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The energy spectra of spherically confined hydrogen atom embedded in an exponential-cosine-screened
Coulomb potential is worked out by using the Bernstein-polynomial method. The interaction of short laser pulses
in the femtosecond range with the system is studied in detail. The effect of shape of laser pulse, confinement
radius, Debye screening length as well as different laser parameters on the dynamics of the system has been

explored and analyzed.
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I. INTRODUCTION

During last few years, extensive focus has been placed on
atomic systems confined in different plasma environments; for
example, atom in Debye, Debye-cosine plasma, etc. [1-11].
In addition, such confined systems interacting with external
fields have also been explored in quite significant detail. The
reason for such motivated studies is their applicability in many
diverse, interdisciplinary branches of science. These studies
have been a subject of interest in condensed matter physics,
biophysics, astrophysics, and many other fields. It is well
known that an atomic system placed in a high-density plasma
shows physical properties different from a free atom. A number
of calculations on the structural properties of confined atoms
have been reported in literature [12—14].

As mentioned by Lin and Ho [15], most of the plasmas
found in nature or in laboratories such as the solar chro-
mosphere, ionosphere, magnetic confinement, fusion, etc. are
classical plasmas. Atoms embedded in such weakly confined
plasmas have been very well described by so-called Debye
plasmas. However, with increases in plasma density, instead
of Debye, the modified Debye-Hiickel model is used, i.e.,
the exponential-cosine-screened Coulomb potential (ECSCP)
[15-18].

In the present work, we study the dynamics of a hydrogen
atom confined in a spherical box and immersed in a Debye-
cosine plasma environment. Recently, there have been a few
studies on the dynamics of short pulses (in the attosecond
range) with atomic [19] and loosely confined atomic systems
[20]. In this paper we investigate the photoexcitation and
ionization of hydrogen atoms confined in a Debye-cosine
plasma in the presence of short pulses. In order to make a
more elaborate investigation of the short-pulse interaction with
confined systems, we study the interaction of different-shaped
pulses to find the effect of pulse shape. A change in pulse
shape is directly related to the manner in which the system is
imparted energy. The shape effect on the dynamics is seen to
be quite interesting.
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In addition to pulse shape, there are many parameters, viz.,
Debye screening length Ap, confining radius ry, along with
pulse duration, pulse intensity, and pulse frequency, which
affect the dynamics very strongly. We show and analyze the
effect of all such parameters on photoexcitation and ionization
of hydrogen atoms.

II. PROBLEM FORMULATION AND METHOD OF
SOLUTION

The nonrelativistic Hamiltonian of a spherically confined
hydrogen atom in a dense quantum plasma modelled by
ECSCP is given by

2 r

where Ap is the Debye screening length and V,.(r) is the
confinement potential given by

HO: [—lvz—lCOS(i’/)\D)e_r/AD] +Vc(r)v (1)

0, r<r
Ve(r) = 2)
00, r =Ty,
with ry being the confinement radius. The energy spectrum
and wave functions are calculated for this system by solving
the time-independent radial Schrodinger equation, which is
written as
Id+1)

1 d? n
2 dr? 2r?
= Enl Unl (}") s (3)

where U, (r) = rRy(r), with R, (r) being the radial wave
function. Equation (3) is solved over the closed interval [0,r]
ensuring that wave functions vanish at the boundaries. The
solution of Eq. (3) in terms of a finite basis set of Bernstein
polynomials (B polynomials) is expressed as

- lcos (r/)»D)e_’/ADi| Uy (r)
p

Un (r) =Y ciBin(r), )
i=0

where the ¢; are coefficients of expansion and B; ,(r) are B
polynomials of degree n defined over an interval [a,b] as
[20-24]
r—ayb—ry"

(b—a)

B, (r)=C{ . (5)
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TABLE I. Energy levels calculated for different Debye screening lengths (Ap) and confinement radii (ro) values. The data are reported in
atomic units. We estimate the maximum uncertainty of our present calculations to be about 1 x 1076 a.u.

Ap To Ey Es E>p Esq E;, Esq Ey Eyp Esq Eqf
1 2 0.708 18 4.11520 2.33370 10.10248 7.046 82 4.04785 18.60523 14.29429 10.07424 6.03827
5 0.13351 0.613 35 0.41382 1.53878 1.17383 0.67642 2.87479 2.31385 1.661 56 0.98709
10 0.04126 0.160 83 0.10213 0.37591 0.30297 0.16641 0.69971 0.59728 0.41668 0.244 17
50 0.00191 0.007 64 0.004 04 0.01717 0.01194 0.006 64 0.03047 0.02379 0.016 54 0.00977
2 2 0.34758 3.78905 2.03394 9.775 66 6.729 00 377761 1827771 13.97140 9.77102 5.78691
5 —0.06497 0.48838 0.35728 1.408 83 1.06297 0.64979 2.74106 2.188 65 1.58397 0.97396
10 —0.07750 0.097 67 0.105 54 0.31756 0.28573 0.17208 0.64126 0.558 00 0.41697 0.249 36
50 —0.07768 0.00229 0.004 04 0.009 12 0.01199 0.006 64 0.02046 0.02397 0.016 55 0.00977
5 2 0.07292 3.52444 1.77273 9.51106 6.465 81 3.52355 18.01301  13.70744 9.51071 5.53768
5 —-030218 0.324 56 0.19252 1.23701 0.891 65 0.50995 2.56648 2.014 61 1.42255 0.847 82
10 —0.30633 0.044 65 0.045 87 0.24372 0.203 39 0.141 80 0.55955 0.471 63 0.35555 0.229 85
50 —0.30633 0.002 45 0.004 21 0.008 39 0.01241 0.00670 0.01702 0.02190 0.01711 0.009 77
10 2 —0.02528 3.42710 1.67558 9.41373 6.368 57 342698 1791568 13.61016 9.41369 5.44150
5 —0.39722 0.23876 0.10539 1.15077 0.80530 0.42627 2.47993 1.928 03 1.33708 0.766 20
10 —0.40088 —0.01985 —0.02442 0.18268 0.14083 0.084 14 0.496 80 0.40792 0.293 96 0.17785
50 —-0.40088 —0.03494 —0.03247 0.004 16 0.00542 0.00775 0.01136 0.01272 0.016 13 0.01077
20 2 —0.07504 3.37746 1.62596 9.364 10 6.31895 337744 17.86604 13.56053 9.364 09 5.39202
5 —0.44652 0.19091 0.05730 1.102 88 0.75739 0.37873 243200 1.880 10 1.28930 0.71901
10 —0.45012 —0.06383 —0.069 65 0.140 10 0.09793 0.041 62 0.453 89 0.364 83 0.25116 0.136 69
50 —-0.45012 -0.07645 —-0.07606 —0.01157 —0.01093 —0.009 55 0.004 20 0.004 70 0.005 82 0.007 85
30 2 —0.09168 3.36083 1.609 34 9.34747 6.30232 336082 17.84941 13.54390 9.34747 5.37540
5 —0.46312 0.17448 0.040 84 1.086 45 0.74095 0.36233 241556 1.863 66 1.272 88 0.702 65
10 —-0.46670 —0.07979 —0.08577 0.124 34 0.08213 0.025 84 0.43809 0.34900 0.23537 0.12109
50 —-046671 —-0.09212 —-0.09200 -0.02420 -—-0.02397 -0.02349 —-0.00302 —0.00276 —0.00220 —0.00125
40 2 —0.10000 3.35250 1.601 01 9.33914 6.294 00 3.35250 17.84109 13.53558 9.33914 5.36708
5 —-047143 0.16621 0.03256 1.078 18 0.73268 0.354 07 2.40728 1.85538 1.264 60 0.694 39
10 —0.47501 —-0.08794 —0.09397 0.11624 0.07402 0.01773 0.42998 0.34089 0.22727 0.11303
50 —-047502 -0.10020 -—-0.10014 —-0.03144 —-0.03133 —-0.03112 —-0.00858 —0.00845 —0.00818 —0.00772
50 2 —0.10500 3.34751 1.596 02 9.334 15 6.289 00 3.34750 17.83609  13.53058 9.33415 5.36209
5 —-047642 0.16123 0.02757 1.07320 0.72770 0.34909 2.40230 1.85040 1.259 63 0.68942
10 —-0.48001 —0.09288 —0.09891 0.11133 0.069 10 0.01282 0.42506 0.33597 0.22235 0.108 13
50 —-0.48001 —-0.10510 —-0.10507 —0.03603 —0.03597 —0.03585 —0.01250 —-0.01243 —-0.01228 —0.01203
200 2 —0.12000 3.33251 1.58102 9.31915 6.274 00 333251  17.82109 13.51558 9.31915 5.34709
5 —0.49142 0.146 25 0.01259 1.05822 0.71272 0.33412 2.38732 1.83542 1.244 65 0.674 45
10 —0.49500 —-0.10781 —0.11386 0.09642 0.05419 —-0.00209 0.41015 0.32105 0.207 44 0.093 24
50 —0.49500 -0.12000 —-0.12000 —0.05056 —0.05056 —0.05056 —0.02623 —0.02624 —0.02625 —0.02626
for i =0,1,...,n, where C! are the binomial coefficients The standard Fortran EISPACK library is used to solve the
given by generalized eigenvalue problem given by Eq. (7) [20,22-24].
n! The eigenvalues represent energy levels of the system and
C! = m (6)  eigenvectors are used to calculate the corresponding radial

Substituting Eq. (4) into Eq. (3) and taking the scalar product
with the B polynomial, B; , (r), the radial Schrodinger equation
is reduced to a symmetric generalized eigenvalue equation of
the form

(A+F+G)C=EDC, @)
where matrix elements a; ;, f; ;, & j, and d; ; are defined as

1, , ld+1) (B,
a;j = E(Bi,,,,Bj,n), fij = T < 2 ,Bj,n> ,

Bin /o
8ij == |~ cos (r/Ap)e s Bin), dij =(Bin,Bja).

®)

wave functions using Eq. (4). The complete wave functions
corresponding to Hj are calculated as

Guim (F) = R (r) Yi (0,9 , (€))

where Y,,(0,¢) are usual spherical harmonics.

In order to study response of the system to intense short laser
pulses, we solve the time-dependent Schrodinger equation
written in the form

oY

i—

ot

with Hj being defined by Eq. (1) and

=[Hy =V (D], (10)

V (t) = rEpcos(wot) f (t)cos(0), (11D
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TABLE II. Comparison of energy levels calculated for different Debye screening lengths (Ap) and confinement radius rp = 50 a.u. with
available results. The data are reported in atomic units. We estimate the maximum uncertainty of our present calculations to be about

1 x107%a.u.
Ap E\q Ex; Ey)p Es Ej)p E3
7 —0.359 598 325% —0.008 554 215 05* —0.002 829139 94*
—0.35959 —0.008 55 —0.002 82 0.003 83 0.00497 0.007 00
10 —0.400878 5° —0.0326733°
—0.034967 64°
—0.40087 —0.03494 —0.03246 0.004 16 0.00541 0.007 75
12.5 —0.4204617° —0.0503576° —0.0489939°
—0.05039222°¢
—0.42046 —0.05038 —0.04899 0.00238 0.003 89 0.007 09
20 —0.4501172° —0.0764326° —0.0119523° —0.0111117° —0.009 694 0°
—0.07644971¢
—-0.45012 —0.076 44 —0.076 05 —0.01157 —0.01092 —0.009 55
25 —0.460 060 8° —0.0857621° —0.0855520° —0.018858 6" —0.0184505° —0.0176910°
—0.085 768 99¢
—0.460 06 —0.08576 —0.08555 —0.01882 —0.01845 —0.01768
50 —0.480007 8° —0.1051033° —0.1050744° —0.0360213° —0.035964 0P —0.0358490°
—0.105103 59°
—0.48000 —0.10510 —0.10507 —0.03602 —0.03596 —0.03585
100 —0.490 000 9° —0.1150134°
—0.115013 46¢
—0.49000 —0.11501 —0.11500 —0.04561 —0.04561 —0.04559
2Reference [15].
bReference [7].
‘Reference [8].
where E| is the pulse strength, wy is the laser frequency, 6 is the and
angle between the direction of polarization of the laser pulse
and 7, and f(¢) is the envelope of the pulse which governs its ) = { I, O0<r<ip (13)
shape. Equation (10) is solved for two different pulse shapes, 0  otherwise,

viz., sin? and square which are defined as

sin’(wt/t,), 0<t<tp

. (12)
0 otherwise,

f(t)={

0.385 ‘ ‘ ‘
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FIG. 1. (Color online) Bar diagram: Energy difference of first

two states with respect to Debye screening length Ap for rp = 10
and 50 a.u.

respectively, with 7, being the duration of the laser pulse. The
wave function satisfying Eq. (10) can be written as [19,25,26]

YED=Y e B, (),

n

(14)

ro‘: 10au -
rp=350au. = :

0.5 r

04 | , ? : f ]

Eion- B (au)
[=]
w

5 10 15 20 25 30 35 40 45 50 55
Ap (a.u.)
FIG. 2. (Color online) Bar diagram: Energy difference of ground

and first-ionized state with respect to Debye screening length A, for
ro = 10 and 50 a.u.
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TABLE III. Radial dipole matrix elements. The data are reported in atomic units. We estimate the maximum uncertainty of our present

calculations to be about 1 x 10~* a.u.

)\.D =10 o = 10

W\ 10 20 21 30 32 40 41 42 43
10 1.50361 0.63240 138294 044414 085856 0.83617 029419  0.49906 096743  0.56359
20 0.63240 5.08279 446497 1.66971 298641  5.34123 022270 0.42499 052134  5.32005
21 1.38294 446497 442948 077532  1.66326 471500 0.00513  0.19791 042312  4.47509
30 044414 1.66971 0.77532  5.61968 5.08509  2.80005 1.85374  3.39153 535763  3.96936
31 0.85856 2.98641 1.66326 5.08509 547433  3.83066 0.80450  1.84471  4.63209  4.82209
32 0.83617 534123 471500 2.80005 3.83066  5.89964 021634  0.45621 151899  6.09041
40 029419 022270 0.00513 1.85374 0.80450 0.21634 540993 4.79367 2.60119  0.74619
41 049906 0.42499 0.19791  3.39153  1.84471 045621 479367  5.32752  3.85151 127917
42 0.96743 0.52134 042312 535763  4.63209 151899 260119 3.85151 560716 2.77666
43 0.56359 5.32005 4.47509 3.96936  4.82209  6.09041 074619 127917 277666  6.56861
Ap=10  r,=50

10 1.50360 0.53260 123862  0.07272  0.12268  0.02542  0.14433  0.29892  0.13002  0.00203
20 0.53260 6.44506 5.63601 0.86862  1.05655  1.14975 143558  2.17536  3.86646  0.45843
21 1.23862 5.63601 538603 0.52397 0.67071  0.88018  0.83893  1.35803  3.03242  0.33802
30 0.07272 0.86862 0.52397 29.31680 29.83174 30.36673 822003  6.09896  1.73008 30.19206
31 0.12268 1.05655 0.67071 29.83174 3051972 31.36764 10.22273  8.00579  3.44523 31.48400
32 0.02542 1.14975 0.88018 30.36673 3136764 32.85330 14.18566 11.88905  7.02686 33.58627
40 0.14433 143558 0.83893  8.22003 1022273 14.18566 26.43470 2570855 23.73591 18.19590
41 0.29892 2.17536 135803  6.09896  8.00579 11.88905 2570855 25.26735 23.81184 15.95006
42 0.13002 3.86646 3.03242 173008  3.44523  7.02686 23.73591 23.81184 23.77826 11.16534
43 0.00203 0.45843 033802 30.19206 31.48400 33.58627 18.19590 15.95006 11.16534 35.04779
)"D =200 ro = 10

10 149994 0.63375 139156 043760 0.83974  0.84247 029141 049164 096008  0.56437
20 0.63375 5.02578 439128  1.66099 299315 528412 023585 044203 051879 5.26019
21 1.39156 439128 435965 0.74627  1.64331  4.64131 001354 021380 044293  4.38990
30 043760 1.66099 0.74627  5.63181  5.09315 279855  1.85212  3.39999 536838  3.99500
31 0.83974 299315 1.64331 509315 548784  3.84251 0.79397 1.84205 4.63017  4.85337
32 0.84247 528412 464131 279855 3.84251  5.84707 020237 0.44357 152152  6.04046
40 029141 023585 0.01354 1.85212  0.79397 020237 542018 4.80240 260610 0.74364
41 049164 044203 021380 3.39999  1.84205 044357  4.80240  5.34099  3.86802  1.28758
42 0.96008 0.51879 0.44293  5.36838  4.63017  1.52152 2.60610 3.86802 561665  2.80847
43 0.56437 526019 438990  3.99500 4.85337  6.04046 0.74364 128758  2.80847  6.53453
Ap =200 ro=50

10 149997 0.55870 129025 0.24354 051663 0.38506  0.14858  0.30630  0.26451  0.06648
20 0.55870 6.00008 5.19623  1.85102 3.06465 5.93922  0.79207 128930 1.85599  3.07935
21 129025 5.19623 5.00006 093838  1.76939  4.74782 038509  0.74438 171449 226272
30 0.24354 1.85102 0.93838 13.50162 12.72953  9.48846  3.82145 5.49304 9.54957 13.78188
31 0.51663 3.06465 1.76939 1272953 1250151 10.06377 245746  3.77772  7.58247 12.87491
32 0.38506 5.93922 474782 948846 10.06377 10.50113  0.70430 130796  3.39135 10.23669
40 0.14858 0.79207 038509  3.82145 245746  0.70430 23.77397 23.03990 19.98294 12.61379
41 0.30630 1.28930 0.74438 549304 377772 130796 23.03990 22.82593 20.65838 13.68979
42 0.26451 1.85599 1.71449  9.54957  7.58247  3.39135 19.98294 20.65838 20.90696 15.82895
43 0.06648 3.07935 226272 13.78188 12.87491 10.23669 12.61379 13.68979 15.82895 17.97686

where ¢,(r) are the orthogonal eigenstates of Hy given by
Eq. (9) and ¢, (¢) are time-dependent probability amplitudes.
The use of Eq. (14) reduces Eq. (10) to a set of coupled dif-
ferential equations involving transition dipole matrix elements
defined as

Vi = (91, V() pm). (15)

The wave functions given by Eq. (9) are used to calculate
these matrix elements for various combinations of initial and
final states, and the set of differential equations is solved by
the standard fourth-order Runge—Kutta method. These dipole

matrix elements may be either zero or nonzero according to
the selection rules which depend on the external field and
polarization of the applied laser pulse.

The occupation probability of the nth state is given by

Py (1) = lca ()] (16)

and the ionization probability is calculated as

Pon (1) =1=len ()%, (17)
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legend in panel (c) applies to all panels and r values are as mentioned in respective panels. Laser parameters are £y = 0.01 a.u., wy = E», — E;

a.u., and ¢, = 2067 a.u. (=50 fs).

where ¢, are coefficients for states having negative energies.
The photoexcitation and ionization probabilities are calculated
and studied for two different confinement radii and plasma-
potential strengths and also as a function of various laser
parameters. The range chosen for each of these parameters for
the present study is such that it corresponds to experimentally
feasible pulses. It may be stated that the laser intensities,
wavelengths, and pulse duration used for experimental studies
[27,28] fall well within the range of parameters considered
by us.

III. RESULTS AND DISCUSSION

We consider a confined hydrogen atom embedded in a
plasma environment characterized by ECSCP. The first few
energy levels calculated for such a system for various values
of confinement radii ry and Debye screening length Ap are
given in Table I. The confinement effects are self-evident.
The energy spectra is found to consist of both negative-
and positive-energy states. The negative-energy states are
considered to be bound states while positive-energy states are
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FIG. 4. (Color online) Variation of ionization probabilities with respect to E, for sin? and square pulses. 7y and A, are as mentioned in each

panel. Other laser parameters are wy =
for a small range of E values.

taken as unbound ionized states forming a pseudocontinuum. It
is pertinent to mention that photoexcitation refers to transition
to any of the bound states whereas ionization means transition
to the pseudocontinuum. Because ry = 50 a.u. corresponds
to a loosely bound system, this case closely approximates an
unbound hydrogen atom in ECSCP, the results for which are
available in the literature [7,8,15]. The energy levels for this
case are hence compared with available results for a few Ap
values in Table II which reassures our results.

The changes in wave functions and energy structure due
to confinement leading to a change in dipole matrix elements
modify the response of the system to external fields. These
matrix elements, which play a key role in determining im-
portant properties of atomic systems like oscillator strengths,
have been calculated using Eq. (15) in order to determine
the dynamics of the system due to its interaction with short
laser pulses. Table III presents the radial part of the dipole
matrix elements for two different spherical confinements and
Debye screening lengths. It may be mentioned that these
elements are purely a function of wave functions of the
system.

Figure 1 depicts how the energy difference between the
ground and first-excited state changes with A for rg = 10 and
50 a.u. As the screening of the Coulomb potential increases,
this difference gradually decreases and suffers a sharp fall for

E,, — Eiy a.u. and t, = 2067 a.u. The insets show the corresponding variation of survival probability

smaller A p. This effect is less prominent in case of ry = 10 a.u.,
which may be attributed to a change in the energy structure
due to confinement. A plot of the difference between energies
of the ground and first-ionized state with respect to Ap in
Fig. 2 exhibits similar features. At a particular value of Ap,
called the critical Debye screening length, a given energy
level no longer remains bound and hence a transition to
this quasibound state would also correspond to ionization.
The case rp = 50 a.u., which closely approximates a free
hydrogen atom, has a large number of bound states but if
plasma confinement is introduced, the number of bound states
decreases with decrease in A along with the shifting of levels.
Hence, with decreasing X p, ionization may occur by transition
to relatively lower energy levels, and this causes the observed
fall in energy difference. On the other hand, for ry = 10 a.u.,
the number of bound states remains three for the entire range
of Ap considered in Fig. 2. The decrease of relative energy
with A p in this case is only due to the shifting of energy levels.
These results along with the data in Tables I and III would
prove useful in interpreting the response of the system to laser
pulses.

The system is exposed to a short intense laser pulse
of femtosecond range and the effect of varying the Debye
screening length and confinement radius on its dynamics is
explored. Time variation of survival, photoexcitation, and
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FIG. 5. (Color online) Variation of various probabilities with respect to wy for r( values as mentioned in respective panels. The probabilities
in panels (e) and (f) are plotted on a logarithmic scale. The legend in panel (a) applies to all panels. Other laser parameters are £y = 0.01 a.u.

and t, = 2067 a.u.

ionization probabilities are calculated and studied under
the dipole approximation and the results are presented in
Fig. 3 for pulse strength Ey = 0.01 a.u. (intensity ~3.51 x
10'2 W/cm?), duration t, = 2067 a.u. (=50 fs), frequency
wo = Ey, — Eis a.u., and two strengths of plasma potential,
viz., Ap = 10and 200 a.u. Figures 3(a) and 3(b) show survival,
3(c) and 3(d) show photoexcitation, and 3(e) and 3(f) show
ionization probabilities for rp = 10 and 50 a.u., respectively.
Note that Figs. 3(e) and 3(f) show ionization probability in
logarithmic scale since ionization is very weak which implies
that a pulse strength of 0.01 a.u. is not enough to produce
sufficient ionization.

The probabilities oscillate until the pulse dies out after
which the system stabilizes and they attain constant values.

Figures 3(c)-3(f) show that photoexcitation and ionization
probabilities are more in the case of square-shaped pulses for
both values of Ap and ry and correspondingly the survival
probability in Figs. 3(a) and 3(b) diminishes. This is as
expected because of the sharp edge of and larger area under
a square-shaped pulse in comparison to a sin? pulse, which
imparts more fluence to the system. Figures 3(e) and 3(f)
clearly demonstrate the fact that ionization is much more
probable for heavily screened and tightly bound systems.
This effect of Ap and ry is attributed to changes in energy
levels, wave functions, dipole matrix elements, and oscillator
strengths.

The end-of-pulse behavior is studied as a function of laser
parameters like pulse strength Ey, frequency wy, and duration
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Other laser parameters are £y = 0.05 a.u. and ¢, = 2067 a.u.

t, by varying only one of these at a time. Figure 4 shows the
effect of changing pulse strength E(, on ionization probabilities
for sin” and square-shaped pulses for two different values of r
and A p, as mentioned in the figure panels. The laser frequency
wp is taken as E, — Ej; a.u. and the duration ¢, is 2067
a.u. The insets to Fig. 4 show the corresponding behavior
of the survival probability for a small selected range of E
values. The ionization probability in Fig. 4(b) and 4(d) has been
multiplied by a factor of two in order to make it appreciably
visible. It is inferred that ionization is much more probable
for the case of a square pulse as compared to a sin> pulse.
The insets show complete depopulation of the ground state
for some Ej. In general, the ionization probability is greater
for smaller Ap and ry. Also, the threshold value of E, for
achieving ionization decreases due to Coulomb screening and
spherical confinement.

Figure 5 exhibits survival, excitation, and ionization prob-
abilities as a function of laser frequency wy. Ej is taken as
0.01 a.u and 7,, is 2067 a.u. The probabilities in Figs. 5(e) and
5(f) are plotted on a logarithmic scale. Probability flows from
Ls to excited states at resonance. Even complete depopulation

occurs, as seen in Fig. 5(b) for rp = 50 a.u. and Ap = 200 a.u.
for the case of square pulse. The dynamics of a system is
strongly dependent on the shape of the applied pulse and
gives rise to interesting effects. In the case of a sin’ pulse
there is a smooth transfer of energy to a system leading to
well-defined resonance peaks. On the other hand, the sharp
rise and fall of a square pulse leads to a sudden transfer
of energy which is responsible for the observed pattern of
multiresonance. Redshifting of resonance peaks with increased
Debye screening or decreased confinement is due to changes in
the energy spectrum. The ionization probability is very small,
as seen in Figs. 5(e) and 5(f). This low-field ionization of the
bound hydrogen atom is as expected. It is anticipated that, for
relatively high fields, transition probabilities should increase.
This fact has been verified by increasing the field to 0.05
a.u., keeping other parameters fixed, which results in enhanced
excitation as well as ionization with the broadening of peaks
as shown in Fig. 6 for rp = 50 a.u. It may be noted that, at
higher pulse strength, the ac Stark effect [29] also plays an
important role in determining the exact resonant frequencies
along with increased multiphoton effects.
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The effect on the dynamics of varying the duration of the
laser pulse is also studied. As an example, Fig. 7 shows
different probabilities for Ap = 10 a.u. and ry = 50 a.u,,
Ey=0.5 au., and wy = E», — Ei; a.u. for both sin? and

PHYSICAL REVIEW A 90, 032505 (2014)

square pulses. For small z,,, both excitation and ionization prob-
abilities are low and survival probability is high. As the pulse
becomes broader, the transition probabilities increase with the
corresponding decrease in survival probability because the
system is exposed to the laser field for a comparatively longer
period of time. With further increase in 7, excitation saturates,
survival probability remains low, and ionization gradually
increases. For higher 7, the pattern followed may be explained
by taking into account the fact that a strong mixing of levels
takes place in the presence of broad pulses. This pattern is
unlike molecular systems where differences in energy levels
are almost constant.

IV. CONCLUSIONS

The energy spectra and radial dipole matrix elements
of spherically confined hydrogen atoms embedded in an
exponential-cosine-screened Coulomb potential (ECSCP),
characterizing a dense plasma environment, are calculated
by using the B-polynomial basis-set method. The transition
probabilities due to an applied short laser pulse are studied
and the effects of varying the pulse strength, frequency,
and duration are explored and analyzed. Photoexcitation and
ionization probabilities are found to depend significantly
on confinement radius and Debye screening length. Two
different pulse shapes, viz., sin? and square, are considered
and interesting results are obtained. As anticipated, pulse shape
plays a major role in determining the dynamics of the system.
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