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We suggest a prominent modification of the outer shell photoionization cross section in noble gas (NG) endo-
hedral atoms NG@C,, under the action of the fullerene C,, electron shell. This shell leads to two important
effects: a strong enhancement of the cross section due to the fullerene shell polarization under the action of
the incoming electromagnetic wave and to prominent oscillation of this cross section due to the reflection of a
photoelectron from NG by the fullerene shell. Both factors lead to the formation of powerful maxima in the
outer shell ionization cross sections of NG@C,,, which we call the giant endohedral resonances. The oscillator
strength reaches a very large value in the atomic scale, 25. We consider atoms of all noble gases except He. The
polarization of the fullerene shell is expressed in terms of the total photoabsorption cross section of the fullerene.
The photoelectron reflection is taken into account in the framework of the so-called bubble potential, which is
a spherical §-type potential. It is assumed in the derivations that NG is centrally located in the fullerene. It is
also assumed, in accordance with the existing experimental data, that the fullerene radius Rc is much larger
than the atomic radius ra and the thickness Ac of the fullerene shell. As was demonstrated recently, these
assumptions allow representing the NGQC,, photoionization cross section as a product of the NG cross section
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and two well-defined calculated factors.

PACS: 31.15.V-, 32.80.-t, 32.80.Fb

1. INTRODUCTION

We consider the photoionization of outer shells
of noble gas (NG) endohedral atoms, formed by a
fullerene C,, inside which a noble-gas atom is located,
NG@Q@C,,. We present data on all noble gases except
He. In concrete calculations, we consider Cgp as a
fullerene [1].

Presently, much attention is concentrated on pho-
toionization of endohedral atoms. It was demonstrated
in a number of papers [2-10] that the Cgg shell adds a
prominent resonance structure in the photoionization
cross section of an atom A “caged” in the fullerene shell
forming an endohedral atom. Although the experimen-
tal investigation of A@QCgq photoionization seems to be
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currently very difficult, it will be inevitably intensively
studied in the nearest future'). This justifies the cur-
rent efforts of theorists to predict rather nontrivial ef-
fects awaiting verification.

The role of Cgg in NGQCgo photoionization is man-
ifold. The electron shell of Cgq acts as a spherical po-
tential resonator that reflects the photoelectron wave
coming from an NG atom. This leads to the interfer-
ence of the outgoing and incoming (reflected) waves
and to confinement resonances or simply to oscilla-
tions in the frequency dependence of the photoioniza-
tion cross sections [6]. The interference of the photo-

1) As first examples of such a research, we mention the data
on measurements of the photoionization cross section of Ce@Cgs
and some other endohedrals with a 4d—4f transition [10] and

Ce@Cy, [11].
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electron spherical waves inside the Cgg resonator af-
fects significantly not only the total cross section but
also the angular distribution of photoelectrons. This
phenomenon was analysed in Ref. [7], where it was
shown that the effects of confinement resonances are
also found in the frequency dependences of the dipole
and nondipole parameters of the photoelectron angular
distribution. The results of these studies give evidence
that the reflection and refraction of the photoelectron
waves by the potential Cgo resonator are significant up
to the photoelectron energy 60-80 eV.

The Cgg shell acts as a dynamic screen that in prin-
ciple, depending on the photon frequency, can sup-
press or enhance the incident electromagnetic radia-
tion acting on the doped atom A [12-14]. This effect is
due to polarization of the collectivized electrons of the
fullerene shell by the incoming photon beam. Plasma
excitations of these electrons generate an alternating
dipole moment. This dipole moment causes the ion-
ization of the electronic shells of the endohedral atom.
The screening effects of the Cgq shell are particularly
strong for the incident radiation frequency w close to
the Cgo giant resonance, i.e., 20-22 eV, but are large
enough in a much broader region, from the ionization
threshold up to 60-80 eV 2).

We show in this paper that the dynamic polariza-
tion of Cgg in fact increases the outer shell photoioniza-
tion cross section at any w, contrary to the statements
in Ref. [12]. The maximal enhancement is in the region
of the Cgq dipole polarizability maximum.

Thus, the resonator and dynamic screen effects of
the fullerene Cgg shell manifest themselves as a con-
siderable enhancement of the cross section modulated
by an oscillating structure that appears due to reflec-
tion and refraction of the photoelectron wave by the
fullerene shell.

We have previously studied the effect of Cgg on the
most important atomic resonances, the giant [15,16]
and interference [13], both in Xe, and found essen-
tial modifications of them. But we did not consider
the modification of the outer shell, although by far the
greatest part of the absolute cross section comes from
the near-threshold region of the outer subshell. This
drawback of all the considerations is corrected in this
paper.

In the case of Xe@QCgy, we demonstrated re-
cently [17] that a powerful maximum, called the giant
endohedral resonance (GER), is created in the outer
shell. We show here that similar structures appear
in AI’@C@O and KY@CGO while the GER in NQ@CGO

2) The atomic system of units is used in this paper.

is much weaker. In addition, we calculate the dipole
and nondipole angular anisotropy parameters for all
the atoms considered.

It would be interesting to see the alteration of the
photoionization cross section if other fullerenes, like
Cro, Crg, Cga, or Cgy, are considered instead of Cgg.
But studying the endohedrals NG@QC,, with C,, = Crq,
Crg, Cg2, Cgy requires knowing the shape of these ob-
jects, their photoionization cross sections, and the po-
sition of the NG atoms inside the fullerene cage. The
answers to these questions are presently unavailable.

Generally speaking, there is no doubt about the ex-
istence of sufficiently pronounced oscillations due to the
photoelectron reflection by any fullerene shell. But the
possibility of enhancement due to the fullerene shell
dynamic polarization is much more problematic.

2. MAIN FORMULAS

We use the theoretical approaches already devel-
oped in a number of previous papers [13-15]. For com-
pleteness, we recall the main points of the consideration
and present the essential formulas used in the calcula-
tions.

We start with the problem of an isolated closed-
shell atom. The differential-in-angle photoionization
cross section by nonpolarized light of frequency w is
given by [18,19]

dO’n[(W) _ Unl(w) ﬂnl
0= ar 1 5 Py(cosf) +

+ £y Pr(cosO) + knp P3(cos )|, (1)

where k = w/e, P;(cos ) are the Legendre polynomials,
6 is the angle between the photon momentum & and the
photoelectron velocity v, B, (w) is the dipole angular
anisotropy parameter and v, (w) and 7, (w) are the
so-called nondipole angular anisotropy parameters.

In experiment, sources of linearly polarized ra-
diation are typically used, and therefore another
form of the angular distribution is more convenient
than (1) [20,21],

dcrnl(w) o O'n[(w)
0 = 4r [1+4 BuP(cos®) +

+ (65 4+ 7S, cos® ©) sin O cos 3. (2)

Here, O is the polar angle between the vectors of pho-
toelectron velocity v and photon polarization e, and ®
is the azimuth angle determined by the projection of v
on the plane orthogonal to e that includes the photon
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velocity vector. The nondipole parameters in (1) and
(2) are connected by the simple relations [20]

C

Tt

C
Tnt

: + 09

= Knl; = —KMlnt. (3)

The concrete results of calculations of nondipole
parameters given below are obtained using expression
(2). There are two possible dipole transitions from
a subshell I, I — [ £ 1, and three quadrupole transi-
tions [ — [,l £ 2. The corresponding general expres-
sions for S, (w), Y (w), and 1, (w) are rather complex
and are presented as combinations of the dipole d;4q
and quadrupole ¢;42,0 matrix elements of photoelec-
tron transitions and photoelectron wave phases. In the
one-electron Hartree—Fock (HF) approximation, these

parameters are given by [22]

1
B ) = @+ [+ ), +id ]
x [+ 1)1 +2)d}y +11—1)dj—y —

- 61([ + ].) d[+1d[,1 COS(6[+1 - (5[,1)] . (4)

The parameters v, (w) and 1, (w) are given by the ex-
pressions [19]

Toa(0) = ° S
nl
[+1
X {QI—-I-:)) [3(l + 2)ql+2dl+1 COS(51+2 - 5l+1) -
— lqd11 cos(0r42 — 0p41)] —
l
— 21—+1 [3(l — 1)ql_2dl_1 COS(51_2 — (5[_1) —
- (l + ].)qld[,1 cos(él - (5[,1)] } s (5)
Nt (w) = 0 X
nl
50d |+ (1+1)d7y, ]
I+ 1)1 +2) o
X {—(QZ 1)@+ 3)Ql+2 [5ld;—1 cos(d142 — 61—1)

- (l + 3) d[+1 COS(6[+2 — (5[,1)] —
__U=bt [5(141) di11 cos(6—2—0141) —
21+1)(20+1) "2 F1 COSIO-2 7041
— (1 =2)dj—1 cos(8j—2 — 6—1)] +

I(l+1
+2 ( ) qi [(l + 2) dl+1 cos(él — (5[+1) —

(20— 1)(20 + 3)
— (l — 1) dl—l COS((s[ — (5[_1)] } 5 (6)
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where ¢;(k) are the photoelectron scattering phases.
The following relation gives the matrix elements d;1q
in the so-called r-form:

o0
/Pn[(r)rPElil(r) dr,
0

where P, (r) and P.+i(r) are the radial HF one-
electron wave functions of the ni discrete level and el+1

level in continuous spectrum [22]. The quadrupole mat-
rix elements are given by

di+1

(7)

o0

/Pnl (T')TQPEH:Q’(](T) dr.

0

(8)

qi+2,0

DO | =

In the random-phase approximation with exchange
(RPAE) [22] multielectron correlations, the following
substitutions are made in the expressions for [, (w),
Tt (w), and 9y (w) [19]:

dig1di—1 cos(di41 —0;—1) = [(ReDyy1 Re Dy +
+Im Dy Im Dy_y) cos(dp41 — dy—1) —
— (ReDy1 Im Di_y —Im Dyyy Re Dy_y) x
x sin(dj41 — 0—1)] =
= D1+1D1_1 cos(pe1 + Ay — =1 — Aj—y),  (9)
di£1q12,0 €08(1£2,0—01+1) — [(Re Dyx1 Re Q2,0 +
+1Im Dys1 Im Q12,0) 08(8142,0 — G1+£1) —
—(ReDjx1Im Qi2,0 —Im Dy11 Re Qra0,0) X
X Sin(S42,0 — 6121)] = Dy Quango X
X €08(01+2,0 + Arx2,0 — O1£1 — Ajtr).
= DlZir
For matrix elements with multielectron (respectively,

dipole and quadrupole) correlations taken into account,
we here use the notation

D1 (w) = Digy (w) exp [iA141(2)]
Qlﬂ,o(w) = Qlﬂ,o(w) exp [iAlﬂ,o(E)] )

where D11 (w), Qri2,0(w), Air1, and Ajgo ¢ are abso-
lute values of the amplitudes for the respective transi-
tions and phases for photoelectrons with angular mo-
menta [+ 1 and [ £ 2,0.

The RPAE equation for the dipole matrix elements
is [22]

(10)

dis; = ReDiy +Im Djy,

(11)

(v2| D(w)|v1) = (vald|v1) +
N Z 1/3\D Yva)(ny, — no, <1/41/2|U\1/31/1>’ (12)
= W — Evy FwHin(l —2n,,)
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where
(nn|Ulvivy) = (i |Vivv) — (nvs|Vive), (13)

V = 1/|r — 1’|, v; is the total set of quantum num-
bers that characterize a HF one-electron state on dis-
crete (continuum) levels, ¢,, are the HF energies, and
1n — +0. This set includes the principal quantum num-
ber (energy), the angular momentum, its projection,
and the projection of the electron spin. The function
n,, (the so-called step function) is equal to unity for
occupied and zero for vacant states.

The dipole matrix elements D;+; are obtained by
solving the radial part of RPAE equation (12). The
quadrupole matrix elements ;12 are obtained by
solving the radial part of a RPAE equation similar
to (12),

(12| Q(w)|r1)
(v3|Q
+ > .

V3,Va

(va|dlvr) +
(w)[va) (nw, — nuy)(vava|Ulvsin)
va — Eus +w + “7(1 - 2”,/3)

;o (14)

where § = r>Py(cosf) in the r-form.
Equations (12) and (14) are solved numerically us-
ing the procedure discussed at length in Ref. [23].

3. EFFECT OF THE Cgo FULLERENE SHELL

We start with the confinement effects. Near the
photoionization threshold, these effects can be de-
scribed in the framework of the “orange” skin potential
model. According to this model, for small photoelec-
tron energies, the real static and not perfectly spher-
ical potential of Cgy can be represented by the zero-
thickness bubble pseudopotential (see Refs. [24, 25] and
the references therein):

V(r) Vod(r — R). (15)

The parameter V4 is determined by the requirement
that the binding energy of the extra electron in the neg-
ative Cg, ion is equal to its observable value. Adding
potential (15) to the atomic HF potential leads to a
factor F;(k) in the photoionization amplitudes, which
depends only on the photoelectron momentum % and
the orbital quantum number [ [24, 25]:

_ou(R)

E(k) = Ukl(R)

tg Ay (k)| cos Ay(k),

(16)

where A (k) are the additional phase shifts due to the

fullerene shell potential (15). They are expressed as
up (R) _

urt (R)vri(R) + k/2Vy

tg Ay (k) =

(17)
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In these formulas, uy (r) and vg(r) are the regular and
irregular solutions of the atomic HF equations for a
photoelectron with the momentum k& = \/%, where ¢
is the photoelectron energy related with the photon en-
ergy w by the relation ¢ = w — Iy with Ip being the
atom A ionization potential.

Using Eq. (16), we can express the DAC(") and
QA amplitudes for an endohedral atom A@Cg,
with photoelectron reflection and refraction by the Cgq
static potential (15) taken into account, in terms of the
respective values corresponding to nl — el’ transitions
for an isolated atom:

Dil(,}k(;) (w) = Fy (k) Dpi g (W), a8)
Q/:lclslr) (w) = Fpr (k) Qi pir (W)
For the cross sections, we have
AC
T (@) = FE (o i (), (19)

where o7y, 1 (w) is the contribution of the nl — el tran-
sition to the photoionization cross section of the atomic
subshell nl, o (w).

We now discuss the role of polarization of the Cgg
shell under the action of a photon beam [13]. The ef-
fect of the fullerene electron shell polarization on the
atomic photoionization amplitude can be taken into ac-
count in the RPAE using Eq. (12). This approximation
is good for isolated atoms [22], and it is reasonable to
assume that it is also good for endohedral atoms.

Symbolically, by applying Eq. (12) to the whole
NGa@C,, system, we can represent the total amplitude
Dy of the electron photoionization of a caged atom as
a sum of two terms:

DA ZdA—l-bc)A(UcA, (20)

where D¢ is the ionization amplitude of any electrons

other than the electrons of the atom A (A-electrons)
1 1

— ﬁev w + ﬁev

3

X =

w

is the propagator of other electron excitations, i.e., the

electron (e)-vacancy (v) pair creation, and H,, is the

pair HF Hamiltonian. The interaction terms in Eq. (13)
can be written as

UCA = VCAdir - VCAexCa

with Voagir and Voaeze being the operators of the di-
rect and exchange pure Coulomb interaction between
C- and A-electrons.

Formula (20) is simplified considerably if the
A-electrons are at much smaller distances from the
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center of the system than the C-electrons. Then
the Coulomb interaction is considerably simplified,
becoming

(21)

UCA%I'C'I'A/T%-, re > TA,

where ra and r¢ are the A- and C-electron shell radii.
In the language of many-body diagrams [22], ex-
pression (20) can be represented as

s

(22)

——<+—-<b%:+--{>$,
da D¢ Dc

where the dashed line, the line with an arrow pointing
right (left), and the wavy line respectively represent the
incoming photon, the electron, the vacancy, and the di-
rect (exchange) Coulomb A-C-electrons interaction.

Equations (20) and (22) can be easily generalized
in the spirit of the Landau Fermi-liquid theory by in-
corporating all nonsimple electron—vacancy excitations
(for example, two electrons—two vacancies excitations
of the A-shell into da) [22].

The effect of the C-shell is represented especially
simple for an inner shell located well inside the inter-
mediate and outer atomic subshells. Then rightfully
neglecting the exchange A-C-interaction and represent-
ing Uac as in Eq. (21), we reduce Eq. (20) to an alge-
braic equation (instead of an operator equation), where
bc)ZUCA is substituted by the expression

2 Wew Dey (W) _ac(w)
= Izjardw:-_jr< (23)
Cevemc,C rc

Here, the summation over “evexc,C” ranges all

electron—vacancy excitations of the considered shell.
Some more complex excitations are included into
the amplitude D¢, (w); T¢ is the mean radius of the
C-shell. In Eq. (23), we use an alternative definition of
the dipole polarizability ac(w) of the C-shell, or in our
case, the fullerene Cgg. Usually, ac(w) is defined as

-2 )

evexc,C

Wev|Dev wev)|2

(24)

_w2

but it can be easily demonstrated that this definition
and that in Eq. (23) are identical (see, e.g., Ref. [22]).

Instead of Eq. (20), we therefore have the for-
mula [22]

In accordance with the observed features of Cgg, we
assume, that the electrons are located within a layer

_ac(w)
T

DA(w) ~ dA <1 (25)

2 ZKSOT®, Bem. 2 (8)
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whose thickness A¢ is much smaller than Rc. We

can therefore replace 7¢ with the fullerene radius R¢.
Hence, the amplitude Dnl _ (w) of the endohedral atom
photoionization due to an nl — &l’ transition with all
the essential atomic correlations taken into account can
be written as [13]

ad
)~ ) 1= B D

= Fy (k)G* (W) Dy o (),

where ozc(w) is the dipole dynamic polarizability of
Cgo and Dnl .y (w) accounts for all the electron cor-
relations in the caged atom. For the quadrupole am-
plitude, a similar expression can be obtained starting
from Eq. (14):

A
Dnl el’

DAC

nl,el’

(26)

; a%(s )] Qﬁl,su (w)

= E’ (k)Gq( )in el’ (OJ),

where af, (w) is the quadrupole dynamic polarizability
of Cgg. The G49(w) factors are complex numbers that
we represent as

AC
nl,el’

() ~ Fu (k) [
(27)

G(w) = GM(w) exp [in™(w)]
where G%(w) are corresponding absolute values.
Using the relation

(w)

between the imaginary part of the polarizability and
the dipole photoabsorption cross section, we can derive
the polarizability of the Cgo shell. Although experi-
ments [27, 28] do not provide absolute values of od (w),
they can be reliably estimated using different normal-
ization procedures based on sum rule

(28)

d

0d(w) ~Imal (w) = cod (w)/4nw

oo

/

Ic

c
272

d

o0& (w)dw = N,

where N is the number of collectivized electrons and
I is the Cgg ionization potential. The real part of po-
larizability is related with the imaginary one (and with
the photoabsorption cross section) by the dispersion
relation

(w

w/2

C

272
Ic

Read (w) = 7) o (29)

w2

This approach was used for polarizability of Cgg in
Ref. [14], where it was assumed that N = 240, which
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corresponds to four collectivized electrons per each C
atom in Cgg. Using the photoabsorption data that
are considered most reliable in Ref. [27], we obtain
Neps = 250, which is sufficiently close to the value as-
sumed in Ref. [14].

The equality Imad (w) cod(w)/4nw and a
quadrupole dispersion relation similar to Eq. (29) hold.
But the quadrupole photoabsorption cross section is so
small that it cannot be derived experimentally.

We note that because the strong inequality
Rc > ra (ra is the atomic radius) is assumed, we
have derived formulas (20) and (21) that are more
accurate than those obtained from the RPAE for
the whole AQC,, system. This is important because
the one electron—one vacancy channel, which is the
only one taken into account in RPAE, is not always
dominant in the photoabsorption cross section of the
fullerene and hence in its polarizability.

Using the amplitude in (26), we obtain the cross
section

ad (w
M) = B 1= BN o ) =
C
= Fﬁ (w)s(w)aﬁl,sl’ (UJ), (30)
where S(w) = [G%(w)]? can be called the radiation en-

hancement parameter.

With these amplitudes, using expressions (4)—(6)
and performing substitution (9), (10), we obtain the
cross sections for NG@QCgq and angular anisotropy pa-
rameters. In calculating the anisotropy parameters, we
first replace the cosines of atomic phase differences in
Eqgs. (4)-(6), cos(d; — 0yr) with cos(d; + Ay — &y — Ayp).
As aresult, using Eq. (9), we express the dipole angular
anisotropy parameter (4) as

. . —1
Bui(w) = {(l +1)F2, D}y + lFl271D1271] X

20+1
x [0+ 1)1 +2)FR DRy +

+1(—1)F2 D} —6l(l+ 1)F Fy 1Dy Dy %

X COos (g[+1 — 5171)] ,  (31)

where 0y = 6y 4+ Ay (see Eq. (11)). Naturally, the
dipole parameter f3,;(w) is not affected by G%(w) fac-
tors, which alter the numerator and the denominator
in Eq. (31) similarly.

The situation for nondipole parameters is different,
because G4(w) # G9(w). From Eqs. (5) and (6), using
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substitution (9), (10), we arrive at the following expres-
sions for the nondipole angular anisotropy parameters:

3GQ(w)
Inl (W) = == 5 7o X
5G(w) [(l +1)F2, D}y + 1F71D171}
(I+1F - -
N+ 3l+1 3(1+2)Fi42Q42D141 %

% COS <§z+2—5l+1) ~IFyQDy41 cos (5[+2—6l+1)} _

IF- N, 50
-5 l+11 [3(1—1)Fl—2Ql—2D1—1 cos (51_2—51—1) -
— (14 1)F,Q; D, cos (gl - 3171)] } o (32)
3G
Tni (w) = (W) x

5G(w) [(1+1)FZ, D}y + 12, D7 |

(1 +1)(1+2)
8 {(21 T )20+ 3)

X {515—113[4(1171 cos (glﬁ - 3,71) _
_ (l + 3)Fl+1ﬁ[+1 coS ((~§1+2 — 5,71)] _

(1—1)1
@2+ 1)(20+1)

51+ 1)F[+1ﬁ1+1 cos (&,2 — ng) —
- (1= 2)F;_1D;_; cos (&,2 — 3,71)] +

10+ D)FRO,
-1 +3)

(1+2)Fi11 D41 Dyyq cos (51 - 51+1) -

FiyaQpya X

FisQrs x

— (= 1)F—1 D11 Dy cos (51 - 3l_1)] } (33)

where 8490 Oea0 + n? and &4 o141 + 0

(see (28)).

4. SOME DETAILS OF CALCULATIONS AND
THEIR RESULTS

Naturally, the Cgo parameters in the present calcu-
lations were chosen the same as in the previous papers,
e.g., in Ref. [23]: Rc = 6.639 and Vy = 0.443. Having
in mind the size of the fullerene radius and estimating
the thickness of its shell as A ~ 2, we can conclude
that our approach works well up to the photoelectron
energy 2-3 at.un.

Preliminary investigations have demonstrated that
G{(w) is close to unity. This means that the role of
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S(w)

sl Argf v Ne2p |
Kr4p

6-Xe5p¢ 1

0 20 40 60 80
w, eV

0 20 40 60 80
w, eV

Fig.1. Radiation enhancement parameter S(w), the absolute value of its amplitude G%(w) = |G(w)|, and the phase
n® = arg G(w). Arrows denote the threshold positions of the corresponding outer np-subshells

quadrupole polarization can be neglected. This is why
we assume that G{,(w) = 1 and 7? = 0 in the results
presented below.

In Fig. 1, we present the radiation enhancement
parameter S(w), the absolute value of its amplitude
G4w) = |G(w)|, and the phase n¢ = argG(w). Tt is
seen that the curves are rather complex and can consid-
erably modify the outer subshell photoionization cross
section and nondipole angular anisotropy parameters.

In Ref. [17], we presented the cross section and the
dipole angular anisotropy parameter for 5p-electrons in
Xe@Cgo. Here, in Figs. 2-5, we in addition have data
for the outer shell photoionization cross section and the
dipole and nondipole angular anisotropy parameters of
outer p-electrons in NG@QCgg, where NG = Ne, Ar, Kr,
Xe.

Figure 2 depicts the photoionization cross section
and the dipole and nondipole angular anisotropy pa-
rameters for 2p-electrons of Ne@Cgo. Similarly, the
same characteristics are presented in Figs. 3-5 for
AI’@C@(), KI‘@CG(), and XG@CE;().

In all the cases considered, we see a prominent in-
fluence of the fullerene shell on the photoionization of
the caged atom (Ne, Ar, Kr, and Xe). Most impres-
sive is the increase in the photoionization cross section,
which reaches a factor of fifteen to twenty. The absolute
value of the cross section reaches tremendous values in
the atomic scale, up to 1000 Mb.

The maxima in the upper curves in Figs. 2—-5 may
be reasonably called the giant endohedral resonance
(GER). Without a doubt, a similar effect occurs in
outer shells of other endohedral atoms and in atoms
caged by other fullerenes than Cgg. It is quite probable
that such resonances can be detected in experimental

studies of photoionization of endohedral atoms, using
the photoelectron spectroscopy methods.

The GER in photoionization of Ar@QCgq, Kr@Cgg,
and Xe@Cgo impressively exceeds the atomic giant
resonance in the photoionization cross section of Xe
4d-electrons. The monotonically decreasing curves in
isolated atoms are transformed into curves with two
maxima (one large and the other much smaller) with
a remarkably large total oscillator strength of about
25, i.e., 2.5 times larger than that of the 4d-atomic
giant resonance in isolated Xe. Due to this increase
in the caged atom photoionization cross section, the
total oscillator strength sum in the w range, e.g.,
I <w < I+ 1 Ry, increases dramatically.

A natural question is: what is the origin of this in-
crease? The answer is as follows. This increase comes
from the fullerene shell, and is not caused by a redis-
tribution of the caged atom oscillator strength. This
latter is evident because this atom just does not have
enough electrons for this. We note that the total sum
rule for an endohedral atom is equal to N¢, + Na,
where N¢, and Ny are the total numbers of electrons
in the fullerene and the atom. As regards the sum
of oscillator strengths of the caged atom, it increases,
roughly speaking, by the area between the solid and
dash-and-dot curves in Figs. 2-5.

The effect of the oscillator strength due to electron
correlations moving from one part of the photon spec-
trum to another also occurs in isolated atoms. Indeed,
it is well known that the dipole sum rule is valid only for
the total atom. Approximately, however, it also holds
for multielectron subshells [22]. But it does not hold for
few-electron shells; for endohedrals, their role is played
by outer shells of atoms caged inside Cgo. As was dis-
cussed in Ref. [13], the behavior of the 5s-subshell in
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Fig.2. Photoionization cross sections and the angular anisotropy dipole 3 and nondipole v< and 6 parameters for 2p-elect-
rons of Ne@Csgg: the dash-and-dot, dashed, and solid lines are for free Ne atom, Ne@Cpgg, and Ne@Cgo with account of Cgo
plasma excitations, respectively
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Fig.3. The same as in Fig. 2 for 3p-electrons of Ar@Cgq

Xe is similar to that of caged-atom electrons in AQCyg.
For example, if we compare the total oscillator strength
of the 5s-subshell without and with taking the action
of 4d- and 5p-electrons on 5s into account, they differ
by a factor of two.

In calculating the sum rules, we consider only 240
collectivized electrons of the Cgo, neglecting the contri-
bution of 120 electrons tightly bound to the C nuclei.
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This is possible because the ionization threshold for
these electrons is 284.2 €V, which is much larger than
the outer subshell ionization potential and total photon
energies in the region of interest, w < 30-50 eV. The
interaction between such remote subshells is inessen-
tial, and they cannot affect each other total oscillator
strengths.

The effect of photoelectron reflection on the dipole
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Fig.5. The same as in Fig. 2 for 5p-electrons of Xe@Csgo

angular anisotropy parameter § is illustrated by the
curves in Figs. 2-5. It can be seen that fullerene
shells add oscillations that are particularly strong in
Ne and Xe. Nondipole parameters v and n are shown
in Figs. 2-5 for Ne, Ar, Kr, and Xe. Here, the reflection
of photoelectrons by the fullerene shell leads to oscil-
lations, while the polarization of the shell results in a
significant decrease in ¥©. This parameter is weakly
dependent on the phase 1. As regards 6, it is much
smaller than v© but much more sensitive to 1. As a
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result, §€ varies in a more sophisticated way than v©.

5. GENERAL DISCUSSION

As a fullerene, we considered only Cgg. As was men-
tioned in Introduction, it would be interesting to see
the alteration of the photoionization cross section if
other fullerenes, like Crq, Crg, Cga, or Cgy, are consid-
ered instead of Cgy. We do not know the shape and
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photoionization cross sections of Crq, Crg, Cga, or Cgr
and the position of the NG atoms inside the fullerenes.
However, to have the feeling of the fullerene shell effect
on the photoionization of NG, we can use the results
for Cgp by scaling them to another radius, the num-
ber of collectivized electrons, etc. Because the effects
of radiative enhancement and oscillations due to reflec-
tion are sensitive to the radius, the fullerene potential,
and the number of electrons in it, we can expect quite
different behavior for other fullerenes than Cgg.

It is essential to have in mind that the “caged”
atoms can be ionized. The electrons go to the fullerene
shell, which becomes not a neutral but a negatively
charged surface. This requires a modification in taking
the reflection of photoelectrons by the fullerene shell
into account. The shell cannot be considered neutral
and described by a zero-thickness potential; instead, it
is to be combined with a Coulomb long-range poten-
tial. Such a modification, although straightforward,
considerably complicates the calculation procedure
that leads to a rather simple F;(k) factor in this paper.
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