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Resonance behavior of atomic and molecular photoionization amplitudes
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The behavior of the partial photoionization amplitudes with a given orbital angular momentum / in the
complex plane in resonances is studied. In the autoionization resonances the trajectory of the amplitude in the
complex plane corresponds to a circle. With increasing photoelectron energy the amplitude moves about a
circle in the counterclockwise direction. The new expressions for the partial amplitudes in the resonance are
proposed which are similar to the Fano form but contain the “partial” profile parameters which are connected
with the Fano parameter ¢ by a simple relation. In the giant dipole resonances the amplitudes in the complex
plane also move about a circle in the counterclockwise direction provided the Coulomb phase is excluded from
the amplitude. In the correlational resonances created by channel interactions with the giant dipole resonance
the trajectories of the amplitudes acquire a loop about which the amplitudes move in the counterclockwise
direction. Very similar behavior of partial photoionization amplitudes in the complex plane is demonstrated

also for the dipole transitions from the K shells of the N, molecule in the o shape resonance.
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I. INTRODUCTION

Resonances are common features of all quantum pro-
cesses, therefore it is of great importance to study their gen-
eral properties. From elastic scattering of particles on differ-
ent targets it is well known that the resonance structures are
described by the Breit-Wigner amplitude [1,2]. The Argand
diagram of this amplitude in the complex plane gives a circle
[3]. When the particle energy varies from O to infinity, the
Breit-Wigner amplitude moves in a complex plane about a
circle in the counterclockwise direction. There were many
studies of scattering amplitudes for different projectiles and
targets (see Refs. [3-6], and references therein). We would
like to perform the analogous study of photoionization am-
plitudes. It used to be said that photoionization is a half-
scattering process since the continuous spectrum wave func-
tion enters the amplitude only once in the final state. But that
is sufficient for the photoionization amplitudes to have reso-
nance properties similar to the properties of the electron scat-
tering amplitudes. During the last decades starting from the
pioneering work of Fano [7] much attention was given to the
studies of autoionization resonances in atoms [8—14], though
usually they were concentrated on the description of the
photoionization cross section.

The knowledge of the behavior of complex photoioniza-
tion amplitudes is important and helpful in many cases, and
in particular, in performing the complete experiments which
became now feasible both for atoms [15-18] and molecules
[15,18-21]. The complete, or perfect, experiment means an
experiment from which one can extract all quantum-
mechanical amplitudes necessary for a theoretical description
of the process [22,23]. Since every theoretical description is
valid within some approximation, the concept of the com-
plete experiment is valid within the same approximation, too.
Up to now the complete photoionization experiments with
atoms and molecules were restricted by the electric dipole
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approximation accepted in this paper. In many cases the
complete experiment does not give a unique solution
[19-21], and the knowledge of the general behavior of am-
plitudes in the complex plane can be helpful in removing
ambiguities [19].

Another use of complex amplitudes is connected with the
studies of the angular distribution and spin polarization of
photoelectrons [24], or polarization state of residual ions in
resonances. One way is to look for parametrization of these
characteristics in the autoionization resonances through the
Fano parameters [7,8] introduced for the description of the
total photoionization cross section, as was proposed in Refs.
[11,25]. An alternative way is to insert the resonance photo-
ionization amplitudes introduced in this paper into the well
known equations for these parameters derived without taking
the resonances into account [24].

And finally, presentation of amplitudes as an Argand plot
in the complex plane gives a convenient visualization of their
resonance properties and helps to better understand the char-
acter of electron interactions in atoms and molecules. The
dipole amplitudes in autoionization resonances at best illus-
trate the resonance properties of the amplitudes in the com-
plex plane. Therefore we start our consideration from the
example of the 3p autoionization resonance in Ne. After that
we demonstrate that the famous giant dipole resonance in
photoionization of the 4d shell of Xe is the resonance of the
Breit-Wigner type which already exists in different single
particle approximations. As the next step, we show that the
correlational interaction between any open transition and the
giant dipole resonance leads to appearance of a maximum in
that transitions which is represented by a loop in the Argand
plot of the corresponding amplitude. And finally, we analyze
the behavior on the complex plane of all dipole amplitudes
with 0</<5 from the K shells of N, molecule in the ¢"
shape resonance.

II. BREIT-WIGNER AMPLITUDE

Before starting the consideration of photoionization am-
plitudes we would like to remind the reader of well known
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FIG. 1. (Color online) (a) The Argand plot of the Breit-Wigner
amplitude (1). (b) The real and imaginary parts of the Breit-Wigner
amplitude (1).

properties of the scattering amplitude. Suppose that there is a
quasistationary state with the orbital angular momentum / in
the electron scattering on some target. Then the partial reso-
nance amplitude f;(k) corresponding to the elastic scattering
without a background is presented by the Breit-Wigner equa-
tion [1-3]

/2 1 i-e

k: = — = , 1
S®) Eg—E—iy2  e+i &°+1 v

where
e=(E-Ey/(v/2), (2)

E=k*/2 is the electron energy (atomic units A=m=e=1 are
used in this paper), E; is the resonance energy, and 7y is the
resonance width. The Argand diagram of this amplitude in
the complex plane x=Re f,(k), y=Im f,(k), is presented in
Fig. 1(a). It corresponds to a circle which goes through the
origin and has its center on the y axis. When the electron
energy E varies from O to infinity, the Breit-Wigner ampli-
tude moves about a circle in the counterclockwise direction.
At E=0 the phase of the amplitude is close to zero, and with
increasing energy the phase increases by . There are some
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characteristic points on this circle, namely, (i) the points &
=0 and e=+% are on the vertical diameter of the circle and
(ii) the points e==+1 are on the horizontal diameter of the
circle, and they define the width 7y of the resonance because
E—Ey=—v/2 at e=—1, and E-Ey=7y/2 at e=+1 [see Fig.
1(b)]. One can say that the points e=0 and e==+0%, on one
side, and e==+1, on the other side, are situated on the mutu-
ally perpendicular diameters of the circle. This property will
be used later for the graphical definition of E, and 7y of
photoionization amplitudes. In Fig. 1(b) we show separately
Re fi(k) and Im f,(k) as functions of the variable &.

II1. AUTOIONIZATION RESONANCES
A. Random phase approximation

Let us consider now the autoionization resonances which
appear before the second and all higher ionization thresholds
of atoms and molecules when a discrete excitation of a
deeper shell interacts with one or several ionization continua
of the shell(s) with lower ionization potential. In the case of
atoms the photoionization cross section is expressed as usual
[26]

4772awN
3(2l

3)

Unl(w)

where « is the fine-structure constant, w is the photon en-
ergy, w=1I,,+FE, E is the photoelectron energy, I,; and N,; are
the ionization potential and the number of electrons of the nl/
shell, and (El,||d||nl) is the reduced dipole matrix element in
a single particle approximation. The consideration in this pa-
per is restricted by the nonrelativistic approximation in
which there are two dipole allowed transitions from the nl/
shell, namely, nl— E,l+1, and nl— E,l—-1. We will also im-
ply for simplicity that the closed shell atoms are ionized so
that N,;=2(2[+1). In a single particle approximation the re-
duced dipole matrix element is

h )Jm nz(’”)REzl(V)VSd’”,

(El|d]niy = 1I,(- 1) (0 0 0

(4)

where 1=1\2/+1, R,(r) and REll(r) are (real) single particle
wave functions of an electron in the initial and final states,
respectively. The matrix element (4) is real. As a rule the
Hartree-Fock (HF) approximation is used nowadays as a
single particle approximation. All other physical quantities
like the angular asymmetry parameter B [26], the spin polar-
ization parameters [24] are expressed through these reduced
dipole matrix elements.

In single particle approximations the autoionization reso-
nances do not appear, therefore it is necessary to take into
account the interaction between the discrete excited state and
the photoionization continuum in some approximation. In
particular, one can apply the random phase approximation
with exchange (RPAE) [27] which is frequently used in
photoionization calculations. The dipole matrix element in
the RPAE is defined by the equation
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(Exlyl|D(w)||n" 1" Yn" ', EL||U, |[Ely,nl) _ (n'U|D(@)|Esl)Esly, EL|Uy|n" ' nl)

Eply>F

n' I'<F

where in the denominators 6— +0, (n'l’,El||U,| E;l,,nl)
are the reduced Coulomb matrix elements

(n'l',Ell||UL||E212,nl> = 2<n'l',Ell||VL||E212,nl>

B3 (- 1)“”{[’ - 12}

e L, L1
><<}’llll,Ell||VLr||nl,E212>, (6)

and

. . rk
<”,l,’E11”VL”E212’nl>=ffRn’l’(r)REl,(r/)rTz
>

XREzlz(r)R,,l(r')drdr’ . (7)

As a result of the RPAE calculation for ionization of a
given nl subshell we obtain the amplitudes (El,||D(w)||nl)
for two dipole allowed transitions nl—FE,l+1, and nl
— FE,[-1, which interact with the resonance transition from
another shell, say, with n'l’ — ng,. To simplify the notations
in Eq. (5) we will denote below the transitions by only one
letter, namely, nl — Ely,= u, n'l' > E)l,=v, n'l' - nJl,=s.
Then Eq. (5) is transformed to

1 [D,,(w)U,,# ~ Dyw)Us, ]’ ®)

D, (0)=d,+ 52

S lo-—w,+id w+w,—id

where the summation over v means the summation over all
one particle-one hole excitations of the system. It is useful to
write this equation in another form through the so-called
effective interaction I

w ;;F;; w
zz[uwu_d m] o

D =d,+
ple)=d, 35 lw-—w,+i0 w+tw,—id

defined by an equation similar to Eq. (8)

@ ol 5w
F,ur(w) = U’u7.+ lz |: UMVFVT( ) U,u, (w) :| -

3 w-w,+i0 w+w,—id

(10)

When the photon energy o tends to the energy of the
discrete excitation in the single-particle approximation wj,
w;=E, ; —E,, the first term in square brackets of Egs. (5)
and (8)—(10) tends to infinity. Therefore we divide the am-
plitude D,, as well as the effective interaction I',; into two
parts. The nonresonant parts D(I)L(w) and 1"?”((1)) are the solu-
tions of Egs. (9) and (10), respectively, where the contribu-
tion of the divergent term (that is the term with w=s) is
excluded. After that the remaining divergent terms are

3((1)_E2+Enlll + 15)

s

3(w+E2_En’l’ - 15)

(5)

summed separately in the following way (below we omit for
simplicity the argument w in the amplitudes):
0 0 0
r Fss Fs,u.

D,=D° +D’'—£— 4+ p° + o
a " A‘3(('0_(")3) A‘3((‘)_('U_v):?’((")_(us)

ro o \?
3<w—ws>+<3(w—ws>) +]

=D2+D2{1+

F()
X —— (11)
3(w-w,)
This equation is easily solved algebraically [10]
por® DpOro
D=D0+ ST osu :01_ ST oSp i
KR 30—, -TY/3) T F (+i)D), Im T},
(12)
where
o-o,-ReT/3 w-w, (13)

-ImI%3 2

w, is the excitation energy with the correlational corrections
included

wy=E,; —Eyp+ReT(/3 (14)
and vy is the resonance width
y=-2ImT%/3. (15)

If the resonance is sufficiently narrow, all the values in Egs.
(12)—(15) except for & can be implied to be constant within
the resonance width. Though we derived Eq. (12) within the
RPAE approximation it has much broader applicability.

Equation (12) for the photoionization amplitude can be
compared with Eq. (25) of Starace [12]

s q—i
D“=Dﬁ{1+aﬂi} (16)
Here ¢ is the Fano parameter which is discussed in detail
below, and a,, is a complex parameter. It is implied that in
the narrow energy region of a resonance the parameters D°,
g, and a,, are constants, and entire energy dependence of the
dipole matrix element comes from the reduced energy vari-
able . Equation (16) is a complex conjugate of the corre-
sponding Eq. (25) of Ref. [12] where the complex conjugate
matrix element {(n/|D(w)||u) is treated instead of
(u||D(w)||nl) accepted in this paper. Equations (12) and (16)
have the same dependence on the energy variable €, and they
differ by the fact that Eq. (16) contains the Fano parameter ¢
which is absent from Eq. (12).
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B. Graphical presentation of the photoionization amplitudes

Let us present the amplitude (12) in the following form:

C,,+iC D°
D, =D°| 144" _ +C,,+i(1+C,,)|,
# “{ e+i s+i[8 gl 2’“)]

(17)

where C,, and C,, are real parameters constant within the
resonance. This is a linear fractional transformation which
maps the real axis of the variable & onto the circle in the
complex plane of D,. As a result, the Argand plot of this
amplitude (in which the x and y axes correspond to Re D,,
and Im D, respectively) is a circle with the coordinates of
the center defined by the equations

Xop==[(2+Cy)Re D), + C,, Im D],

N | =

1
You= (2 +Cy)Im D - €y, Re D], (18)
and of the radius
l o=~
RM= 5\!’|D2|2(C%’u+ C%M) (19)

In Fig. 2 we show the Argand plot of the dipole ampli-
tudes D, and D, corresponding to two transitions 2p — ES
and 2p— Ed, respectively, in the 2s— 3p autoionization
resonance of Ne atom calculated in the RPAE approximation
[27]. The number of energy points in the resonance is rather
large in order to clearly draw the trajectory of the amplitude.
Some energy points are marked in Fig. 2. In both cases we
see the circles. When the photoelectron energy E is increas-
ing the amplitudes D; and D,; move counterclockwise about
the circles. From the Argand plot we can find geometrically
the resonance energy w, and the width vy by analogy with the
Breit-Wigner case. To this end we first mark the point on the
circle which corresponds to |g| — . In this limit according
to Eq. (17) DM—>D2 [in Fig. 2(a) we show also the ampli-
tude D, outside the resonance in order to better define the
limit || — o]. Then we draw the diameter through this point,
and the opposite end of the diameter corresponds to £=0,
that is to w=w. As the next step we draw another diameter
perpendicular to the first one, and the second diameter
crosses the circle at the points corresponding to e=+1 and
w—wy==+vy/2 [see Fig. 1(b)].

To describe analytically the contour of the autoionization
resonance calculated numerically in the RPAE, we fit the
amplitudes D, using slightly different parametrization

B 0o a,e+b 3 o bye-a
ReDM—ReD”+—”—’£82+1 s ImDH—ImDM+—”—M82+1 .
(20)
Here a,, b, are real parameters which can be easily ex-

pressed through the parameters C,,, Cy,

a,=Cy,Re D)~ C,, Im D}, (21)
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FIG. 2. The Argand plot of the amplitudes of the 2p — Ed (a)
and 2p—Es (b) transitions of Ne atom calculated in the RPAE
approximation in the region of the 2s—3p autoionization
resonance.

b,=Cy,ReD),+Cy,ImD,. (22)

Evidently, the parameters C,, C,, and a,, b, are equivalent.
The parameters C,,, C,, are convenient for describing the
position of the circle on the complex plane, while the param-
eters a,, b, are convenient in fitting the real and imaginary
parts of the amplitudes. The cross section for a particular
transition is defined through these parameters by the equa-
tion

4772awan ) )
U'M((x)) = mme D, +ilm D,u|
() a,ReD’ +b,Im D’
= %u &2 4 0e ks pTu @
(1+¢&% DO
(a,—ImD)* + (b, +Re D)?

=~ .23
12

which can be rewritten in a more compact and more tradi-
tional form
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o°
o, (w)
O-M - 1+ 2 [(q,u,+ 8)2 + tp,]v (24)
where
477 awN,
0 nl|~0
o Py 25
ul@) = 3(21+1) | 25)
a,Re D) +b,ImD,
qM= D() 2 = Cl,u,’ (26)
129
and
(a, —ImD0)2+(b +ReD0)2 5
t/’« |DO|2 =(1+C2M) .
(27)

The parameter g,, in the partial cross section (24) plays the
same role as the Fano parameter ¢ plays in the total cross
section. The total cross section is the sum of the partial cross
sections (24)

=3 0,0 E—f*(ﬂqus)m] (28)

We can compare it with the Fano equation for the total cross
section in the resonance [8]

(g+e) {1_

,(q+¢)?
+p

1+¢? ]’ 29

where ¢ is the Fano parameter defining the shape of the
autoionization resonance in the total cross section, and

g,
2 a
p_

(30)
g,+ 0y

o, and oy, are the parts of the cross section interacting and
noninteracting with the resonance, respectively, and oy=
o,+ 0y, It is implied that within the resonance the cross sec-
tions o, and o, are constant. In practice usually both photo-
ionization channels characterized by definite values of the
orbital angular momentum [/ are interacting with the reso-
nance. This is the case in particular for the 3p resonance in
Ne considered in this paper. Both ionization channels, 2p
— Es and 2p — Ed, interact with the resonance, and we must
form a linear combination of these channels in order to de-
fine the cross sections o, and o;,. But we prefer to continue
consideration within the partial wave channels.
We can present the cross section (29) as

_ Eter+s 31)
7= 1+&*
where
r=2qp% s=1+(q*-1)p% (32)

The Fano parameters g and p” are expressed through r and s
by the equations
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FIG. 3. The real and imaginary parts of the 2p — Ed transition
amplitude of Ne atom calculated in the RPAE approximation in the
region of the 2s — 3p autoionization resonance.

1 s r
=E[(l—s)+\"(l—s)2+r2], q=2—p2. (33)
From comparison between Egs. (28) and (31) follows
22q, D0 X 2q,0% > (g, +1,)|DY?
“ “ “

S 3, D
" M

(34)

So, from fitting the numerical RPAE amplitudes by Egs. (20)
we define the parameters a,, b,, Re D?L Im DO then r and s
from Eq. (34), and ﬁnally q and p* from Eq. (33) The pa-
rameters ¢ and p?> can be compared with the experimental
data where available. It is important to stress that all the
equations derived above are applicable not only in the RPAE
but in any other approximation taking into account the chan-
nel interaction between the resonance and one or several
continua.

C. Numerical example

Let us consider in more detail the numerical example of
the 3p resonance in Ne. Performing calculation in the RPAE
with a sufficiently small step in energy near the autoioniza-
tion resonance we obtain the profile of the resonance numeri-
cally. The results of such a calculation for the 2p — Es and
2p — Ed transitions are presented in Fig. 2. From this figure
following the description given above we find geometrically
the energy and the width of the resonance to be wy
=1.822584 a.u., y=0.000835 a.u.=0.023 eV. After that we
fit the Re D, and Im D,, shown in Fig. 3 by Egs. (20), and
define from Eq. (26) ¢,=0.46, ¢q,=—0.93. In the particular
case of the 2p — Ed transition the Argand plot goes very
close to the origin. To a good approximation we can accept
that both Re D, and Im D, appear to be equal to zero at the
same energy [see Figs. 2(a) and 3]. It means that the partial
cross section at some energy point goes to zero. That leads to
substantial simplifications. According to Eq. (24) the cross
section can go to zero only provided 7,=0. Then the cross
section takes the usual Fano form though with the “partial”
parameter q,,
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(g,+¢) (35)

0
o,=0(w )
w=0u0) 1+¢&?

From the condition #,=0 and Eq. (27) it follows that C,,=
—1, and the amplitude (17) becomes

p,=p°Zrde (36)

Equations (36) and (35) are also valid for ionization of ns
shells when there is only one open channel ns— Ep.

As a final step we determine from Egs. (33) and (34) ¢
=-0.97, and p?>=0.87. These numbers are only in a qualita-
tive agreement with the corresponding experimental values
for the 3p resonance of Ne, y=0.013(x0.002) eV, g=
—-1.6(+0.2), and p*=0.70(+0.07) obtained in Ref. [28]. On
the other hand, it is well known that the RPAE approxima-
tion is not sufficient for a correct description of the autoion-
ization resonances in rare gases due to a great contribution of
the two-electron excitations which are not taken into account
in the RPAE. For a more accurate calculations beyond the
RPAE approximation see Refs. [13,14], and references
therein.

If a resonance is broad and DZ (or o, and o3,) and g are
not constant within the resonance, Egs. (20), (24), (28), (29)
still remain valid but the Argand plot will deviate from a
circle. An example of such a deformed circle for the
6s6p*(*D) autoionization resonance in Tl atom was pre-
sented in Fig. 16 of Ref. [24].

IV. GIANT DIPOLE RESONANCES

Let us turn now to the dipole amplitudes outside the auto-
ionization resonances. For a full characterization of the di-
pole amplitudes we will include into its definition also the
phase shift. Indeed, the angular asymmetry parameter (3, the
spin polarization parameters [24], and many other character-
istics of the photoionization process depend on the phase
shifts of the partial waves. The photoelectron wave function
#;,(r) with p being the photoelectron momentum E= p*/2,in
the asymptotic region of large r contains a superposition of a
plane wave propagating in the direction of the electron mo-
mentum p, and a converging spherical wave, and is com-
monly presented in the form [26]

1 c a
Yp(r) = 32 ()'exp(=i8)Y},,(B) @pu(r), (37)
P l.m

where
@lm(r) = REl(r) Y]m(ﬁ, (P) . (3 8)

According to the definition (4) we included into the dipole
matrix element only the radial function Rg(r) while the
phase shift §; is factored out. When many-electron correla-
tions are taken into account, for example, in the RPAE ap-
proximation, the dipole matrix elements become complex
values. They can be presented in the exponential form

DRPAE _ | DRPAE|exp (A SRPAE). (39)

The phase Aé}w AE must be added to the phase obtained in the
HF approximation. Now we would like to include into a
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270

FIG. 4. (Color online) The Argand plot of the 4d — Ef transition
amplitude (in polar coordinates) of Xe atom calculated in the HF
and RPAE approximations in the region of the giant dipole reso-
nance 0<E<T7 a.u.

definition such as Eq. (39) also the phase shift from the
single particle approximation. But there is an inconvenience
in such a definition since the Hartree-Fock phase contains the
Coulomb part

o=arg'(I+1-1ilp) (40)

which diverges when p — 0. Therefore we introduce a short
range phase 7; according to the definition

= 51—0'1. (41)

It is implied here that the full phase shift &, contains both the
Hartree-Fock part, and the part appearing as a result of in-
clusion of many-electron correlations, for example, in the
RPAE (ASPAF) or in any other approximation. So, instead of
Eq. (39) we shall discuss in the following the dipole ampli-
tudes defined by the equation

D, =D fexp(im). (42)

This definition is equally applicable for all photoelectron en-
ergies and in all approximations.

Consider now the dipole amplitude D) defined accord-
ing to Eq. (42) which describes the famous giant dipole reso-
nance in the 4d — Ef transition in Xe [26,27]. The Argand
plot of this amplitude in polar coordinates in the HF and
RPAE approximations is presented in Fig. 4. With increasing
photoelectron energy E both amplitudes move counterclock-
wise along the trajectories which are nearly perfect circles.
The position of the circle in the complex plane is the same as
in the case of the Breit-Wigner amplitude shown in Fig. 1,
that is the circle goes through the origin and its center lies on
the imaginary axis. Within the resonance the phase to a good
approximation is increasing from O to 7. Therefore we can
say that the 4d — Ef amplitude near the ionization threshold
is fully defined by the resonance. This resonance exists al-
ready in the HF approximation and therefore is produced
essentially by the self-consistent field of the atomic elec-
trons. The many-electron correlations beyond the HF ap-
proximation only slightly reduce the magnitude of the dipole
amplitude. As to the analytical description, the Breit-Wigner
equation (1) can only qualitatively reproduce the behavior of
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60 —=— Xe, 4p — Ef

/N o ke

330

“o70

FIG. 5. (Color online) The Argand plot of the 4p — Ef quadru-
pole transition amplitude (in polar coordinates) of Xe atom, and of
the 3d— Ef dipole transition amplitude of Kr atom in the HF ap-
proximation in the regions of their maxima near the corresponding
ionization thresholds.

this amplitude. Much more reliable is the formula proposed
by Connerade in Ref. [29].

The resonance behavior of the dipole amplitude 4d — Ef
in Xe is not unique. It was shown in Ref. [30] that all dipole
and quadrupole transitions to the Ef final states from all np
and nd shells of Xe starting from the 3p shell have the reso-
nance behavior, and even the 4s — Ef octupole transition has
it. All these amplitudes produce a circle as an Argand plot,
with the phases increasing from 0 to 7. It means that there is
the resonance of the Breit-Wigner type in every Ef transition
in Xe. One example of the quadrupole 4p — Ef amplitude is
shown in Fig. 5.

These results support the explanation [31-33] according
to which the f electron in Xe is moving in the double-well
potential created by the centrifugal barrier. In the HF ap-
proximation we could not check this fact directly due to the
nonlocal character of the exchange potential. According to
the calculations of Ref. [31,32] with a model Herman-
Skillman local potential at low energies the f wave function
is pushed out of the atom by the centrifugal barrier, and is
concentrated in the outer valley. At the resonance energy the
wave function penetrates into the inner valley where the
overlap with the bound state wave function strongly in-
creases, and the corresponding matrix element acquires a
maximum. At higher energies the amplitude of the wave
function goes down, which leads, together with the shift of
the first node to a smaller distance, to a decrease of the
matrix element.

This general explanation must be equally valid in the HF
and in the RPAE approximations as it follows from the direct
comparison of the corresponding amplitudes shown in Fig. 4.
Therefore one can conclude that the resonance structure of
the matrix elements containing the Ef partial wave is a con-
sequence of the double-well shape of the effective potential
for the /=3 partial wave in the field of the Xe* ion. This
resonance can be considered as a quasibound state in con-
tinuum which with increasing of the nuclear charge Z in Cs,
Ba, and La, shifts to smaller energies [34], and is becoming
finally the 4f bound state at Z=58 [34].
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FIG. 6. (Color online) The Argand plot of the 5p— Ed dipole
transition amplitude of Xe atom (in polar coordinates) calculated in
the HF and RPAE approximations in the region from the ionization
threshold (E=0) up to E=7 a.u. (a), and in the region 1 <E<7 a.u.
(b).

The situation is similar in all atoms around Xe. It is of
interest to analyze in the same way the well known maxi-
mum in the photoionization cross section of the 3d shell of
Kr [27]. In Fig. 5 we show the Argand plot of the 3d — Ef
dipole amplitude in Kr. The curve has a form of a loop, and
with increasing energy the amplitude moves about it in the
counterclockwise direction as it should be in the resonance.
Though the phase in the resonance is increasing it remains
substantially smaller than 7 and only slightly exceeds the
value /2 necessary for recognizing the maximum as a reso-
nance according to the standard definition [35]. The shape of
the trajectory deviates from a circle. One can say that this is
the border case between the resonant and the nonresonant
situation.

V. CORRELATIONAL RESONANCES

Consider now the dipole 5p — Ed transition in Xe where
there is no giant resonance. The Argand plot of this ampli-
tude is shown in Fig. 6(a). Both in the HF and in the RPAE
approximations with increasing photon energy the ampli-
tudes sharply decrease in magnitude with a slow variation of
the phase. It is well known from the RPAE calculations
[27,36,37] that in the region of the 4d — Ef giant resonance
the 5p— Ed transition also acquires a maximum due to
many-electron correlations, that is due to continuum-
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continuum interaction between the 5p — Ed and 4d— Ef
channels. The corresponding Argand plot at higher energies
including the giant dipole resonance is shown in Fig. 6(b).
The amplitude in this figure is one order of magnitude
smaller than in Fig. 6(a). While in the HF approximation the
amplitude goes through zero (the Cooper minimum [38]) and
at higher energies remains rather small, in the RPAE ap-
proximation a loop appears. With increasing photon energy
the amplitude moves counterclockwise along the loop. The
position of the amplitude maximum corresponds to the cross
section maximum in the giant dipole resonance. The trajec-
tory of the amplitude can be interpreted as a resonance su-
perimposed on a background [3]. Due to the presence of the
background the trajectory does not go through the origin, and
as a consequence the phase shift is increasing less than by 7
in the resonance. Since the resonance is rather broad the
nonresonant contribution is not constant within the width.
Moreover, due to the presence of the Cooper minimum in
this region the HF amplitude strongly varies as a function of
energy. That leads to deviation of the shape of the Argand
plot from a circle. The appearance of a loop is a typical
manifestation of the correlationally induced resonance in the
Argand diagram. Similar behavior we found also in the 5s
— Ep channel near the 4d giant dipole resonance of Xe.

VI. MOLECULAR AMPLITUDES

Let us consider now the behavior of molecular dipole am-
plitudes in the ¢ shape resonances which appear at about
9 eV above the ionization thresholds of K shells of diatomic
molecules such as CO and N, [39]. Our calculations have
been performed in the relaxed core HF (RCHF) and in the
random phase (RPA) approximations described in detail ear-
lier in Refs. [40-42].

The photoelectron wave function in the case of molecular
photoionization is presented by the partial wave expansion
similar to Eq. (37)

i (r) = 2 Fp (0)(D)'exp(— io) Y, (B). (43)
IAN

The function Fg,(r) is normalized to the energy &-function
and contains only the short-range phase shift (41) while the
Coulomb phase shift o; according to Eq. (43) is factored out
from it. Then the dipole amplitude is defined from the equa-
tion

dp = <‘I’AiFEn\(l‘)|CA1>\|‘I’o>, (44)

where c;f)\zv"477/ 3Y (39, ¢) is the dipole operator, ¥, and
v A, are the wave functions of the initial and the final mo-
lecular ion state, respectively. We implied here from the very
beginning that the o molecular shell is ionized, therefore the
projection of the orbital angular momentum A in the dipole
operator and in the photoelectron wave function coincide.
The photoionization cross section is
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op ()= > (d +2dr). (45)
[

Since in molecules the orbital angular momentum [ is not a
good quantum number, the dipole selection rules do not re-
strict the summation over [ in Eq. (45). However the partial
wave expansion is converging and, for example, at photo-
electron energies £ <3 a.u. it is sufficient to restrict the sum-
mation in Eq. (45) by 0=</<5[19].

In Fig. 7 we show the dipole amplitudes in the complex
plane for all dipole allowed o— o transitions with 0</<5
from the lo, [Figs. 7(a)—7(c)] and 1o, [Figs. 7(d)-7(f)]
shells of N, molecule in the o shape resonance. It is well
known [43] that the o shape resonance reveal itself only in
the o channels, therefore we do not show here the amplitudes
for the o— 7 transitions. The calculations have been per-
formed in the relaxed core HF approximation (RCHF) with a
fractional charge (see Ref. [42] for a description of this
method). Since the two K shells of N, 1o, and 10, are very
closely spaced (the energy splitting is equal to 0.1 eV),
many-electron correlations are giving an important contribu-
tion [44]. Therefore in Fig. 7 we show both the results of the
single particle RCHF calculation with the fractional charge
0.7 [denoted as RCHF(0.7)], and with correlations taken into
account in the RPA approximation using the RCHF(0.7) ba-
sis set wave functions. The dipole amplitudes presented in
this paper are based on the calculations published in Ref.
[45].

Let us begin with the discussion of the 10, — Efo,, tran-
sition in N,. It was shown already long ago by Dehmer and
Dill [43] that the o shape resonances in molecules reveal
themselves mainly in the /=3 partial wave. Indeed, we see
that the trajectory of the fo amplitude is rather close to a
circle as in the case of the giant dipole resonance in the 4d
— Ef transition of Xe (compare with Fig. 4). Since the 1o,
— Efo, transition gives the main contribution to the cross
section, the influence of many-electron correlations on this
transition is small, and the RCHF(0.7) and RPA(0.7) results
are rather close to each other. At E=0 the phase of the am-
plitude is close to 0, and with increasing energy it tends to m
as it should be in the resonance. A similar resonance behav-
ior is displayed also by the /=5 partial amplitude both in the
RCHF(0.7) and in the RPA(0.7) approximations, though at
high energies the trajectory deviates from a circle. The mag-
nitude of this transition is too small to give a noticeable
contribution, and this transition was not considered in Ref.
[43].

More complicated is the behavior of the 1o, — Epo, am-
plitude. In the RCHF(0.7) approximation there is a loop
which, by analogy with the atomic cases [see Fig. 6(b)] can
be interpreted as a resonance superimposed on the back-
ground [3,5]. Actually the amplitude, as well as the corre-
sponding partial cross section, does not have a well defined
maximum. In the RPA(0.7) approximation the trajectory
changes substantially, and half of a circle appears on it with
the counterclockwise motion about it which can be inter-
preted as a correlational resonance caused by the interaction
between the 1o,— Epo, and 1o,— Efo, transitions (which
is frequently called as ! mixing) [5]. The position of the
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FIG. 7. (Color online) The amplitudes of the 1o, — Elo, [(a)-(c)] and 10, — Ela, [(d)—(f)] transitions (0</<35) of the N, molecule in
the complex plane (in polar coordinates) calculated in the RCHF(0.7) and RPA(0.7) approximations.

maximum of the o shape resonance at 9 eV photoelectron
energy is marked on all trajectories. At this energy the
RPA(0.7) amplitude of the 10,— Epa, transition has not a
maximum but a minimum, and the resonance behavior is
reflected only in the shape of the trajectory. One can say that
the resonance behavior is revealed in all three transitions
from the 1o, shell of N, molecule studied here even though
the main contribution to the cross section in the o shape
resonance, in accord with Ref. [43], is given by the fo partial
wave.

In Figs. 7(d)-7(f) we show the dipole allowed transitions
from the 1o, shell of N,. In the single particle RCHF(0.7)
approximation all three amplitudes do not show the reso-
nance behavior. This agrees with the conclusion of Dehmer
and Dill [43] based on a simple multiple scattering calcula-
tion according to which the o shape resonance appears only
in the ionization of the 10, shell. But more advanced calcu-
lation with many-electron correlations taken into account in
the RPA [44] revealed that due to the intershell correlations
between the 1o, and 1o, shells a part of the o shape reso-
nance intensity from the 1o, — Elo, channels is transferred
into the 1o, — Elo, channels. As a result, the partial cross
section of the 1o, shell in the RPA(0.7) approximation ac-
quires a maximum, though of lower magnitude than in the

lo, shell. Indeed, as we see from Figs. 7(d)-7(f), every am-
plitude in the RPA(0.7) approximation acquires a loop which
is interpreted as a correlational resonance superimposed on
the background. The maximum of each amplitude is placed
near the maximum of the o shape resonance at E=9 eV
photoelectron energy as is marked in all trajectories. That
leads to a maximum in the partial cross section of the 1o,
shell. The existence of this maximum is now proved experi-
mentally [45]. Summarizing the results presented in Fig. 7
we can say that the ¢ shape resonance reveals itself in that
or another way in every partial amplitude calculated in the
RPA(0.7) approximation.

VII. SUMMARY

We demonstrated that every resonance in the photoioniza-
tion amplitude reveals itself in the Argand plot as a circle
with the counterclockwise rotation about it when the photon
energy is increasing. The most perfect illustration of this be-
havior is given by the atomic autoionization resonances.
From the graphical presentation of the amplitude one can
easily connect the parameters of the circle with the energy
and the width of the autoionization resonance. We proposed
the parametrization for every partial amplitude with a given /
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by introducing the equation similar to the Fano equation with
the “partial” profile parameter g,,.

The giant dipole resonances in atoms, as well as the o
shape resonances in molecules, reveal themselves basically
in the /=3 partial wave. Again the corresponding amplitude
in the complex plane corresponds to a circle with the coun-
terclockwise rotation about it with increasing photon energy.
At zero photoelectron energy the circle starts from the prox-
imity of the origin and the phase in the resonance to a good
approximation is increasing by . This behavior corresponds
to a pure resonance without a background. The fact that the
giant dipole resonances in atoms and the ¢ shape reso-
nances in molecules reveal themselves in the /=3 partial
wave is remarkable. These resonances exist already in the
HF approximation, therefore they could not be considered as
resulting from the many-electron correlations. This is rather
a property of the residual ion single particle potential in the
field of which the photoelectron is moving.

The other kind of the resonance behavior corresponds to a
loop in the Argand plot of the photoionization amplitude.
The example of the 5p — Ed amplitude in the region of the
giant dipole resonance in Xe clearly demonstrates that this
behavior corresponds to a resonance superimposed on the
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continuous background. The same conclusion follows also
from the analysis of the lo,—e&lo, amplitudes with [
=0,2,4 in N, molecule describing the correlational reso-
nance resulting from the channel interaction mainly with the
lo,— efo, transition in the o shape resonance.

The analysis of trajectories of the photoionization ampli-
tudes in the complex plane reveals a new dimension in the
photoionization studies. Namely, it allows visualizing every
resonance even when the resonance does not reveal itself as
a maximum in the partial cross section. For this reason it is
very instructive to present the complex photoionization am-
plitudes as an Argand plot. The possibility to use this kind of
information in the complete experiment will be discussed
elsewhere while the first step in this direction has been done
already in Ref. [19].
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