t {|n)}, which are the
engsienstates of the unperturbed Hamiltonian

[W(£)) = Zn Co(t)en(re == (3)
Unperurbed Hamiltonian Hj has eigenvaluesz ax
Hyln) = Epln) 4)
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The quantitiez to be determined here are the expansion
coefficient C,(f) and these are ow direct phyeical
imerest. @,(r) iz fthe eigenfinction of the
Hamiltonan. The square of thiz ex pansion coefficient
iz the probability, and divided by tine iz the ranzition
rate 1}-9}.
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|C.(E)]*. with which iz the Eyetem iz
described by [WiE)) will be found in the energy
eigenstate [n) a fime {. Using atomic unitz as
A=m=e¢e=gy=1; We can write, interaction
Hamiltomian for three different laszer frequency such
as

_ s Ap _iwit-8)) =
H'= K ypps & 7Eyze I (3)
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Let H,=¢& -rEy Similarly we can write for H
and, H; . Here, Ey iz the amplitude of the
elecromagznetic field alons the direcion of the
polarization vector &;. Similarly Ep; and Ey; are the
amplitudes along the direction & and &;for the beam
2 and 3 respectively. The interaction Hamiltonian for
the zame lazer frequency o with different polarization
ghould be:

H'=Y.: 7fE w5 (T

¥ Ei

One-photon ionization

The franzition of electron from ground state fo the
final #ate by the absorption of one photon Single-
photon abzorpion iz described by first order
perturbation theory.

Calculation for first order perturbation:

acin
dt

% ()" mat (] H'| gyt (8)
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Here, @ iz the frequency of the linearly polarized
light. The ionizafion rate for the zame frequency and
different polarization can be exprezsed az | Shrestha ef
al 2008

e
t

= E2|(nl; - 71g)| 5(cng — @)

Since atoms are small compared to the wavelength of
light, the amplitndes of electric field will not wvary
zignificantly over the dimensions of atom. We can
therefore take them constants out from the calculation
of integral = (Wark 2006). Thue,

g ool (n]#1g)1*é(eng — )

Here we can =ee that a resonance occurs at wyg = @
corresponding to one photon fransifion from sround
state |G ) to the final state [#).

Two photon absorption (2PA)

2PA workes when two photons (identical or different
frequencies) are simultanecusly abzorbed in one event
and make a franzition from initial state as ground state
g} to and final state |m) allowed by two photon
zelection rules (Bethe of al 1937). The two photon
abzorption iz described by the =zecond order
perturbation theory.

By 1o b —
= 1 L O (E)(m B[ e lmn )

By integrating and substituting the value of C.7(t)

(Shrestha ef al. 2009),

i o L el I e 1]
Lo [ih ".'i. | B B gy = r—y——— I: }

T

Assuming the two different beams are f and k.
I_et_ﬂff;;g: iz the tranzifion mafrix element for two-
photonionization, for =ame frequency (@ ) of different
polarization. We can derive by dropping the
antirezonance term s such as
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The ftransition rate (Thayyullathil = <l 1994)
becomes:

2 R -
Lo | M | 6 (timg — 2e)

Where we have refained only those terms in which
the denominators approaches zero. Here we can see

that a rezonance occurs at wy, = lw corresponding

to the two photon transiion for the identical laser
frequency ., from the sround state |g) to the final
state |»1) through one intermediate state [»).

For different laser frequency with different
polarization

The zecond order expansion coefficient for different
lazer frequency with different polarizati o

CP® =% A Ig gy — 20 (12)

lilpg g =0y

{m|Ha|nkn|Hy | g}
_|_E AMLIHIRARIH, G
||:|.t'.5.—|:|.l 1]

G (e + g — Gy — e )

fm | Hz [niin|H | gh
+E : : 5{mmn+wn9_ml_ﬂ!]

(g g—idy]
v {m|# |ni(n|d; | g
& (g — 20
R e CESERES

{m |y [ s | g
g mhlll

=R G (e + g —0dy — Y

{m|Hz|n}n|H: | gh
+E. |Hz|nin| ;|G 5{mmﬂ+wﬂ9_m:_w!]

1 ':':'-":g_':'-':j
im|#; [mhin|ds |gh
+E . : E{ﬁdmn‘i'wr!g _2"—':'!:]

a ':L‘r:g_':'-'::'

fm | &y [miin|Hz | gh )
+E_| [t g—iz) 5{mmn + g — Gy _ﬂ!:] [13}
i |y [niin|Hs | gh
+3 (:..n.:g—:..-g; G (e + g — iy — )
HF.-nl:Ae the transition matrix becomes:
E E {mlHg |nkn|5|g)
FEE N C T ]
T hree photon absorp tion{3PA)
3PA works when three photons (identical or different
frequencies) are simultanecuszly absorked in one event

and make a ranzition from |g ) to excited =tate |f)

(14)

allowed by three photon zelection rules. We require
third order perturbation theory such az, for the zame
frequency and linearly polarized:
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Then, integrating and substituting the value of 'f' -
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Here we can zee that a resomance occurs at
Wi @mp T Weg = wrg = 3wy corresponding o
three photon fransition for idenfical laser frequency
wy . from ground state |g) to the final state |f) throush
two intermediate statez [n) and |m). By dropping the
antireszonance term the matrx elements for three-
photon of same frequency (@) with different
polarization becomes:

{F(ErP)mym| (2P Inkn| (2 ;-7 g0
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Similarly the matrix element for flwee different

frequencies and polarization we have obtained 27
terms with different dirac function such a=
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We can expreszed representing three different beams
J. k. and i oas

m ) {{18-Plmi(m g Fnyn|2 ;70

&+ fr — . .
1" fhlmn  (Wng— ) (W —j— 0]
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Where we have retained only those terms in which
the denominators approaches zero. Here we can see
that a rezonance OCCUrs at
iy + Gy T g = wyy = 3w corresponding to
three photon transition from the ground state |g) to the
final state |f) through two intermediate states [n) and
|m} procezzes. Therefore the rate of flree photon
abzorption becomes

3 ] 2 -
I3 ool ME | 6z, — 3w) (20)

Results and Discussion

1. Ingenera, al the transitions which satisfies the
Bohr’s quantum condition (for the single photon)
arenot allowed.

2. Theradiative transitions can take place only the
states allowed by certain selection rules. The
parity rule follows by odd parity of dipole
operator.

3. Thespinselectionrulesfollowsfromthefact that,
the photon does not interact with electron spin
and so the spin quantum number never change
in the transitions.

4. Inanon linear medium two and three photon
absorptions occurs between the states of same
parity, while in the single photon absorption
statesinvolved are opposite parity. Hence asthe
intensity of the radiation field increases, the
transition which is forbidden by single photon
transitions can occur by two and three photon
absorption.

5. Probability of two or three photon is proportional
totherespectively, fourth and sixth power electric
field i.e square and cube of the intensity of
radiation field(y™].
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6. In general, [[Voog,I™, where, g, is the

generalized cross-section of the n photon
ionization (Chin et al. 1984).

In the case for two photon ionization for laser
radiation containing different frequency

For two fields {mk_ mj}

The =ame final contimmim state iz reached by

¢ the absorpion of two identical lazer photons
(g ) of {e; ywith the polarization vectors £

o the absorpion of two different lazer photons
(e andew; ywith different polarization vectors &
and &;  respectively.

s the abzorption of two different lazer phetms{mj-
and w;; ) with different polarization vectorzs) and
&, respectively.

¢ the absorpiion of fwo
photons{eo; Jof (w;) with £;.

For three fields:

The zame final comfimmam state iz reached by the

interference of =iz different routes comnected to the

abzorption of two idemtical laser photonz with

polarization vectors (& and £; ) and absorption of two

lazer photons with different polarization vectors.

idenfical lazer

In the case for three photon ionization the laser
radiation containing different frequency

For two fields The zame final confirmum state is
reached

by the interference of three different routez connected
to the abzorption of three identical lazer photons with
polarization vectors(g, £; and ;).

by the interference of =ix different routes connected to
the abzorption of three different lazer photons with
polarization vectors(s;, £; and &),

For three fields:

The zame final confimmm state iz reached

by the interference of nine different routes comnected
to abzorption of three idenfical lazer beams with the
polarization vectors(s,. £ and &) respectively.

by the interference of eight different routes connected
to abzorption of three different lazer beams with the
polarization vectors(s;, £ and £) respectively.

by the interference of ten different routes comnected
to absorption of three different lazer beams with
different polarizaion wectars(s,, & and &)

respectively.

Thusthe samefinal continuum stateisreached in total
by the interference of twenty seven different routes
connected to the absorption of three identical or

different laser photons with polarization vectors(s;,
£ and £)).

Besides the energy conservation the total angular
momentum of the system (Atom + Photon) hasto be
conserved. The transition probability therefore
depends on polarization of the absorbed or emitted
electromagnetic radiation.
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