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We have studied two-photon transition rates of atomic lithium within model potential by using the pseu-
dostate summation approach. Transition amplitudes and absorption coefficients have been computed for 2s-3s,
2s-4s, and 2s-3d transitions with various Debye lengths. In the case of 2s-3s transition, two-photon transpar-
ency vanishes for smaller Debye length. Reverse incident occurred for 2s-3d transition. Here, we have found
a two-photon transparency for lower values of Debye length. These two situations occur due to energy level
shifting in the presence of a plasma environment. A detailed description of resonance enhancement frequency
and transition amplitude has been analyzed.
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I. INTRODUCTION

Plasma screening effect on the plasma embedded atomic
systems is an interesting topic which has received wide at-
tention from both theorists and experimentalists �1–17�. The
atomic excitation and ionization processes play an essential
role in the interpretation of various phenomena associated
with astrophysics, hot plasma physics, and experiments per-
formed with positively charged ions. Excitation processes in
plasma background are of great interest, because the line
emission due to excitation provides detailed information of
the physical processes of plasma. A number of studies have
been done to investigate the influence of the plasma on scat-
tering processes. A study of inelastic and elastic collision
processes �10–12� in strongly coupled plasma has shown that
the cross sections are significantly reduced by plasma screen-
ing of the electron-ion interaction. Whitten, Lane, and
Weisheit �12� have shown that the optically allowed 1s-2p
and 2s-2p cross sections for electron impact excitation are
substantially reduced by the plasma screening, but the 1s-2s
cross section is less sensitive to the plasma effect. The Debye
screening effect has played a crucial and significant part in
the investigation of plasma environments over the past sev-
eral decades. Different theoretical methods have been em-
ployed along with the Debye screening to study plasma en-
vironments �11–22�. Some progress has been made in
estimating the influence of the plasma on atomic structure,
but information on the scattering process and on various ra-
diative processes is very limited.

Currently, two-photon spectroscopy has became a very
powerful technique for studying the excitation level of gases.
Since the selection rules are different for two-photon absorp-
tion than for one-photon absorption, one can potentially ob-
serve electronic states which are not visible in one-photon
spectroscopy. There are several attempts to study two-photon
transitions between the ground state and the 2s state for a
free �without any external field� hydrogen atom both experi-
mentally �23,24� and theoretically �25�. Recently, Mon Mo-
han et al. �26� and earlier, Quattropani et al. �27� have stud-
ied the 1s-3s transition in an H atom. Transition amplitude
and absorption coefficients for a 1s-3d transition in the H
atom are also calculated by Mon Mohan et al. �26�.

In our earlier work �28�, we have observed that the
plasma environment has a considerable effect on the fre-

quency of incident photons for resonance enhancement as
well as for two-photon transparency. These two frequencies
decrease when Debye length is decreased. Presently, we con-
centrate on the investigation of the plasma screening effect
on the two-photon transitions in a lithium atom �within
model potential approximation� embedded in weakly
coupled plasmas. We have calculated the transition probabili-
ties and absorption coefficients for the 2s-3s, 2s-4s, and
2s-3d transitions in a plasma embedded lithium atom, which
involves evaluation of a summation over intermediate states.
The summation of intermediate states is taken care of by
using the pseudostate method. Using the pseudostate method
we have found excellent converged results, even for a basis
size 30, insensitive of basis parameters. The paper is orga-
nized as follows. In Sec. II we describe the theory of the
present context including model potential, pseudostates tech-
nique, and two-photon transition amplitude. In Sec. III we
discuss the phenomena of the resonance enhancement and
two-photon transparency. The procedure of calculation is
presented in Sec. IV. Results are presented in Sec. V with a
short discussion and some concluding remarks can be found
in Sec. VI. Atomic units are used throughout this paper.

II. THEORY

Our goal is to calculate transition amplitudes and absorp-
tion coefficients of a lithium atom in the Debye plasma en-
vironment. For our present study, we have considered a
model potential of a lithium atom and adopted the pseu-
dostate summation method. Below we show the entire ana-
lytical calculation of the current context in three sections.

A. Model potential

In the case of the model potential, the atomic system is
regarded as composed of two particles: the valence electron
and an atomic core ion whose structure is not considered
explicitly. The interaction between the valence electron and
core ion is represented by the model potential VM�r�, r being
the radial coordinate. A number of analytical model poten-
tials have been discussed in the literature �21�. The basic idea
of the model potential VM�r� is to simulate the multielectron
core interaction with the single valence electron by an ana-
lytical modification of the Coulomb potential such that
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lim
r→�

�VM�r�� = lim
r→�

�−
Z̃

r
� , �1�

lim
r→0

�VM�r�� = lim
r→0

�−
Z

r
� , �2�

with Z the atomic number, and Z̃ the ionization stage defined

by Z̃=Z-Nc, where Nc is the number of electrons in the core
shell. For the present problem, we considered a model po-
tential of the form

VM�r� = −
1

r
��Z − Nc� + Nc�e−2�r + �re−2�r�� . �3�

�, �, and � are the model potential parameters. The model
potential for the Li atom has been used in an earlier calcula-
tion of photoionization cross sections �21�. It is noticed that
the energy eigenvalues of a lithium atom with �=�=�
=1.6559 compare well to the experimental data �29�. Under
the Debye screening, the valence electron-ion interaction po-
tential for plasma embedded Li can be modeled by �30,31�

V�r� = VM�r�exp�− r/�D� , �4�

where �D is the Debye screening length.

B. Pseudostate method

The Hamiltonian of a lithium atom enclosed by a weakly
coupled plasma within the model potential in atomic units is

H = −
1

2
�2 −

1

r
��Z − Nc� + Nc�e−2�r + �re−2�r��e−r/�D, �5�

where the values of the model potential parameters �, �, and
� are presented in the above section. We have used a pseu-
dostate method to calculate the energy levels and bound
states. The basis function of the pseudostate method are
taken of the form �Drachman et al. �32��

� j = e−arrl+jYlm��,��, j = 0,1, . . . ,N − 1, �6�

where a is the basis parameter, l is the orbital angular mo-
mentum, and N is the basis size. The wave functions are
expanded in terms of linear combinations of the basis func-
tions as

	n = �
j=0

N−1

C�j,n�� j , �7�

and we have

�n	H	n�
 = En
nn�, �n	n�
 = 
nn�. �8�

The finite-dimensional eigenvalue problem corresponding to
the Hamiltonian of a lithium atom �with model potential� in
the plasmas field is as follows:

TABLE I. Energy levels for the 1s2nl states of free Li with other theoretical results and experimental
data.

nl
Present
results

Experimental
results �33� Sahoo et al. �29� Bachau et al. �34� Laughlin et al. �35� Moore et al. �36�

2s −0.19814 −0.19814 −0.19814 −0.19814 −0.19815 −0.19809

3s −0.07431 −0.07418 −0.07431 −0.07435 −0.07419 −0.07417

4s −0.03868 −0.03862 −0.03868 −0.03870 −0.03862 −0.03861

3d −0.05557 −0.05561 −0.05557 −0.05558 −0.05562 −0.05561

TABLE II. Energy levels of 2s, 3s, 4s, and 3d states for Li in the
Debye screening plasmas in atomic units. �D denotes the Debye
length.

�D E�2s� E�2s�a E�3s� E�4s� E�3d�

25 −0.160220 −0.160220 −0.041237 −0.011021 −0.023001

20 −0.151597 −0.151597 −0.034894 −0.007152 −0.016927

15 −0.137930 −0.025767 −0.002701 −0.008484

10 −0.113089 −0.113089 −0.012276

6 −0.072380 −0.000346

aCalculated results of Sahoo et al. �21�.
FIG. 1. Two-photon transition amplitude D2s-3s for the 2s-3s

transition as a function of � for free Li.
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�H� − En
� �	n
 = 0, �9�

where the elements of the Hamiltonian matrix H� and the
overlap matrix 
� are given by the following expression:

Hmn =
1

2

��2l + m + n + 1�
�2a�2l+m+n+1 ��l +

1

2
��l + 1� +

1

4
�m + n�

−
1

4
�m − n�2� − ��2l + m + n + 2�

 Z − Nc

�2a +
1

�D
�2l+m+n+2 +

Nc

�2a + 2� +
1

�D
�2l+m+n+2

+
Nc��2l + m + n + 2�

�2a + 2� +
1

�D
�2l+m+n+3� , �10�


mn =
��2l + m + n + 3�

�2a�2l+m+n+3 . �11�

For accurate transition amplitudes, it is essential to calculate
converged results with respect to the expansion length N.
After obtaining the eigenvalues En and eigenfunctions 	n

�=	n�, we can continue to compute two-photon transition
matrix elements for various transitions.

C. Two-photon transition amplitude

In the length gauge, the two-photon transition probability
amplitude Di-j from an initial state 	i
 to a final state 	f
 is
given by

Di-f =
3

2�
n

�1 + P12�� eL1 · �f 	r	n
�n	r	i
 · eL2

− Ei + En − �2
� , �12�

where eL1, eL2 are the polarization of the incident photon and
the operator P12 interchanges the frequency and polarization

FIG. 2. Same as Fig. 1 but for �D=25.

FIG. 3. Same as Fig. 1 but for �D=15.

FIG. 4. Same as Fig. 1 but for �D=6.

FIG. 5. Dimensionless two-photon absorption coefficient
	D2s-3s	2 for the 2s-3s transition plotted as a function of � for free
Li.
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of two photons. Ei and Ef are the energies of initial and final
states. The quantity �2 is the energy of the second photon
absorbed in the transition; for energy conservation we have
the energy of the first photon �1=Ef-Ei-�2.

In the case of linearly polarized light the polar axis of the
spherical coordinate is taken along the direction of the pho-
ton unit polarization vector. In this case we have

eL · r = �4�/3rY10��,�� , �13�

where Y10�� ,�� is the usual spherical harmonic function.
The two-photon transition amplitude for the 2s-js �j=3,4�
transition is given by

D2s-js =
1

2�
n
� 1

− E2s + En − �
+

1

− Ejs + En + �
�R2s

n Rjs
n .

�14�

Similarly, for the 2s-3d transition we have

D2s-3d =
1
�5

�
n
� 1

− E2s + En − �
+

1

− E3d + En + �
�R2s

n R3d
n ,

�15�

where Ek is the energy eigenvalue of the 	k
 state and � is the
energy of any one of the two photons. The matrix elements
Rk

n are defined as

Rk
n = �

0

�

r3�n�kdr . �16�

Here, the functions �n are the radial part of the intermediate
states 	n �for l=1� defined in Eq. �7�; �k is the radial part of
the state 	k
.

III. RESONANCE ENHANCEMENT AND TRANSPARENCY
FREQUENCIES

The two-photon transition matrix elements can be ex-
pressed as

FIG. 6. Same as Fig. 5 but for �D=25.

FIG. 7. Same as Fig. 5 but for �D=15.

FIG. 8. Same as Fig. 5 but for �D=6.

FIG. 9. Two-photon transition amplitude D2s-4s for the 2s-4s
transition as a function of � for free Li.
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Di-f = A�
n
� Xn − Yn

�Xn − ���� − Yn��Si-f
n , �17�

where A is a constant, Xn=−Ei+En, Yn=−En+Ef, and Si-f
n

=Ri
nRf

n. The quantity �Xn−Yn�Si-f
n does not depend on �, it

depends only on transition states and Debye length. For a
particular transition with fixed Debye length, the two-photon
transition amplitude varies with � due to the factor Fn given
by

Fn =
1

�Xn − ���� − Yn�
. �18�

The energy gap between transition states 	i
 and 	f
 is 
Eif,
where


Eif = − Ei + Ef . �19�

The total energy of the two photons is always fixed and it is
equal to 
Eif, so we can consider the energy range of one of
the two photons as I�� 1

2
Eif ,
Eif�. The denominator of the

factor Fn is equal to zero when �=Xn ,Yn for different values
of n. Most of the singular points �Xn and Yn for different n�
fall outside the interval I. Only a few of them lie inside the
� 1

2
Eif ,
Eif�, and such points are called the resonance en-
hancement frequencies. Now we examine the sign of the
factor Fn. If Xn�Yn, the factor Fn is positive in the interval
�Xn ,Yn� and later the interval Fn is negative. The factor Fn is
positive in the interval �Yn ,Xn� and negative in the interval
aside for Yn�Xn. Again the factor �Xn−Yn� may be positive
or negative, depending on the energy levels. Sometimes we
get that all transition amplitudes with respect to � have the
same sign. Occasionally transition amplitudes increase
slowly from negative to positive. In the latter case, there
exists a frequency for which the amplitude vanishes; we ex-
pect a two-photon transparency to be observed at such a
frequency.

IV. CALCULATION

To compute transition amplitudes and absorption coeffi-
cients of 2s-3s, 2s-4s, and 2s-3d transitions in a lithium

FIG. 10. Same as Fig. 9 but for �D=25.

FIG. 11. Same as Fig. 9 but for �D=15.

FIG. 12. Dimensionless two-photon absorption coefficient
	D2s-4s	2 for the 2s-4s transition plotted as a function of � for free
Li.

FIG. 13. Same as Fig. 12 but for �D=25.
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atom embedded in weakly coupled plasma, we have calcu-
lated the 2s, 3s, 4s, and 3d bound states, intermediate p
states, and corresponding energy eigenvalues by using the
pseudostate summation technique. There are two parameters
in the pseudostate method; they are “a” �the basis parameter�
and N �the number of state in the basis�. In our earlier work
�28�, we had reported that results are not too sensitive to the
values of the basis parameter a when the basis size N is
sufficiently large. Presently, we have obtained converged re-
sults for a=1 and N=30. We have worked out transition
amplitudes and absorption coefficients for various Debye
lengths ��D=�, 25, 20, 15, etc.�. All the singular points have
been evaluated in the 2s-3d transition for �D=16 and 17.

V. RESULTS AND DISCUSSION

The energies of free Li are shown in Table I and are
compared with experimental data �33� and other theoretical

results �29,34–36�. Our calculated energy eigenvalues for 2s,
3s, 4s, and 3d states for various Debye lengths are presented
in Table II with the available theoretical results. Our calcu-
lated energy eigenvalues are the same as those calculated
results of Sahoo et al. �29�. They used an orthonormal
Laguerre-type basis to study energy levels of a lithium atom.
In this section, we have presented transition amplitudes and
absorption coefficients of 2s-3s, 2s-4s, and 2s-3d transitions
in a lithium atom embedded in weak plasma. Figures 1–4
represent the transition amplitudes D2s-3s for a lithium atom
in the presence of a plasma field for Debye length �, 25, 15,
and 6. From the figures, we observe that two-photon trans-
parency disappears with the reduced value of �D. We observe
a transparency for the free field case and for �D=25, but the
transparency vanishes for �D=6, although resonance en-
hancements remain present. The dimensionless absorption
coefficients 	D2s-3s	2 for the process described above are
shown in Figs. 5–8.

FIG. 14. Same as Fig. 12 but for �D=15.

FIG. 15. Two-photon transition amplitude D2s-3d for the 2s-3d
transition as a function of � for free Li.

FIG. 16. Dimensionless two-photon absorption coefficient
	D2s-3d	2 for the 2s-3d transition plotted as a function of � for free
Li.

FIG. 17. Same as Fig. 15 but for �D=25.
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For the 2s-4s transition in Li, the transition amplitudes are
reported in Figs. 9–11 for different �D. Here we find two
resonance enhancement frequencies and one two-photon
transparency frequency with various Debye lengths. The ab-
sorption coefficients for the 2s-4s transition are presented in
Figs 12–14. The most interesting feature is the 2s-3d transi-
tion in Li with different Debye lengths.

Figure 15 shows that in case of the 2s-3d transition in free
Li, there are two resonance enhancement frequencies but
transparency is absent. The curve of the absorption coeffi-
cient �Fig. 16� shows that in between two resonance en-
hancement points the shape of the curve is likely U and the
deep has became deeper with the decrease of �D as shown in
Figs. 17 and 18. The process continued up to �D=16.98 �ap-
proximately�. For �D=16.97 �approximately�, a two-photon
transparency starts to appear. Figures 19 and 20 show tran-
sition amplitudes for �D=25 and 17. Figures 21 and 22 rep-
resent transition amplitudes and absorption coefficients, re-
spectively, where two-photon transparency has been found
for �D=16.

In Tables III and IV, we have produced all the singular
points Xn, Yn �as defined in Sec. III� for the 2s-3d transition
in a Li atom along with Si-f

n for �D=16 and 17, respectively.
Equation �17� can be written as

Di-f = �
n

Bn

Fn
= �

n

�n, �20�

where Bn=A�Xn−Yn�Si-f
n . If � and � are two resonance en-

hancement points, i.e., � and � belong to the union of the
two sets �Xn� and �Yn�, for certain values of n, say n1 and n2.
The matrix elements �n1

and �n2
dominate the elements �n for

all other values of n when � is closed to � and �, respec-
tively. The sign of �n1

and �n2
in the region close to � and �,

respectively, depends only on Bn, or particularly, on Xn−Yn
because Fn1

and Fn2
have a specific sign as discussed in Sec.

III.
In Figs. 23 and 24, we have presented the singular points,

the range of �, i.e., �
E /2,
E� and the sign of F1 and F2 for
the 2s-3d transition in a Li atom with Debye length 16 and

FIG. 18. Same as Fig. 15 but for �D=17.

FIG. 19. Same as Figure 16 but for �D=25.

FIG. 20. Same as Fig. 16 but for �D=17.

FIG. 21. Same as Fig. 15 but for �D=16.
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17, respectively. X1 ,X2 are resonance enhancement frequen-
cies for �D=16, and Y1 ,X2 are those for the Debye length 17.
Tables III and IV presented the data of Xn, Yn, Xn−Yn, and
S2s-3d

n for Debye length 16 and 17, respectively. The bold
face numbers in the Tables III and IV indicate resonance
enhancement frequencies. Figure 23 and Table III show that
the values of D2s-3d are negative when the values of � are
greater than and close to X1, and D2s-3d is positive when � is
less than and close to X2 for �D=16, because Xn−Yn�0 for
all n. In this case transition amplitudes are increased from
negative to positive. Similarly, Fig. 24 and Table IV show
that the values of D2s-3d are positive when the values of � are
greater than and close to Y1 because X1−Y1�0, and D2s-3d is
positive when � is less than and close to X2 because Xn
−Yn�0 for n�1. In this case, the transition amplitude is
positive in both regions, close to the two resonance enhance-
ment points. The two figures indicate that the two-photon
transparency occur for �D=16, due to X1−Y1 �i.e., −E�2s�

TABLE III. The singular points Xn ,Yn and matrix elements
S2s-3d

n for the 2s-3d transition in a Li atom with the Debye length
16. The bold face numbers are resonance enhancement frequencies.

n Xn �a.u.� Yn �a.u.� Xn−Yn �a.u.� S2s-3d
n �a.u.�

1 0.065805 0.065061 0.000744 17.575051

2 0.127566 0.003301 0.124264 1.313677

3 0.141042 −0.010175 0.151216 −0.239092

4 0.146884 −0.016017 0.162902 −0.173070

5 0.156146 −0.025279 0.181425 −0.137175

6 0.168888 −0.038021 0.206910 −0.095015

7 0.185220 −0.054353 0.239573 −0.066711

8 0.205435 −0.074568 0.280003 −0.042787

9 0.229977 −0.099110 0.329087 −0.029923

10 0.259451 −0.128584 0.388035 −0.018018

11 0.294650 −0.163784 0.458434 −0.013100

12 0.336607 −0.205740 0.542347 −0.007202

13 0.386659 −0.255792 0.642451 −0.005737

14 0.446559 −0.315693 0.762252 −0.002686

15 0.518619 −0.387752 0.906371 −0.002554

16 0.605934 −0.475067 1.081000 −0.000871

17 0.712707 −0.581841 1.294548 −0.001169

18 0.844771 −0.713905 1.558676 −0.000184

19 1.010378 −0.879511 1.889890 −0.000556

20 1.221534 −1.090667 2.312201 −0.000044

21 1.496213 −1.365346 2.861559 −0.000275

22 1.862350 −1.731483 3.593832 −0.000092

23 2.365202 −2.234336 4.599538 −0.000140

24 3.082180 −2.951313 6.033492 0.000076

25 4.154532 −4.023665 8.178197 −0.000069

26 5.863333 −5.732466 11.595799 0.000044

27 8.835890 −8.705022 17.540911 −0.000029

28 14.715057 −14.584190 29.2999248 0.000016

29 29.168625 −29.037759 58.206385 −0.000007

30 86.720695 −86.589829 173.310524 0.000002

FIG. 22. Same as Fig. 16 but for �D=16.

TABLE IV. The singular points Xn ,Yn and matrix elements
S2s-3d

n for the 2s-3d transition in a Li atom with the Debye length
17. The bold face numbers are resonance enhancement frequencies.

n Xn �a.u.� Yn �a.u.� Xn−Yn �a.u.� S2s-3d
n �a.u.�

1 0.066021 0.066036 −0.000015 17.673155

2 0.128892 0.003165 0.125727 1.420721

3 0.143391 −0.011334 0.154725 −0.243423

4 0.149297 −0.017240 0.166538 −0.162449

5 0.158458 −0.026401 0.184859 −0.133400

6 0.171125 −0.039068 0.210194 −0.094701

7 0.187392 −0.055335 0.242727 −0.066476

8 0.207544 −0.075488 0.283033 −0.043582

9 0.232024 −0.099967 0.331991 −0.030004

10 0.261432 −0.129376 0.390809 −0.018714

11 0.296562 −0.164505 0.461067 −0.164505

12 0.338442 −0.206385 0.542347 −0.007679

13 0.388410 −0.256353 0.644763 −0.005659

14 0.448217 −0.316160 0.764377 −0.002995

15 0.520173 −0.388117 0.908290 −0.002450

16 0.607373 −0.475317 1.082689 −0.001072

17 0.714020 −0.581964 1.295984 −0.001071

18 0.845944 −0.713888 1.559833 −0.000314

19 1.011398 −0.879341 1.890739 −0.000476

20 1.222387 −1.090330 2.312717 −0.000040

21 1.496884 −1.364828 2.861712 −0.000216

22 1.862825 −1.730769 3.593594 0.000038

23 2.365466 −2.233410 4.598876 −0.000100

24 3.082212 −2.950156 4.419519 0.000044

25 4.154306 −4.022249 8.176555 −0.000046

26 5.862796 −5.730740 11.593536 0.000028

27 8.834927 −8.702871 17.537798 −0.000019

28 14.713357 −14.58130 29.294658 0.000010

29 29.165575 −29.03351 58.199094 −0.000005

30 86.715865 −86.58381 173.299674 0.000001
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−E�3d�+E�2p�, the energy levels of 2s, 3d, and 2p states�
being positive. Hence, the sign of the transition amplitude
�for which transparency occurs� depends only on the sign of
X1−Y1. The value, as well as the sign of X1−Y1, is changed
with the shift of energy eigenvalues of 2s, 3d, and 2p states
for different Debye lengths. The values of �t and �r1, �r2
�the first and second resonance enhancement frequencies� for
the 2s-4s transition with various Debye lengths are given in
Table V. A variation of �t, �r1, and �r2 for the 2s-4s transi-
tion with respect to the reciprocal of Debye length is pre-
sented in Fig. 25. We have presented the values of �t for the
2s-3d transition with �D�16.968 75 as a tabulated form in
Table VI and graphically in Fig. 26. Figures 25 and 26 show
that the values of �t decrease for the 2s-4s transition and
increase for the 2s-3d transition when �D is decreased.

VI. CONCLUSION

We have employed the pseudostate summation technique
and model potential to study two-photon transition ampli-
tudes and absorption coefficients for 2s-3s, 2s-4s, and 2s-3d
transitions in a Li atom embedded in plasmas. Calculated
results imply that the Debye length as well as plasma envi-
ronment have considerable effect on the phenomena of reso-
nance enhancement and two-photon transparency. In the case
of the 2s-3s transition, two-photon transparency disappears
for lesser values of �D. A reverse incident occurs for the
2s-3d transition. Here, a two-photon transparency appears
for smaller values of �D �approximately, �D�16.97�, while
there are no two-photon transparencies for free field and

larger values of �D �approximately, �D�16.98�. In the pres-
ence of plasma fields, energy levels of atomic lithium are
shifted by which these types of interesting features hap-
pened. We wish to underline the treatment of the plasma’s
influence on the two-photon transition in a lithium atom.
Here, the net electrostatic interaction due to the specific con-
figuration of the background particles existing at the time of
excitation is replaced by the average net interaction of an
appropriate distribution of configurations. The approximation
is expected to be accurate when the transition duration is
much larger than the characteristic plasma response time.
Without this simplification, the static plasma screening for-
mula is not reliable. Thus, the dynamic motion of the plasma
electrons has to be considered in order to investigate the
plasma screening effects on the two-photon transitions. The
effects can be considered qualitatively by the introduction of
a plasma dielectric function �37�. The effects may be impor-
tant for high-density plasma or for transitions with low exci-
tation energy, but for low-density plasma or transition with
high excitation energy, the effect can be neglected. Thus the
static plasma screening formula obtained by the Debye-
Hückel model overestimates the plasma screening effects on
the transition process in dense plasma for low excitation en-

TABLE V. The values of the two-photon transparency �t, first
resonance enhancement frequency �r1, and second resonance en-
hancement frequency �r2 for the 2s-4s transition in the lithium
atom in the plasma field. �D denotes the Debye length.

�D �t �a.u.� �r1 �a.u.� �r2 �a.u.�

� 0.1296 0.0913 0.1410

25 0.1246 0.0822 0.1347

20 0.1225 0.0779 0.1318

15 0.1189 0.0696 0.1260

FIG. 23. �Color online� Resonance enhancement frequencies,
range of �, and sign of F1, F2 for �D=16.

FIG. 24. �Color online� Resonance enhancement frequencies,
range of �, and sign of F1, F2 for �D=17.

FIG. 25. �Color online� Shift of the two-photon transparency
frequency �t and the resonance enhancement frequencies �r1, �r2

for the 2s-4s transition as a function of the reciprocal of the Debye
length.
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ergy. It is, indeed, necessary to recalculate the two-photon
transition amplitude in dense plasma on the basis of kinetic
plasma theory, which, in particular, permits one to account
the collective plasma effects, namely, dynamic screening
along with plasma fluctuations. Even though the differences
in the amplitudes include the dynamic and static screening
effect is expected not to be too large, the correct information
of two-photon transition amplitude is essential to deduce an
accurate description of the two-photon transition amplitudes
and electron distributions in all energy ranges. The static
screening result presented here is subject to the condition
that the plasma is a thermodynamically equilibrium plasma
and neglects the contributions from ions in plasma since
electrons provide more effective shielding than ions. With
the change of plasma conditions, a significant variation in
two-photon transition amplitudes may take place. In the
static plasma screening, we observe that the two-photon tran-
sition amplitude is mainly determined by the Debye length,
which in turn is determined by the plasma temperature and
density. With an increase in plasma density at a given tem-
perature, the Debye length decreases and, thus the effects
from plasma temperature and density cannot be neglected.
Finally, we mention that interested readers in dynamic

screening effects are referred to the references where such
effects were studied for electron capture processes �38,39�,
and for constructing the dynamic screening potential using
the plasmas dielectric functions in a calculation of electron
capture cross sections �40�. Line broadening is another inter-
esting feature of transition phenomenon. Because of the
complexity of line broadening calculations, the analysis of
line broadening is beyond the scope of our present context.
In this paper, we have considered a lithium atom, but the
present approach can also be extended to study resonance
enhancement and two-photon transparency of other atoms in
plasma environments by using model potentials.
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