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Atomic diamagnetism within a dense plasma

Debasis Ray
Condensed Matter Physics Grolljgaha Institute of Nuclear Physics, Sector-1, Block-AF, Bidhannagar, Calcutta 700 064, India
and Department of Physics, National Central University, Chung-li, Taiwan 320, Republic of China
(Received 14 June 2000; published 24 January 2001

In this paper we have studied the influence of plasma electron polarization around a charged atomic impurity
on the diamagnetic response behavior of the impurity ion, when subject to large-scale magnetic fields within
high-density plasmas. As a typical example, we consider the two-electron*ioifZz=6) in its ground state
1s?:1S. Calculation performed within the Hartree-Fock approximation under the framework of the ion sphere
model for the plasma-embedded impurity ion suggests that, in a high-density regime, the diamagnetic shift of
the ground state is a bivariate function of the magnetic field and the plasma electron density. Also, it is shown
that the magnitude of the diamagnetic susceptibility of the impurity ion increases with increasing plasma
electron density, implying that the ion becomes more diamagnetic as a direct consequence of the increased
orbital radii of its bound charges under enhanced density-induced screening.

DOI: 10.1103/PhysReVvE.63.027401 PACS nuner52.25.Vy, 32.10.Dk

Interest in a theoretical simulation of plasma screeningparticular, He and Li-like ions are not uncommon. Being of
effects on the electronic structures of and on the processe®nsiderably more complicated structures, these ions can
involving multiply charged atomic systems immersed in highcontribute significantly to our understanding of the behavior
density plasmas has remained unabated over the y&hrs of plasma-embedded atomic systems; however, theoretical as
This is primarily because there are now a number of ongoingvell as experimental studies on such ions in dense plasma
laboratory programs to study nonequilibrium plasmas wher@nvironments have been rather sparse up to now. In this cal-
an electron density ofi,~10%cm™3 (in short-pulse laser culation we consider a multiply ionized two-electron iohi"C
breakdown of solid targetor evenng~10?°cm™2 (in iner-  (Z=6) in its singlet ground state configuratios?'S. For
tial confinement fusion experimentsan be achieved. A the- such a system interacting with a magnetic fiBldat the site
oretical modeling of the atomic properties within such densef the ion in questiop derivable from the vector potential
plasmas should be essential for elucidating experimentallyia the relationB=V XA, the linear momenta of the bound
confirmed dense plasma effects, such as the lowering of thelectrons of the ion are changed @s:(p+eA/c). So the
ionization potential[2] and the red shift of emission line interaction Hamiltonian may now be expressed as
frequencieq 3] of plasma-embedded atomic ions. It would
also aid in understanding the basic behavior of atomic sys- H1=2i=1yz[—(e/mc)Ai-pi+(e2/2mc2)Ai2]. (1)
tems interacting with a surrounding hot, dense, and ionized
matter. In this context the issue of the magnetic respons@/ith the assumption of a uniform magnetic field and after
properties of atomic systems against the backdrop of a higkome simplification$8], Eq. (1) reduces to
density plasma naturally follows because, dense laser-
produced plasmas are well-known cradles of self-generated H1=2i:1,2[(e/2mc)B-Ii+(e2/8mc2)|B><ri|2]. (2
large-scale magnetic fields for which a number of mecha-
nisms have been proposed. The most important of these aiiéhe first term linear inB is known as thdinear Zeeman
(i) a magnetic field due to nonparallel electron density anderm, which depends on the orbital angular momentlym
temperature gradients, i.e., tNenX VT mechanisni4]; (i)  (actually onl;+2s, considering the spin of the electrgns
a magnetic field due to ponderomotive ford&g; (iii) the  For the singlet ground states%!S of the two-electron
inverse Faraday effect mechanig$fl; and (iv) the dynamo closed-shell ion under consideration, the total orbital angular
mechanisn{7]. Magnetic fields of the order of #61° G momentum as well as the total spin angular momentum are
may be generated, depending on the mechanism responsitdero, and therefore the linear Zeeman term vanishes. So in
for them. However, generation by different mechanisms is &q. (2) the term quadratic i, known as thediamagnetic
simultaneous process—only some mechanisms are dominaggrm (sometimes also called thguadratic Zeeman term
under certain experimental conditions, while others are notsolely determines the system’s response to an external mag-

Hydrogenlike ions, being the simplest and most abundantetic field. At this point we may note in passing that atomic
atomic species in laser-produced plasmas, have been almatitmagnetism has its macroscopic manifestation in the form
archetypal so far for considering atomic processes in densef Lenz’s lawof electromagnetic induction in classical elec-
plasmas. Still, in such plasmas many-electron ions of heavigromagnetism. The diamagnetic effect in an atomic system is
elements can exist in different stages of ionization and, irusually of a highly subtle nature, and requires precise theo-

retical estimation, for which sophisticatedb initio methods

of atomic calculations are available. It is this effect which is
*Email address: debasis@cmp.saha.ernet.in investigated in this paper under laser-plasma conditions for
TAddress for correspondence. the magnetic field and plasma electron density.
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For modeling an atomic system within a dense plasma 0
environment, we resort to an ion spheadternatively called
the “Wigner-Seitz spherej’ model, which is a reasonable
approximation for describing the effects of static screening 10
within a dense, strongly coupled plasma. It makes qualita-
tively correct predictions at high densities, and has been
widely used to investigate atomic processes in such plasmas .

. e ) 20
[1,9]. In this model, a heliumlike ion with nuclear charge
andny(=2) number of bound electrons is surrounded by a
sphere of radiuRy=[3(Z—2)/4mn,]*" containing exactly % )

n{(=2Z-2) uniformly distributed free plasma electrons to I R
neutralize the charge of the ion, whergis the plasma elec-

tron density. Under these assumptions, the electrostatic po-
tential energy “seen” by the bound electrons due to free _401018 0% 102 0% 10
plasma electrons is given by

V(ri;Ro)=[(Z~2)/2Ro]e’[3—(ri/Ro)*], ri<Ry, .

©) FIG. 1. Dependence of the ground state enefy, (in a.u) of

+ i i H —3
The total potential and its first derivative vanish at the ionthe C*" on on the plasma electron density( in cm™).

sphere radius;=R,. Beyond the ion sphere boundary the

distribution of the positive charge is assumed to neutralizeplasma electron densitp,. With increasing density and
the negative electron distribution exactly, thereby producingdensity-induced screening, the total binding is gradually
an electrically neutral background. Therefore, with the additeduced—the ground state energy increases. This is dis-
tional potential energy due to free plasma electrons, the urplayed in Fig. 1. However, thenergyof a state isnot ob-
perturbed nonrelativistic Hamiltonian of the plasma-servable; it would be more appropriate to spealenérgy

embedded atomic ion is given by differencesinstead. Therefore, we calculate the ionization
5 energy of G* ion, which is the energy required for single
Ho=Si_1d(p{/2m)—(Z€*/r;)+V(r;;Rp) 1+ €%/r 5. ionization of the atomic system concerned, and is given by

(4)  the difference between the ground state energy of‘ai@

_ _ and that of a € ion, ie., Eg,=E/[C°"1s:°S]
However, such a static screened potential model of a plasma- Eo[C* 1821

. X :*S]. As depicted in Fig. 2, the ionization en-
embedded atomic system, although often considered as g exhibits a downward trend as the plasma electron den-

convenient starting point, disregards the dynamic screeningj, "increases. To our knowledge, no other density-dependent

effects \I/V|_th|nfa prllasma. iitonian i data on heliumlike ions are available in the literature. How-
In solving for the unperturbed Hamiltonian in E¢), and ever, in view of the lowering of the ionization energ@yhich

for estimating the first-order energy correctiép due to the g ore commonly referred to antinuum loweringn the
perturbation term in the interaction Hamiltonian of B&), |iterature of hydrogenic ions in dense plasmas, as obtained

we have adoptedtomic units(au), in whiche=m=7A=1, o, arimentally as well as from previous theoretical consid-
the unit of length ag (the Bohr radius is equal to

(h2/me?)=0.529177 A, and the unit of energy is 2Ry
=(me*r?)=27.2116eV. A variational Hartree-Fock- 15
Roothaan solution to the unperturbed equation by the basi
set expansion techniqli¢0] is performed in order to obtain

the unperturbed ground-state wave functions and energy lev
els ofHy at different values of the ion sphere radivg (or,
equivalently, at different plasma electron densitig}. It is
justified to assume that, for such highly stripped I8w- -
atomic systems the Hartree-Fock level of description shoulc w®
be considerably accurate as a result of a heavy suppression

the (intra-atomig@ electronic correlation contributions to the m
energy and other properties, due to the predominance of th

Z€&*/r terms over the lone f{, term inH, with an increas-

ing nuclear charg&. It was checked that this suppression

13

renders the calculations at still higher levels, such as with the 9 L = = > n " %6
; : ; ‘ 10 10 10 10 10 10
multiconfiguration Hartree-Fock approach, almost redundan
in the present case from the point of view of numerical ac- n
curacy. The unperturbed solutions for the ground state °
(1s*:'S) wave function®, (normalized and the ground FIG. 2. Variation of the ionization energyE(,,, in a.u) of the

state energyE, of the ion C* implicitly depend on the C** ion with the plasma electron densitgd, in cm3).
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TABLE |. Diamagnetic shiftg, (in cm™?) of the ground state 450540
(1s%:1S) of a C*" impurity ion in the presence of a magnetic field
B (in units of 16 G) within dense plasmas characterized by the )
plasma electron density, (in cm™3). a0t T

B
&y -200x10°8
Ne 0 0.5 2.0 10.0

8.055x 107° 0 0000168  0.00269  0.0672 o

1.259x 10% 0 0.000 174 0.00278 0.0695 '

1.007x 1078 0 0.000 208 0.00332 0.0831

2.387x 107° 0 0.000 237 0.00380 0.0949 .2_5oxwo-ﬁw18 e ez = e

n
erations, it seems that the present results are consistent at a _
gualitative level, at least. FIG. 4. Variation of the diamagnetic susceptibility'J", in a3)
Having checked the consistency of our approach, we nexdf a plasma-embedded*“C ion irj3itS ground state against the
proceed to calculate the magnetic field-indudeliamag-  Plasma electron densityng, in cm™).

netio shift of the ground state energy of thé'Con, which

may be expressed as correspond to the cases of larger plasma electron densities.
However, it is to be understood that, at two different plasma
E1=(Do|Hq|Dy), (5)  electron densities, the variation &f; with B refers to two

different reference level§.e., two different positions of the
using first-order perturbation theory. The perturbationunperturbed ground statérom which the corresponding
scheme would be appropriate for magnetic fields that argpift is to be measured, because the ground state energy ex-
well below the limit of 1 a.u[11] of magnetic field~2.35  pjpits a strong density dependence in Fig. 1.
><109 G. This calculation considers magnetiC fields in the The very small energy shifts listed in Table | are respon-
range of 0.1-10 MG. In Table | we present the variation Ofsjble for the diamagnetism of the*Cion in its ground state.

the diamagnetic shifE; (expressed in cnt, where 1a.u. we now calculate the diamagnetic susceptibilipff) of the
=219474cm?) with magnetic fieldB (in MG) at several ion as a function of the plasma electron density " is
plasma electron densitieg, (in cm ). It is evident that, at defined as d
any density, the shift rises quadratically with the magnetic

field, as may be expected from E@). Also, at a particular E,=— %XE’”BZ. (6)
value of the magnetic field, the energy shift increases with

increasing plasma electron density. These behaviors are derl)iém is always negative, expressing that the induced magnetic

onstrated graphically in Fig. 3, where the functional depen-moment is in a direction opposite to that of the applied mag-

denc_e ofE; on B is represented by a family of p_arabolas netic field, which may be interpreted classically in terms of
passing through the common vertex. Here the inner ON€San's |aw. Figure 4 illustrates the variation %on (ex-

pressed in units cxi%) against the plasma electron density
0.10 (ne is given in cm®). As can be seen from this figure, the
diamagnetic susceptibility remains almost at the free-ion
value of (—1.6984x10 a3 up to a density of
S ~10*cm 3. Then it becomes more negative very sharply,
g i.e., its magnitude increases in a smooth and steep manner
0.06 < within the very high density regime.~10?-10%cm 3.
e Up to the highest densitgi,=2.387x 10?°°cm™2 under con-
0.04 sideration in the present study, the magnitude{t experi-
Pt ences about a 40% gain over the isolated ion value. This
+"n_-8.085x10%%/em® suggests that ionic diamagnetism increases within a dense
plasma. Now, from Eq(2), it is evident thatE,(r?). The
E mean-square orbital radius of the bound electrons of the ion
increases within dense plasmas as a direct consequence of a
0 2 4 6 8 10 loosening of the bound charge cloud. Therefore, the growing
diamagnetic behavior of the ion may be attributed to the
expansion of the ion’s bound electronic orbit due to en-
FIG. 3. Diamagnetic shiftf,, in cm %) of the ground state of hanced plasma electron density-induced screening effects.
a C* ion as a function of the magnetic fiel®, in MG) within  Figure 3 demonstrates the variationtof as a function oB
dense plasmas at plasma electron densitjes8.055< 1073cm 3, at differentn, values, while Fig. 4 actually expresses the
5.155< 107°cm 2 and 1.50% 1075 cm3, dependence oE; on n, whenB is unity. Thus, these two

n= 1.503><1026/cm%"
0.08 ¢ ’

n- 5.155x10%%cm®

0.02

\\
W
)
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figures fully specify the bivariate dependencesgfon B and shift and the plasma-density-induced increase of this shift
ne, both within a dense plasma. both lie within the microwave region(approximately

In summary, this paper contains an account of the dia0-03—10 cm'), and so it appears that both may possibly be
magnetic response behavior of a two-electron atomic systei@menable to experimental detection at sufficiently high fields
as modified by the presence of a surrounding dense plasn@nd high densities. However, it is worthwhile to point out
medium and under magnetic field conditions pertinent tahat the present calculation aims to demonstrate the gross
laser-produced plasmas. Diamagnetism is characteristicallyfeatures of plasma-density effects on atomic diamagnetism in
very feeble effect, and the resultant energy shifts are usuallg simple way, assuming the validity of the ion-sphere model
very small in magnitude. However, for closed-shell atomicunder a magnetic field. In a more rigorous approach taking
systems in which all the electrons are paired with electronsnto consideration the field-induced distortion of the free-
of opposite spins, it becomes all the more important due telectron distribution within the ion sphere as a perturbation,
the absence of the linear Zeeman term in the interactioft js very likely that the tabulated set of data would be modi-

Hamiltonian of Eq.(2), and constitutes the very basic and fied, preserving the demonstrated trend only in a qualitative
sole response of such systems to external magnetic fields. Ag,.

to the measurability of the diamagnetic shifts, the sample

results presented in Table | indicate that, at a self-generated The author is grateful to Dr. Asok Poddar and Dr. Sailen-
field of ~10® G (this is about 4% of 1 a.u. of the magnetic dra Nath Das of the SINP, Calcutta, India and to Professor H.
field, so we assume an approximate validity of a first-ordelC. Lee of the NCU, Taiwan, for their warm hospitality dur-
perturbation calculation even for this figlthe shift would ing the course of this work. He thankfully acknowledges the
amount to~6.7 cm * atn,~8.0x 10%°cm 2 and~9.5cm ! financial support from the National Science Council of Tai-
at ng~2.4x 10°°cm 3 respectively. Hence the diamagnetic wan for his short stay at the Physics Department of the NCU.
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