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A scheme of evaluating a generalized three-photon excitation cross section o(3) in neutral atomic
0

argon at 3144.67 A is outlined. Three photons at this wavelength can excite the neutral argon
atoms from the ground 3p 'Sv state to the 3p'4s'[1/2], state. The fourth photon will ionize the ar-
gon atoms. Assuming linear polarization of the incident laser radiation, contributions from several
channels in various energy-level schemes are summed in the evaluation of the transition probability.

0
For a laser linewidth of 6/L. z =1 A, our maximum numerical value of the computed result for the
three-photon excitation cross section is o(3)= 1.414X 10 cm s .

I. INTRODUCTION

One potential scheme for generating an ionized path in
the atmosphere is via ionization of argon, a 1% volume
constituent, well mixed up to 10 km. The realization of
that scheme commences with the calculations of the
multiple-photon excitation and ionization rates for argon.
Single-photon photoionization of argon would occur at
wavelengths that would not penetrate the atmosphere. '

%'e have chosen to investigate a scheme which utilizes
the intermediate resonance with the 3p 4s'[ —,']i state.
This would correspond to a three-photon excitation
wavelength of 3144.67 A (vacuum wavelength), a laser
which does not now exist. However, the free-electron
laser is potentially tunable in this region, so the calcula-
tions are relevant.

Using the standard perturbation theory techniques of
nonresonant multiple-photoIl excitation in atoms, ' we
consider aspects of three-photon excitation in atomic ar-
gon at a wavelength of 3144.67 A. From a knowledge of
the energy-level tables of atomic argon and its atomic pa-
rameters (i.e., transition probabilities and transition wave-
lengths), we outline a method of arriving at the three-
photon transition rate (probability per unit time) and
hence the generalized three-photon excitation cross sec-

0
tion in argon at a wavelength of 3144.67 A.

II. THEORY

A partial energy-level diagram of neutral atomic argon
(Ar t) is shown in Fig. 1. Three photons at a wavelength
of 3144.67 A will excite the neutral argon atoms from the
ground 3p 'So state to the 3p 4s'[ —,'], state. The fourth
photon at the same wavelength will ionize the argon
atoms. Several schemes of excitation have been con-
sidered and their contributions summed in the evaluation
of the transition rate. From Lambropoulos the expres-
sion for the transition probability W' ' (in s ') for a
three-photon bound-bound excitation is

8" '=(2m. )(2mcr) F F(tot )tot gM' '

1,2

(/'[ i%f2)(2/ A/1)(1/ i.
f )

(2)
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FIG. 1. Partial energy-level diagram of atomic argon (Ar I).

where g and f denote the ground and the final state of the
atom, respectively, a is the fine-structure constant
( „,', ), F is the total photon flux measured in number of
photons per cm per second, F(tot ) is the number of pho-
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tons per cm per second per unit bandwidth of the in-
cident exciting laser, coL is the angular frequency of the
exciting incident laser, ( ~r

~
) are the dipole transition

matrix elements, connecting the virtual states, and
~2 —~~ —2~L and ru, —

co~
—coL are the angular frequency

detuning factors. F(61L) may be further expressed in
terms of a lineshape function g (coL ) as

F (coL ) =g (611 )F, (3)

F=I/hv (photonscm s '),
where h v is the energy of the incident laser photon.

(5)

III. THE KXCITATIQN SCHEMES

Due to the intrinsic nature of the energy-level diagram
of neutral argon, we selected the six schemes as detailed
below, for their contributions to the dipole transition ma-
trix elements in the transition probability calculations.
Various other schemes involving higher levels like the
3p 5p, 3p 6p, and 3p 7p were investigated and their con-
tributions to the dipole transition matrix elements were
found to be 2 to 3 orders of magnitude less than the nu-

where g(coL) is the line-shape function at the center of
the line, given by the expression

2&in(2) /7r
2 1/2 4)

[2(b61L ) +(hcoT) ]'

where b.coL is the incident exciting laser bandwidth [full
width at half maximum (FWHM)] (in s ) and b,coT is
the transition Doppler bandwidth (FWHM) (in s '). lf I
is the incident laser irradiance in 8'/cm, then F may be
expressed as

merical contributions of the chosen six schemes, and so
were neglected. In short, we adopted the truncated sum-
mation approach to the infinite sums over virtual inter-
mediate states

~
1 ) and ~2 ), in Eq. (2). The choice of the

virtual intermediate states in all the six schemes were
made by the fact that computations were strictly per-
formed for linear polarization of the incident exciting ra-
diation. We outline below schemes I—VI.

In scheme I the ground state is the 3p 'S0 state sym-
bolically denoted as ~g). The first intermediate state is
chosen to be the 3p 4s [—,'], state, symbolically denoted as
~1). The second intermediate state denoted as ~2), is the
collective configuration of five levels belonging to the
3p 4p state as shown in Fig. 2. Angular momentum
selection rules for linearly polarized incident radiation,
dictated the choice of these five levels. The final state is
the 3p 4s'[ —,'], state, symbolically denoted as ~f ). In
schemes II, III, IV, V, and VI, the ground state ~g ), the
intermediate state ~2), and the final state ~f ), are the
same as those of scheme I. Only the intermediate state

~

1 ) is different for each of these schemes, and they
are 3p 4s'[ —,']„3p 5s[—', ],, 3p 5s'[ —,']„3p 3d[ —,'],,

3p 3d'[ —', ]„respectively.
Theoretically there are five channels in each scheme.

A channel is defined as the transition from the ground
state ~g) to the intermediate state ~1), then from state

1 ) to the intermediate state ~2 ), and finally from state
2 ) to the final state

~f ) . However, in schemes V and VI
only two and three channels, respectively, have contribut-
ed to the dipole transition matrix elements as indicated in
Table I, since the transition probabilities for other chan-
nels are not quoted in standard literature, to the best of
our knowledge and research.

The numerical contribution of an individual channel to
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FIG. 2. Schematic representation of schemes I and II used in the evaluation of the radial matrix elements of the transition proba-
bility.
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TABLE I. Tabulation of the magnitudes of the individual channel contributions to the evaluation of the transition probability for
schemes I—VI. The entry 1.363[58] is an abbreviation for 1.363 X 10 . Units are in cm s .

Magnitudes

Mq

M))
Mimir

Miv
Mv
Mv,

3p'4p'[ —,
'

lo

1.363[58]
4.45 1 [57]
8.992[58]
4.418[58]

1.989[57]

3p '4p'[-', ]2

4.913[58]
3.001[57]
6.546[59]
5.829[58]

3p'4p [-,' ]o

2.302[59]
2.929[60]
1.354[59]
1.092[60]
3.705[59]
1.056[59]

3p'4p [-', ]2

3.553[58]
9.759[58]
2.706[58]
1.048[58]

1.558[58]

3p'4p [-', ]2

5.000[58]
3.232[58]
8.506[58]
2.020[59]
1.482[58]

the dipole transition matrix element is explained in detail
below, and the contribution of each channel is summed to
arrive at a scheme contribution to the dipole transition
matrix elements. The contributions of these six schemes
are then finally summed to arrive at a total numerical
value of g, 2M, 2 in Eq. (2). We are aware of the fact
that an individual channel contribution can be numerical-
ly positive or negative in magnitude, and that in reality
an algebraic sum should be carried out over the inter-
mediate states

I
1 ) and

I
2 ) in Eq. (2). However, in a com-

putation scheme like ours there is no a priori way of
determining the sign of a channel contribution, and so we
have presumed it to be positive. This obviously results in
a maximum possible value of cT(3) for a chosen set of ex-
citing schemes, as we have indicated above.

IV. AN ILLUSTRATIVE EXAMPLE

We describe below a sample calculation to show how
we arrive at a numerical contribution of a specific chan-
nel in a given scheme. All other channel contributions of
all the selected schemes are tabulated in Table I. We as-
sume that the incident laser radiation is strictly linearly
polarized. In scheme I we select the channel

Ig & Il &-I2& [3p'4p'[-,']oI If &

For each transition in the channel, we evaluate the dipole
transition matrix element (for linear polarization) via the
expression '

J =0, MJ=O and J'=1, MJ=O,
3'"=1 19X10 s ', cr =8 789X10 cm

bE =0.854 Ry,

0 1 1 1

30 0 0

This results in I(1Ir Ig ) I
=-1.995 X10 ' cm .

For (2I3p 4p'[ —,']oI Ir I 1),
J =1, MJ=O and J'=0, MJ=O,
3'"=0.0024X10 s '

cT =2.243 X 10 cm

AE =0.136 Ry .
This results in I(2I3p 4p'[ —,']oIr

I
1 ) I

=3.315X10
cm .

For (fIr I2I3p 4p'[ —,']o] &

J=O, MJ=O and J'=1, MJ=O,
A'"=0.472X10 s ', cT =1.776X10 cm

where the squared transition matrix element on the left-
hand side of Eq. (6) is expressed in units of ao (ao being
the Bohr radius), A ' ' is the transition probability in units
of s, o is the transition wavelength in cm, AE is the
energy difference between the two levels in units of Ry,
and the term in large parentheses is the Wigner 3j symbol
of interest.

For & I lr'Ig &,

I &~l.sJM, I~ '"II~I.'sJ M; & I'

=(2J'+ 1)
o. (0.66702) &E

AE =0. 121 Ry .
This results in

I&fir'12[3p'4p'[ —,'], ] ) I
—= 2. 764X10 ' cm

Also for our incident laser radiation

kL =3144.76 A, coL =5.990X 10' s

~1 Mg ML = 1. 167 X 10' s ', co&
—~g —2col 8.499 X 10" s

(2.764X10 ' )' (3 315X10 ' )' (2 764X10 ' )'
M, (3p 4p' —,

' o)=
(8.499 X 10' )(1.167 X 10' )

=—1.363X10 ~ cm s

V. NUMERICAL RESULTS

Summing the contributions of all the schemes in Table I, we finally arrive at

gM, 2
-—1.585X10 cm s

7

1,2

Rewriting Eq. (1), we have
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3

W' '(bkL, F)=(2tr) (5.990X10' )
137.036

3p 4s'[ —,']& level to be

N*=N o. F G' '
0 (3) L (12)

X ~1.585 X 10
~

g(co)F

=3.270X 10 g (co)F (7)

in s ' units. Typically if we assume a laser bandwidth of
AA, L =1 A, we can neglect the Doppler contribution in
g(coL) in Eq. (4), toobtaing(coL )-=3.487X10 ' s. With
this

~(x) FNf,g

which for our case of N =3 reduces to

8'f =o.(3)F
(3)

(9)

(10)

where o.(3) is the generalized three-photon excitation
cross section. An elementary comparison shows us that

a~3~(1 A)=1.414X10 cm s

Wf g(blL =1 A, F)=1.414X10 F

Again from Lambropoulos et al. , for an N-photon pro-
cess we have

in cm, where G' ' is the three-photon statistical corre-
lation factor 3! Presuming we started with neutral argon
atoms N0 =2.43 X 10' atoms/cm and assuming an irra-
diance I of 2X 10 W/cm we arrive at N* =8.802X 10
atoms/cm .

VII. SUMMARY

Using the standard perturbation theory expression for
the transition probability of a three-photon bound-bound
excitation, we have computed the generalized three-
photon excitation cross section in neutral atomic argon at
a wavelength of 3144.67 A for linearly polarized light. A
truncated summation method has been essentially em-
ployed in the evaluation of the sums over the virtual in-
termediate states. For our chosen set of excitation
schemes, the maximum value of the three-photon gen-
eralized cross section in atomic argon at 3.144.67 A, with
a laser bandwidth of 1 A, is 0.(3) 1.414 X 10 cm s .
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