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Abstract. Attempts are made to gain insights into the effect of confinement of noble
gas atoms on their various reactivity indices. Systems become harder, less polarizable
and difficult to excite as the compression increases. lonization also causes similar
effects. A quantumldid dersity functional technique is adopted in order to study the
dynamics of reaatity parameters during a collision between protons and He atoms in
different electronic states for various projectile velocities and impact parameters.
Dynamical variants of the principles of nigim hardness, minium poérizability

and maximum eropy are found to be operative.
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1. Introduction

For some years now the influence of spatial confinement of atoms or molecules on their
physical and chemical properties has been considered an important area of research. The
concept of confined quantum systérosiginated from the idea of simulating the effect of
pressure on an atom by confining it in an impenetrable spherical box. This is useful for
understanding the behaviour of: the effect of pressure on energy levels, polarizability of
atoms and moleculé%f9 semiconductor quantum dots, quantum wires, quantum wells
etc® Physical and chemical properties of systems are highly dependent on the size and
shape of the confined volurh&™ In this article we have calculated the softness,
polarizability, mean excitation energy, total energy and expectation values ahd 1¢
of He and Ne at various degrees of confinement.

Density functional theofy is successful in providing insights into the concepts of
chemical reactivity parameters like hardness, polarizability, ionization energy etc. In
DFT, the total energy functional for an N-electron system can be written as

ZJ'J'P(")P(" )drdr 1)

E[p] =T[p]l + EL[p] +Ec[ 0] J’—p(r)dr +
We write
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A r.0p(r)
Tlpl =Cy [P 3()dr - 22— ar,
[p] kIP (r) 3 J’ 2
is the kinetic energy function&;
Cy = (3/10)3%)??,
E, = —CXJ'p‘”?’(r)dr,

A1 =1/5,

is the Dirac local exchange energy functioifal;

C,=(34n) @7T)",

PR N
(S 13 ’
981+ 211437p

is a Wigner type local correlation energy functidhal
Electronegativity )** and hardness§***’which manifest the response of the system
whenN varies keeping while(r) is constant are respectively defined as

X =_I-1=_(6E/6N)v(r)y (2)
and

n=%@%E/ON?), ) =2@0u/IN),(). (3)
In (2) and (3)N, v(r) and u are the total number of electrons, external potential and
chemical potential respectively. Electronegativity is the power of an atom in a molecule
to attract electrons to itseff. Pearsoff introduced the hardness concept through his

hard—soft acid—base (HSAB) principle which states that ‘hard likes hard and soft likes
soft’. Apart from (3) hardness can also be definéd as

= %J’J’n(r,r') f(r"p(r)drdr’, 4)

wheref(r) andn(r, r') are the Fukui functiofi** and hardness kerrffétespectively. The
Fukui function and hardness kernel are respectively defined as:

o=fang fag 5
(r) %Q(r) V(r) ()
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and

_1 5°F[p]

T )

(6)

whereF[p] is the Hohenberg—Kohn-Sh&if{ universal functional of DFT.

Collisions of noble gas atoms with protons at low, intermediate and high-projectile
velocities with different impact parameters have become an important area of research for
theoretician¥ and experimentalists because such processes play an important role in
nuclear physics and astrophysics. Theoretically, collision dynamics can be explained with
the help of density functional theory (DB¥py studying the ground- and excited-state
electronic structure and properties of many-electron systems. According to DFT, the
single-particle density(r) contains all the information about a system and the total
energy attains a minimum value for the tpfe). A time-dependent (TD) version of DFT
is also available for an arbitrary TD potential whose mapping with the density has been
shown to be uniquely invertible up to an additive TD function in the potéhtidiis
TDDFT strengthens the quantum fluid dynamics (QEDJor studying collision
dynamics, we adopted a method, essentially an amalgamation of density functional
theory (DFT) and quantum fluid dynamics (QFD), called the time-dependent quantum
fluid density functional theory (TDQFDFT). Successful applications of TDQFDFT have
already been made in intense laser-atom dynamics leading to photoiodizatidn
photoemissiorl’ suppression of ionizatiéh and high energy HNe and HF-He
collisions® We hope that these will lead to extensive applications of TDQFDFT to
molecular dynamics, e.g. dissociation of molecules by an external field where the
calculation of both nuclear and electronic motions ought to be considered. This adopts an
impulse approximation, i.e., a straight-line trajectory for the projectile. In this article, we
study the reactivity dynamics at different velocities and impact parameters. It is also
important to know how the atom would response to the collision with a proton so far as
its reactivity is concerned. The behaviour of the helium atom on collision with the proton
can be explained with different reactivity parameters like electronegativity, hardness,
polarizability, entropy, electrophilicity and nucleophilicity indices and uncertainty
product. During the collision process, polarizability) (s the corresponding response due
to a change in/r) for constantN. A Shannon-type entropy( was introduced by Deb
and Chattardf within a quantum fluid density functional framework. During molecule
formation the electronegativity of the pertinent atoms get equallzed. stable
configuration or a favourable process is generally associated with maximum hardness
(MH),*” minimum polarizability (MP¥ and maximum entropy (ME values. The
conditions for maximum hardness and entropy as well as minimum polarizability
complement the usual minimum energy criterion for stability. Recentlye®at’ have
defined the electrophilicity indeX\). We also study here the behaviour of\fll/a valid
candidate for the nucleophilicity index. It has also been shown rePettigt the
uncertainty product or the phase space voluvjyg (s a measure of quantum fluctuations
and hence has a bearing on the study of quantum domain behaviour of classically chaotic
systems.

The theoretical background of the present work is provided in 82. Section 3 contains
the numerical details, while results and discussions are given in 84. Finally, 85 presents
some concluding remarks.
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2. Theoretical background

The polarizability ¢),°>% which is a measure of the response of the system by varying

the external potentialv(r)) keeping the total number of electrond) (constant, is
calculated form the relation

a= E|4—7THIS(I’)I’4dI’. (7)
03 o)

The mean excitation enefgy () in the local plasma approximation of charge
distributiorf® is defined as follows:

| = 2J/nyexpl-S, / 2Z], (8)

where S, is the Shannon entropy arflis the number of electrons of the atom. The
chemical shift factoy varies between 1 and2.
The hardness kernglr, r'), (6), is calculated using the following local form Kjp],

Flp] =T " p] +Veoea p], (9a)

where the local kinetic enerfhand electron—electron repulsion enétgye taken as

local 5/3 p4/3/ r
T =C dar +c, [ —————dr, 9b
L] kIp X.[1+ (rpY%10043 (90)
and
vkecal o = 0.7937N —1)%° I 0. (9¢)

These local functionals are used because of the simplicity in the calculation of the
second-order functional derivative and the associated Fukui function within this local
model.

The dynamical polarizability is written as

a() =D O |/ [F @), (10a)
where D{4 (t ) is the electronic part of the induced dipole moment given as,
Difa (1) =Izp(r ,t)dr, (10b)

andF,(t) is thez-component of the external Coulomb field due to the incoming proton.
The TD entropy is defined as,
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S(t) :IEE—In o(r,t) +§In(k9(r, t)/2rr)H<p(r, t)dr, (11a)
® 2 O

wherek is the Boltzmann constant arfiir, t) is a space-time dependent temperature
given in terms of the kinetic energy density, p(r, t)) as

3 .
ts(r; p(r, 1)) = Eke(r ), )+, 1) 2/ 20(r, 1), (11b)
The electrophilicity indexW) is defined as

The term (W) is called the nucleophilicity index.

The phase space volume or the uncertainty prodet,” has been shown to be an
important diagnostic of the quantum signature of classical chaos as related to the
compactness of the electron cloud. For the present problem it may be defined as

Vps :{[ﬂpﬁ _Epﬁljzl:[mpz _EpzDZD

(13)

[P - Cp Mz~ 2)* 2.
A sharp increase iW,(t) signals chaotic motion since it is a measure of the associated
guantum fluctuations.

The dynamics of a quantum system are described in terms of the flow of a probability
fluid associated with the probability densggr) and the current densifyr). The time
evolution of these two quantities are governed by two basic QFD eqditidas the
equation of continuity,

(0p/ot) +0-(p0&) =0, (14a)
and the equation of motion,

06 1 &Glp] , P, 1)

25y (@E)?+ dr' + Ve (r,t) =0, 14b
G - ey LR (14b)

where £ is the velocity potential. The universal functior@{lp] comprises kinetic and
exchange correlation energy functionals amd(r, t) is the external potential. Atomic
units are used throughout this article unless otherwise specified.

A three-dimensional complex-valued hydrodynamical functpén t) can be defined
in the following polar form:

@(r,t) = p(r, )2 expliE(r, b)), (15a)

p(r, 1) =le(r, ), (15b)
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j(r,t) =[@eD@m — Bnl@e] = pUS. (15¢)

A quantum fluid density functional theory (QFDETas developed to study the time
evolution of ¢(r, t) by combining (14) to generate the following generalized nonlinear
Schrédinger equation (GNLSE) in cylindrical polar coordinaté6 < p <
—0<Z<w; 0< @< 2m),

L S .
ED%,Z"'Veff(p; P2, Bp: 2o, OB, 2. By 7y
(16)

0~ e~ = .
:|aqo(p,z,pp,zp,t), |:\/—_1,

6TNW +5EXC + p(r vt) +Vext(ryt)| (17)
o o [r=r"]

Veff(p; 51 Evﬁpvzpvt):

where Tyw and Ey. denote the non-Weizsacker part of the kinetic energy and exchange
correlation energy functionals respectively. To construct the effective potential (17), of
(16), we neednw Exc andvex(r, t). The explicit form forE,. written as

Exclpl = Ex[p] + Ec[ o], (18a)

whereE, is a modified Dirac exchange functiofal:

0 43qr O
Elpl=-c,p+ P dr; 18b
X[p] Xgp J‘l+(|’2p2/3/0-0244 E ( )

andE(p] is a Wigner-type parametrized correlation energy functional given by

P d (18c)

Elp]l=-f—F" .
oLF] .[9-81+ 21.437p 73

The kinetic energy functional for this problem is taken as

T[p] :ckJ’p5/3dr+%J’Dp—fpdr—a(N)/\J'Hij+mdr, (19a)
where

A =30(3/m)Y3, (19b)

a(N) =ag +ayN Y2 +a,N 23, (19¢)

a,=01279 a =01811 a,=-0081Q
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For studying the collision process between He atoms and protons the whole scattering
system is considered a supermolecule and thus the corresponding kinetic energy
functional comprises two parts:

T[P] =Tl Pl *+ Trail PI, (20a)

where the atomic paifity[ o] is taken as given in (18) afidh[0] is given by

0 4 0
ToolPl = [[ %@%‘@%Q R expE0sRpPI & o, (200

where R is the internuclear distance.
The form ofve(r, t) for the problem is taken as

_ 2 _ 1
IR®-r] |R®-r[

Vexi(r, 1) = (21)

where R; and R, are radius vectors of the target (He nucleus) and the projectije (H
respectively. The position of the target nucleus is chosen as the origin of the coordinate
system and that of the projectile is determined by a classical traj&tidrg.trajectory of

the projectile is determined with the help of a classical equation of motion which is given

by

d’R
Mp dt22 =-Og, U[Ep, (R, R, 1); Z7 Zp, 1] (22a)
where
Ri1=(p*+7%)"?, (22b)
and
R, =(p3(1)+Z5 ()", (220)

HereMp is the mass of the projectilgp, its kinetic energyZs andZr are nuclear charges

of the projectile and target respectively. Relativistic contributions are not taken into
account in this work. In the cylindrical coordinate system, (22a) can be written in
compact matrix form as,

, - B2 2
Mot e 1o o @
Hozo oz
where
Uy = ZpZ; (e +25)"2, (23b)
and

Uz = [Ver (re. 1 t) dr. (23c)
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For the evolution of the first derivative with respectZo and pp as well as the form of
Ver given by (17), (23a) can be simplified into two equations, viz.

d*pp - _ ZpZ1pp
dtz (’p"P +’ip)3/2

= é’ P(P.2,1)30(kB) 3, (KB ) exp(k | Z - Z |)dk§dr

Mp
(24)

and

M d°Z, _ ZpZ:Zp
P - T = =

+ZPI a (P, Z,1)Io(kp)Jo(kop) eXpl-K | Z = Zp |){= kak} Edr-
(25)

In (25), the ‘~’ sign is taken iZ - Z, > @nd the ‘+’ sign is taken iE —Z, <0 In (24)
and (25),J, andJ; are the zeroth-order and first-order Bessel functions respectively. The
finite-difference (central) forms of (24) and (25) can be written as

ppt=2pp - ppt+FJ (dt)? /M, (26)
and

5n+l

Zp" =278 75 + B (dt)? /M, (27)

where the index defines the discretized time domaiF\;Q‘P on the right-hand side of (25)
is given by

ED = ZPZT:EIg

R EA 28

~Zof é’ P(B, Z, )30 (KB)KJ, (KBY) exp(-k | Z - 28 |)dk§27ﬁd5d‘z‘,

while Fz'; on the right-hand side of (26) is given by

n
n ZpZr2Zp

R @A
~Zof g p(B, Z, 1) 3o ()3, (KBR) expl-k | Z - Z0 [}z kdk}gzrﬁdﬁdi-
(29)

Equations (26) and (27) indicate that in order to obtain the projectile’s position
( S+1, E,L”l) at any advancedh(* 1)th time step from the nth time step, one needs the
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following quantities: (i) the electron densitp(p, Z, pp, Zp,t), (ii) the projectile’s
position at the nth time stefpp, z5  @nd (iii) the projectile position at the £ 1)th
time step(pp ™, Z5 71 ).

The electron density of the colliding system for any positioB,z5 of the projectile
can be calculated by solving (16). At any time, the projectile positiont @nd (—1)th
time steps can be obtained from the knowledge of the same at the first and second time

steps. The projectile’s position at the first time step Q) is taken as
7 =-2% ps=h, (30a)
whereb is the impact parameter. While that at the second timetstefst] is taken as
72 = =75 +Vp cosVpAt, (30b)
D3 = —p5 +Vp SiNVpAt. (30c)
Herevp is the projectile’s incident velocity and is the scattering angle.
Ve = (2B I Mp)¥2. (31)

Thus over a range of time the realistic path of the projectile at any incident energy can be
calculated. The integrals appearing in (28) and (29) have been calculated by the
trapezoidal method for th@' and Z' variables, while a three-point Gauss quadrature has
been employed for the variablies

The validity of TDDFT allows us to legitimately assume that the mappigg, t) —
o(r, t) andvex(r, t) - j(r, t) are uniquely invertible gb(r, t) andj(r, t). Therefore in this
context we can define a time-dependent energy quakiityas a density functional as
follows:

-1 2 1 et 0000
EQ = [pC.010 P dr+Tlp]+- J’J’W o dr -

+Ed Al +Ivext(r Dp(r, .

A similar time-dependent energy functional was defined within a harmonic time-
dependent perturbation by Deb and Gdsk well as by Bartolotf. Runge and Gro$s
defined the same for a general time-dependent problem.

Now if there exists a point. where the sum of functional derivatives of total kinetic
and exchange-correlation energies is equal to zero, the time-dependent chemical potential
becomes equal to the total electrostatic potential at that point, that is:

X =u = J’% i + Ve (7. ) (33)

wherer. is the point at which the following condition is satisfied at that time step:
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ST , 3By

or =0. (33b)
dp

%(DE)Z +

Sincej(r, 0) = 0, the above condition &t 0 becomes identical to that of the ground state
DFT given by Politzeret af® who showed through application of the electronegativity
equalization principle that; values provide very good estimates of the covalent radii of
the atom.

3. Computational details

Total energy is calculated from (1). The first term of (1) represents kinetic energy and the
remaining terms represent potential energy. Numerical calculation of the self-consistent-
field (SCF) electronic wavefunction has been done by using the standard Herman and
Skillmar®™ program. Since the wavefunction must vanish at the confining boundary, we
have introduced this confinement condition by multiplying the un-normalized SCF
wa;gefunction by a step function in each iteration. The step function taken here is given
by

©=expl-(r/R)*]. (34)

The GNLSE was solved numerically using a leap-frog type of finite difference scheme.
Azimuthal symmetry of the physical system allows us to analytically integrate aver 0
@ <2 in a cylindrical polar coordinate(p, @,z )system. Equation (16) was
transformed as

3 @_BLB@_QE_%%-ZUGHE{/:zZ—{, (35a)

X2 [PX  [Ux> 0ox*> 9z°
where
Y= pg (35b)
and
D =X (35¢)

A detailed discussion on the numerical solution can be found else®Hére.numerical
solution is launched with near-Hartree—Fock density of helium inShground staté

and a'P excited staté of the &2p electronic configuration. The temporal mesh size is
taken ad\t = 00025 a.u. Different spatial grid sizes are chosen for the ground and excited
states; we takéx = Az =035 a.u. andAx = Az = 0036 a.u. respectively. Large domains
for x andz are taken when the excited-state density is used. Three different initial velo-
cities of the projectile are- = 01, 10 and 1. Two different values df are also taken

as 06 and 12. The values of scattering anglg)(= 00. The value oMp is 1836 a.u.

4. Results and discussions

Variation of softness with respect to cut-off radRiss shown in figure 1. A decrease of
cut-off radius decreases the value of softness implies the fact that the system becomes
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harder. The relative order of softness for He,,Hde and N&is Sie < Sie < Suer < Sver
as expected. Atoms are softer than the corresponding ions.

Figure 2 presents the variation of polarizability és a function oR. Polarizability is
high for large values oR and decreases gradually as we decr&adeolarizability or
softness attains a saturation value for large valueR. dfhe relative order of polariz-
ability is same as softness. Polarizability decreases on ionization.

In figure 3 we present softness &¥* It is clear from the figure that all curves are
near-straight lines (regression coefficients are given in appropriate positions). For a
confined system, the linear relation betw&anda®” for He, Hé, Ne and N& as would
have been expect&d’’ for atoms, molecules and clusters, is shown here for the first
time.

Figure 4 depicts the plot of ionization enertyversus cut-off radius for He, HeNe
and Né. From this figure it is clear that the increase of cut-off radius corresponds to a
decrease in their mean excitation energy which is consistent with the expeétatier.
values for He and Ne are 390095 and 11490594 respectively (fdR = 100) which
are very close to the values obtained ket al® lons have highel values than the
corresponding atoms for &R values.

Figure 5 manifests how kinetic energy, potential energy and total energy change with
radius. Kinetic energy increases more rapidly than potential energy with the decrease of
cut-off radius. These plots are similar to those given by Githésc He atom. The
kinetic energy, potential energy and total energy values, given in table 1 which are very
close to those obtained by Fiscldor free atomsR = 100). For largel, virial theorem
is satisfied in both the cases.

S (a.u)

R (a.u.)

Figure 1. Plot of softness§ a.u.) versus cut-off radiufk(a.u.) for He and Ne
atoms and their ions confined in a spherical lfox.--) He atom(—A—) He" ion,
(—) Ne atom(—~—) Ne" ion.
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o (a.u.)

R (a.u.)

Figure 2. Plot of polarizaility (a, a.u.) versus cut-off radiuR,(a.u.) for He and Ne
atoms and their ions confined in a spherical lfox.--) He atom{(—A—) He"
ion, (—) Ne atom{—¥—) Ne" ion.

Expectation values of, r*> and 1f are listed in table 2 for total electronic charge
density. Expectation values of these quantities for fRee {0 a.u.) He atoms are in good
agreement with those of FiscHeExpectation values of andr” decrease with decrease
of R whereas expectation value of Iricreases with decrease Rffor both atoms and
ions.

Evolution with time of different reactivity parameters is depicted in figures 6-12. All
guantities are in atomic units. Unless otherwise specified, in all the figures, GS and ES
refer to the ground and excited states of the helium atom respectively. Two different
impact parameters and three different projectile velocities corresponding @B, 12
andve = 01, 10, 100 are shown separately.

Figure 6 depicts the time-dependence of the chemical potential with different impact
parameters k) and different projectile velocitiesvd) in the collision process. Three
distinct zones are discernible for the whole collision process: approach, encounter and
departure. The concept of three collisional regimes was originally reported in terms of the
time-dependent difference density and induced dipole moment préffidsce nowhere
in space is condition (33b) satisfied in the encounter regime, neithery is calculable.

After the initial transients leaveg; becomes more or less stable at the approach regime.
Towards the end of the approach regime and the beginning of the departure regime
changes drastically due to the rapid charge oscillations. These time steps bracket the
encounter regime where the electron density is shared by both nuclei. Mhildhese

time steps is mainly negative for the ground state, it becomes both positive and negative
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Table 1. Variation of potential, kinetic and total energies (in a.u.) versusut-

off radius R, a.u.) for He and Ne atoms and theirs ions.

Atom/ion R Potential energy Kinetic energy Total energy
He 100 -55854 28794 -29060
80 -55854 28794 -29060
600 -55854 28794 -29060
40 -55880 28827 -29052
30 -56067 27077 —28990
20 -57531 29062 -28470
13 —60843 34048 -286795
10 —711464 51804 —19660
0B -81288 12270 -[@018
0B -99263 118669 19407
04 -144348 257071 112723
03 -183581 445086 261504
He" 100 -38010 12274 -25736
80 -38010 12274 -25736
60 -38010 12274 -25736
40 -38011 12275 -25736
30 -38045 12298 -2B747
20 -38603 12701 -25902
158 —4[0332 14062 -26270
10 —4[6412 19574 —26838
0B -52376 28118 -26258
0B —63462 40975 -487
04 -86796 82178 -®618
03 -111066 141795 30729
Ne 100 2581772 128573 -129199
80 —2581771 128572 -1298199
60 2581747 128544 -128203
40 —-2581778 128630 -129148
30 —-2582279 128548 -128B731
20 —2587100 12@800 -12%300
158 —-26M154 135628 -1218526
10 —2718467 158617 -1191850
0B —2923612 181834 -108778
0B -3243163 24@639 -713524
(o} —4341629 48%910 553281
03 —5544364 841103 2913738
Ne* 100 —25653539 12@408 -138131
80 —25653539 12@408 -13B131
60 —25653538 12@407 -13B131
40 —2565560 12@433 -13®B127
30 —25653974 12@911 -130B063
20 —2570275 12@993 -13B282
15 —2587490 122318 -1298172
10 —2663955 1418721 —-12M234
0B —2776087 1617620 -118466
0B —3163342 2270182 -943160
o4 —4255261 438206 132945
o3 —5441743 7571473 2135730
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500

R (a.u.)

Figure 4. Plot of mean excitation energl; €V) versus cut- off radiusx( a.u.) for
He and Ne atoms and their ions confined in a sphericalbex:) He atom(—A—)
He" ion, ——) Ne atom,(—“—) Ne' ion.

in excited state. In the departure regimeagain changes drastically to reach a stable
value more or less the same as at obtained in the approach regime.

The departure regime starts tat 10975 a.u. onward, where we see again strong
oscillations, indicating the charge readjustment and the return of electron density to the
helium atom leaving the proton. Even after the proton moves a considerable distance
away, the helium atom keeps on pulsating for quite some time. In the excited state,
similar features are noticed.

Time evolution of the hardness is shown in figure 7. Hardness attains a maximum
value in the encounter regime which may be considered to be a dynamical variant of the
maximum hardness principle (MHP). Thg.ax values are shown in the table 3 with
different projectile velocities, different impact parameters and different statesynkhe
values for the ground state are greater than excited state and it increases with an increase
in the projectile velocities and impact parameters, as expected from the MHP. It may be
noted that herep is calculated as a density functional and it does not require the
ionization potential, electron affinity or orbital energy values per se. In the approach
regime, n remains more or less static. It suddenly increases and passes through a
maximum in the encounter regime. The maximizatiom éf the encounter regime and
the largernmax value for the ground state clearly reflect the validity of the maximum
hardness principle in a dynamical context. In the departure regiragtains the same
steady value as in the approach regime. With increasing the projectile velocity and impact
parameter the value of thgincreases.
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Figure 5. Plot of mean kinetic energy, potential energy, total energy (a.u.) versus cut-off Rydius.) for He am

Ne atoms and their ions confined in a spherical pox.-) potential energy—®—) kinetic energy and<—) totd
energy.
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Table 2. Expectation values (in a.u.) &ff) (t20and C1/r Ofor different cut-off
radii (R, a.u.) for He and Ne atoms and their ions.

Atom/ion R w0 0 /o
He 100 0940246 1233518 1692418
80 0940246 1233514 1692418
60 0940149 1232840 1692441
40 0936164 1211827 1693617
30 0917871 1135408 1701663
200 0842262 B98776 1756841
15 0744267 0669505 1876700
10 0581541 888410 2224868
0B 0490569 @71528 2854247
06 0383892 63573 8162193
04 0261344 75227 4572030
03 0200234 43870 884057
He* 100 0750006 0750049 2000165
80 0750006 0750049 2000165
60 0750005 0750045 200165
40 0749831 0749259 200266
30 0747358 0740224 2002134
200 0720049 wB64792 232839
15 0662078 B39825 2127145
10 0538638 B39324 2450310
0B 0461439 @@44000 2170124
(014} 03366936 151201 865776
04 0260622 074860 4588757
03 0199988 43775 893574
Ne 100 0766285 B94939 B171599
80 0766285 B94937 B171599
60 0766226 B94497 R171607
40 0764159 (B82862 8172010
30 0755831 B45805 R74471
200 0719130 0123767 8192610
15 0664639 B86512 840234
10 0514937 B32243 3B65481
0B 0442907 @39045 B31170
06 0359049 152396 324632
04 0246313 071268 048437
03 0180601 038165 1131242
Ne* 100 0693915 0716706 324285
80 0693915 0716706 324285
60 0693912 0716688 324285
40 0693576 0714941 824372
30 0690648 0702866 $25612
200 0668234 0632051 ®|38727
15 0625324 B27982 #81505
10 0527875 B51825 B45816
0B 0458432 @57318 B66957
(014} 0354716 150316 4490940
04 0241923 (069564 6186403

03 0176244 036761 8045274




212 P K Chattaraj et al

w1 v=10

] 10 W 0 10
10 - 7 10 - ——
&1 g
[E L] - |:|| —
- 4y 1y
1. .3 T & T
] 1£1] 20 ] 14
t t t

Figure 6. Time (a.u.) evolution othemical potential{ a.u.) during a collision
process between a He atom and a pro®§ (ground stateES excited state):
v, = 01, 10, 100; (—)b =08, (A A A)b=12.
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Figure 7. Time (a.u.) evolution ohardness f, a.u.) during a collision process
between a He atom and a prot@f( ground stateES excited state), = 01, 100,
100; (—)b=0.6, (A A A)b=112.
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Figure 8. Time (a.u.) evolution of polarizabilityd, a.u.) during a collision process
between a He atom and a prot@§( ground stateES excited state), = 01, 10,
100; (—)b=006, (A A A)b=112.

Table 3. The Nmax Omin: Smax @andVps values at the closest approach during the
collision between He atoms in the ground and excited states and pngtendT,
1[0, 100; b = 0B, 12). All units are atomic units.

b =08 b=12
GS ES GS ES
vp =01
IMmax 362700x 13 176870x 1C° 362730x 13 176873x 10°
Qmin 7B8761x 10°° 2077000 10 788751 10°° 2[66700x 10™
Sax 5787625 4805389 5187627 4805689
Vs 1011640 37314 1m2740 3682273
v, =10
INmax 362700x 13 176872x 13 362750 10° 176875x 10
Ain 788447 10°° 234218x 10 788441x 10°° 284217x 10™
Sax 5787780 4962760 5187790 4962800
Vs 1013710 61786150 1m3710 681817770
vy =100
INmax 362740x 13 176875x 13 362770 1¢° 176877x 10
Qi 1M15000% 10°° 2[07000x 10 105000% 10°° 2017000x 107
Sax 5787928 4972670 57895280 482270

Vs 1013910 192040200 18110 1987@4000
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Figure 9. Time (a.u.) evolion of entropy § a.u.) during a collision process
between a He atom and protdBS ground stateES excited state)v, = 01, 10,
100; (—)b=08, (A A A)b=112.
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Figure 10. Time (a.u.) evolution of electrophilicity indeX\(, a.u.) during a collision
process between a He atom and pro®8 @round stateES excited state), = 01,
100, 100; (—)b=0.6, (A A A) b=112.
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Figure 8 presents the time evolution of the dynamical polarizability. We notice that
becomes minimum in the encounter regime and a smallalue for the ground state
than for the excited state which is in conformity with the minimum polarizability
principle (MPP). Thexrmin values for the ground and excited states are shown in the table
3 with different projectile velocities and different impact parameters. It may be noted that
the amin values of the ground state are less than those of the excited state with an increase
in the projectile velocity and the impact parameter as expected from the MPP. Once the
initial transients die outg gradually decreases and passes through a minimum in the
encounter regime when the two nuclei come closest to each other, as expecieg, The
values decrease as b apdncrease.

Figure 9 presents the time-dependent entropy. Once the initial undulations disappear,
attains a steady value at the approach regime. In the encounter regime, it suddenly
increases and passes through a maximum. In the departure 1®gitte@ns the same
steady value as in the approach regime. The maximum entropy principle reveals itself in
these findings. Th&.x values for the ground state and excited state are given in table 3
for different projectile velocities, different impact parameters and different states. The
value of Syax increases with increasing projectile velocity and impact parameter in both
ground and excited states. The valuesSaf the ground state are greater than those of
excited state.

v =01 v =1.0 v =10.0
10 d 50 ‘ 10 2
A |
|
h
A - A L
; 3
Z 54 254 5 ES
]
3
93 10 20
50
40
= 30 T n GS
20
A
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0 10 20

Figure 11. Time (a.u.) evoltion of nucleophilicity index (MW, a.u.) during a
collision process between a He atom and praB# ground stateES excited state):
v, = 01, 10, 100; (—)b =08, (A A A)b=12.
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Figure 12. Time (a.u.) evolution ophase volume\{,, a.u.) during a collision
process between a He atom and pro®§ @round stateES excited state), = O
1[0, 100; (—)b=0.6, (A A A) b=112.

Figure 10 presents the dynamic profile of electrophilicity ind&k (The plots look
like the plots of chemical potential) for different projectile velocities and impact
parameters in both ground and excited states.

Figure 11 presents the dynamic profile of nucleophilicty indew)1These plots are
much simpler than the plots of chemical potentiddglectrophilicity index V).

Figure 12 shows the phase volume or the uncertainty prodyctt confirms that the
guantum fluctuations are always larger in the excited state than in the ground state as is
expected from the more compactness of the ground state electron cloud. The vdjyes of
at the closest approach are listed in table 3 for different velocities, impact parameters and
electronic statesvps values increase with those lmandy,. A small portion of this work
is published elsewhef&.

4. Concluding remarks

Various reactivity indices like softness, polarizability and mean excitation energy are
studied for confined He and Ne atoms and their ions. This method shows that when the
radius of the confining box increases, softness, polarizability [@hdlincrease but
ionization energyl}, total energy ), fand M°(decrease. Increasing valuel ahimics

the fact that more energy is needed for excitation which is also supported by the
decreasing nature of the softness and polarizability. As expecté@nHe\é are harder

and less polarizable with larger excitation energies compared to their neutral atom
counterparts. Therefore this method provides new physical insights into the problem of
reactivity indices as well as total energy of the compressed systems.
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On the other hand, a quantum fluid density functional approach is found to be adequate
in understanding the dynamics of ground- and excited-state electron densities of a helium
atom interacting with an incoming proton. Dynamics of various reactivity parameters like
electronegativity, hardness, polarizability, entropy, electrophilicity and nueleophilicity
indices and phase space volume are studied. The whole collision process can be divided
into approach, encounter and departure regimes in terms of the time-dependent chemical
potential profile. In the encounter regime where the actual chemical process takes place,
hardness and entropy maximize and polarizability minimizes. Dynamical variants of the
maximum hardness principle, maximum entropy principle and minimum polarizability
principle are observed to be valid for both electronic states and different values of impact
parameters and projectile velocities.
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