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Photoelectron spectroscopy has allowed us recently to observe both giant resonance
enhancement of primary lines and two-electron resonant Auger satellites corresponding to
the resonant behavior of photoemission cross sections relative, respectively, to autoioniza-
tion and Auger decay channels. Using multichannel scattering theory and configuration-
interaction formalism, I have established general formulas to parametrize the photoemis-
sion cross sections in the neighborhood of nonradiatively decaying excited states located
near inner-shell ionization thresholds. Considering both cases of one isolated resonance
and n-resonant states decaying into N continua, I have shown why the two types of decay
(autoionization and Auger) cannot be treated independently and have stressed the impor-
tance of coupling autoionization channels with Auger ones to account for the asymmetry
profile of Auger partial cross sections and the presence of extra structures due to neigh-
boring resonances in Auger channels. Some examples are discussed to point out that the
relative importance of primary and satellite lines may vary strongly with the element and
the energy range considered. The determination of the parameter a,(uE) typical of a res-
onance n in each channel p provides us with many types of information, such as the im-
portance of interchannel coupling, spin-orbit effects, and the existence of shake-up satel-
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lites.

I. INTRODUCTION

During these last years, the fast development of
VUY photoelectron and photoemission spectros-
copies has allowed to observe remarkable features
in the core-level spectra relevant to the VUV ener-
gy range. We note that, because of a different po-
sition of the threshold for vapor and solid-state
samples, some so-called “threshold effects” in
solid-state physics can be observed below the corre-
sponding ionization thresholds in atomic physics,
but I will focus here on the atomic case. I will
consider such energy range that resonant absorp-
tion lines appear in photoabsorption spectra be-
tween the ionization thresholds corresponding to
two adjacent inner subshells. From the point
of view of photoelectron spectroscopy, this means
that the photoelectron may be captured into bound
excited states likely to decay nonradiatively into
open channels, via autoionization and Auger pro-
cesses. When each of these two processes leads to
different ionic final states, i.e., different decay
channels, we will distinguish autoionization chan-
nels which contribute to lines of the primary spec-
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trum and Auger channels which allow to observe
satellite lines. The former ones will be called here
primary lines in contrast with the second ones, and
I shall show in this paper that both types of decay
cannot be treated independently as each one is
modified by the presence of the other one; also,
both types of lines are likely to be resonant for a
photon energy close to the position of the decaying
excited state. The recent theoretical work of Com-
bet Farnoux and Ben Amar' relative to the M,;
spectrum of Ni*t has shown the importance of
such a mechanism: Several resonant series con-
verging on the various 3p ionization thresholds
may decay by both autoionization into channels
coming from a single 3d-electron ionization and
Auger process (super-Coster-Kronig transition) into
several channels opened by simultaneous ionization
and excitation (shake-up process) of the 3d sub-
shell.

Although the observation of these resonant satel-
lite lines is pretty recent in photoelectron spectros-
copy, the importance of the Auger decay of excited
states belonging to series below inner-shell thresh-
olds had been reported for krypton and xenon as
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soon as 1965 by Fano and Cooper,’ and tentatively
treated by Mies® from scattering formalism, but
this author who especially focused on the total
photoabsorption cross section was conscious that a
real treatment would require the knowledge of par-
tial cross sections in each channel, as given by pho-
toelectron spectroscopy. Using synchrotron radia-
tion as a tunable light source, Eberhardt et al.*
have analyzed the N450,30,; Auger spectrum of
xenon and the M4sN,3N,; Auger spectrum of
krypton when the atom is excited to photon ener-
gies around the respective 4d- and 3d-ionization
threshold values; they especially emphasize the ob-
servation of a shift of the N45023023 (M45N23N23)
Auger multiplet structure to higher kinetic energy
after excitation to the 6p (Xe) and 5p (Kr) reso-
nance line, as a probe of core rearrangement and
other correlation effects in Auger transitions, but
no quantitative relation between these Auger satel-
lites and the Xe 5s (and Kr 4s) lines of the directly
emitted photoelectrons has been reported. More
recently, Chandesris et al.’ have observed three
Auger satellite lines, in addition to the primary 3d
lines, in photoemission studies of copper vapor; all
lines resonate at the vicinity of the location of the
3p33d'%s? excited state below 3p thresholds. Cal-
culations for copper are in progress®; they require
the coupling of many channels (opened by both
single 3d and 4s ionization and simultaneous 3d
ionization and excitation) with one another and
with several excited states involving a 3p hole.

The general theory of such a complicated case has
been presented by Starace’ for as complex systems
as the lanthanides, but no numerical application

has been yet achieved for open-shell systems, and
more particularly, when Auger decay of the excited
states is more important than direct autoionization.
The main and original purpose of this paper
consists in presenting a general and unified theory
of the resonant behavior of both primary and
Auger satellite lines observed in photoelectron
spectroscopy when scanning the energy range
below an inner-shell ionization threshold. As such,
it is an extension of the Starace® paper which was
devoted to the behavior of partial cross sections
and branching ratios in the neighborhood of a res-
onance without any reference to Auger decay and
the possibility of the overlapping of several reso-
nances, two events likely to show up in case of
inner-shell excitation. This is why, as a starting
point and in contrast with Starace, I will focus
first on the determination in each channel, of the
resonant wave function taking into account the in-
teraction of n-discrete excited states with many
continua. Within this purpose, Sec. II will follow
closely Mies® the approach of which is a generali-
zation of the Fano’ configuration-interaction
theory. In Sec. III, I will establish various formu-
las displaying the resonant behavior of the dipole
matrix elements and the photoemission cross sec-
tions, and I will distinguish Auger decay and direct
autoionization channels according to the value of a
parameter a(uE), characteristic of each channel u.
This study will clearly stress why theoretical
models neglecting first-order interchannel interac-
tions may be not appropriate to point out the
asymmetrical character of resonant lines in Auger
channels observed in photoelectron spectroscopy.

II. SUMMARY REVIEW OF THE INTERACTION BETWEEN MANY DISCRETE STATES
AND MANY CONTINUA

Let us remark that, although in this section we have in mind photoionization of atoms and ions, the for-
mulas presented apply also to inelastic electron scattering from atoms and ions, and could be easily extended
to the same problems in molecules. In fact, we are seeking first the set of degenerate, orthonormal (N°+1)
electron continuum wave functions ¥,z with total energy E, which describe the interaction of a free electron
with an N? electron ion. They describe an observable channel p and are the exact incoming-wave eigenfunc-
tions of the Hamiltonian H; their asymptotic behavior must be that of an outgoing wave in channel u with
incoming waves in all channels, normalized per unit energy range, according to
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Here . comprises the wave function of the ionic core and the appropriate angular factors; k, is the wave



25 MULTICHANNEL SCATTERING THEORY OF THE RESONANT . .. 289

number of an electron ejected with angular momentum /, in the u channel related to the total energy E, and
the uth ionization potential E, by

k,(E)=[2m(E—E,)]'"*/% . (3)
The matrix S’ is the adjoint of the scattering matrix in the angular momentum representation.

A. Choice of basis states (discrete and continuum)

Following Fano’ and Mies® we start with n-orthogonal prediagonalized discrete states | F, ) and a set of
N-orthogonal prediagonalized continuum states | BE ), where 3 indicates a set of channel quantum numbers
and E the total energy of the state. This means that these wave functions diagonalize separate submatrices
of H:

(BE'|H—E |B'E")=(E'—E)83¢8(E"—E') 4)
(Fy |H—F|Fp)=(E,—E)8p, , (5)

while V,g(E,E') represents the off-diagonal terms which couple the subsets { n } and { B,E’ }, i.e., the
discrete-continuum interaction:

(BE |H —E |F,)=V,dEE' . 6)

In other words, the | BE) states defined by (4) are obtained by diagonalizing the submatrix of H defined by
the N open continuum channels whose observable states are represented by |uE). We refer to the paper of
Starace’ for details of this diagonalization, but before treating the second step, the diagonalization of the
discrete-continuum interaction, we recall that these prediagonalized states may be written

IBE)= |;¢E>+§‘,Pde'J""E'H"'E'1K0“‘3)“‘E> T, p(E)cosng ™
2

, I
" E—E

in terms of the asymptotically observable states |u) of the ion-electron system which are not eigenstates of
H. |BE) is a standing wave so that the configuration-interaction matrix element ¥, is real in (6). Bis a
degeneracy index and does not stand for any physical channel. In (7), {(u’'E'| K%E) |pE) is the reactance
matrix of collision theory. P indicates that the Cauchy principal part must be taken when integrating over
the singularity of the denominator. The T matrix is a real orthogonal matrix which diagonalizes both the
scattering matrix S° and the on-the-energy-shell reactance matrix K 0, The 7p are eigenphases and together
with T define S° and K*:

SO=Te2 1T =(I —iKO)I +iK%)", @)
K°=T(—tany)T=i(I —SO(I +8°~", ©)
I being the unit matrix. So, we can write the asymptotic form of | BE ):
172
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7 sin(9#+7]ﬁ)T#B (10)
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n

with the same notations as in (1). It is useful to define a matrix 4° by formulas:

AO=ei1T | (11)
A%4°=4°"4=1 ,

and also to stress that, far from resonance, the wave function describing a particular channel u is written

We=e Ty, |BEY= A% |BE) . (12)
] ]
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B. Determination of the set of i,z states

Starting with the two subsets of prediagonalized
states defined above, in the case of many discrete
states interacting with many continua, we must use
a linear combination of the two sets to represent
the exact total wave function ¢, in each channel
u at total energy E:

Ve = 3 Bun(E) |F,)+ 3, [ dE'C,4(E,E")| BE') .
n B

(13)

We refer the reader to the paper of Mies® for the
detailed calculations relative to the diagonalization
of the residual discrete-continuum interaction de-
fined in (6), and we will mention here only the for-
mulas necessary for the understanding and the
cohesion of the present paper. To make ¢,z an
eigenstate of H with eigenvalue E, we obtain

, Y,5(E,E") ,
CupE,E")=P | ———— | +Z,4(E)8(E —E') ,
E—E
(14)
where Z,,5 is an arbitrary function of E, and
Y,p(E,E")=B,,(E)V,gE,E’) . (15)

The following coupled equations must be solved to
obtain the B,

szanm EZyBVnﬁ ’ (16)

where D, (E) is a symmetric real matrix:

Dpyp(E)=E,Spm

+Pde’—E—_1—E7§VmB(E,E')V,,B(E,E’).

(17

Before solving explicitly (16) we have to replace
the | F,) states by a new set of orthogonal states

| ®, ) diagonalizing the D matrix. The positions
E,, of these new states are given by the eigenvalues
of D, so that G being a real and orthogonal matrix

defines the transformation

| @)= Gum | F) . (18)

We obtain a new configuration-interaction matrix
W, E,E’) related to the matrix V,g(E,E’) by

W,4E,E')={BE'|H—E | ®,)
= ZG,,,,, Vg E,E’) (19)

so that both coefﬁc1ents B un Of the new states @,
(in the development of 1/J“E, where [B]=[B][G)),
and new Y, g(E,E’) as defined in (15) are propor-
tional to a new [Z] matrix, the coefficient matrices
being [ W, g] for the B, and the new matrix [K]
for the [ Y] matrix. As usual, notation W,g is
used for the on-the-energy-shell terms (E'=E) of
the n X N matrix W,g(E), while W,gE,E’) indi-
cates the dependence on energy (E,E’). In the
same way, we define the on-the-energy-shell N X N
reactance matrix K (E) by

VWnBWnB'

KBB(E)ZEﬁ , (20)

so that expression (13) of ¢,z may be written

B W

D, <I>,,+2PfE 7 Wagl E.EY) | BE') , (22)

this modified resonance state ®, including an ad-
mixture of continuum states according to Fano’s
paper.’

In order to use (21) in our study, we have to
determine the normalization matrix [Z]: Imposing
the asymptotic behavior of (1) to expression (13) of
Yk and after substituting Eq. (14) for C,5 and
expressing | BE’) in terms of its asymptotic
behavior (10) with its associated matrices [ 7] and
[4°], T have shown, with matrix notation:

[I=[Z][I —iK][4°] , (23)
(S =[Z][I+iK][4°]*, (24)

[1] being the unit matrix, so that
[Z]1=[4°1"'[1 —iK]~". (25)

C. Change of the continuum states basis

In case of a single resonance, it is always possi-
ble to transform the N-degenerate continua |BE )
to a new set of N-orthonormal diagonalized contin-



uum states such as only a single member interacts
with the discrete state | F,). If |AE) represents
this new set such as

(AE |NE')=8(AA)8(E —E') , (26)

(AE |H |NE')=E8(MN)S(E—E'), (27

the single continuum state | 1E ) belongs to a
channel which then interacts with the discrete state
as if the other N —1 continuum channels were not
there and formed a background unaffected by the
resonance. We refer, for this transformation, to
the Fano® paper and the more recent work of
Starace® which gives a review of it. However, we
must recall properties involving this new set, in so
far as they will be useful in the following part of
this paper. In fact, since no transition is possible
between | F;) and the |AE) with 2 <A <N, these
diagonalized states are eigenstates | AE) of H (we
use the notation with rounded bras and kets to
refer to eigenstates). Another exact standing wave
eigenfunction | 1E) is obtained as a linear com-
bination of only |F,) and 1E) according to

NME) =32 8) 7y | cos(—A)[1E), (28)
TV,
with
V2 lr‘
tan(—A)=t— T4 2 ¢ (29)
€ E_E, E—E,

1F1>=|F1>+Pf75%m15>, 30)

E1=E,+P V. 31
Since | 1E) involves the whole interaction with the
resonance, V; defines the total linewidth T, via the
relations

ST, =aVi=n(1E|H |F\*=7 3 Vi, (32)
]

11IE)=-1 3 V4| BE) (33)
v, <

and | 0) being the ground state of the system be-
fore photoionization, we recall the expression giv-
ing g, the profile index of the resonance in the ab-
sorption spectrum, with Q representing the dipole
transition operator:

B (F,|Q0)
1= ZQE|H |[F)(E|Q|0)

(34)
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The other | AE) (As£1) are simply linear combina-
tions of | BE) states, the coefficients being deter-
mined by the unitary matrix which transforms the
prediagonalized states | BE ) into eigenvectors

| AE) which have no interaction with the discrete
state.

III. RESONANT BEHAVIOR OF VARIOUS
LINES IN INNER-SHELL PHOTOELECTRON
SPECTROSCOPY

After the brief review of Sec. II, we have on
hand the necessary formalism to study the resonant
behavior of any partial cross section likely to be
measured by photoelectron spectroscopy and
photoemission, not only in the often invoked case
of one isolated autoionizing resonance (see, for in-
stance, the Starace® paper or the work of Kabach-
nik and Sazhina'” relative to angular distribution
and polarization of photoelectrons), but also when
this resonance decays via simultaneous autoioniza-
tion and Auger effect, as mentioned in the intro-
duction. Also, the more complicated case where
many resonances can be coupled among themselves
via decay continua should be taken up within this
framework: This latter event, with overlapping ef-
fects complicating the parametrization of the par-
tial cross section in each channel, may be encoun-
tered when we are dealing with open-shell systems
with large multiplet splitting effects. The number
of open channels as well as that of resonance fami-
lies are both increasing simultaneously, since when
an atom (or ion) is photoionized, the residual ion
may be left in any number of term levels, each
possibly having a number of fine-structure levels.

However, since we are especially interested here
in inner-shell excitation and ionization, this case of
an isolated resonance deserves further attention,
especially as the authors mentioned above have not
taken into consideration the possibility of an Auger
decay prevailing over direct autoionization. More-
over, as emphasized previously,'! the existence of
an effective potential barrier may let only one
highly localized state show up strongly in inner-
shell absorption spectra while excluding Rydberg
and near-continuum states from overlapping with
the inner shells from which excitation takes place.
An illustration of this type of excitation is the
M, 5 spectra of the rare earths: In these spectra,
the dominant features are the 3ds,; 3,,—4f lines
occurring below the M, s thresholds, while transi-
tions to the Rydberg and continuum states held
outside the barrier are inhibited. Consequently,
Sec. III A will be devoted to this case of an isolat-
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ed resonance, while Sec. III B will develop the
theoretical treatment of the resonant behavior of
partial cross sections when no effective potential
barrier prevents series of Rydberg states from con-
verging to the same (or slightly displaced) ion lim-
its. In both parts, I shall discuss the different
types of behavior and shape (asymmetrical or not)
of the resonant lines in any channel, in terms of
the importance of interchannel coupling effects
and parameter a,(uE) characteristic of the reso-
nance and the channel considered. A quantitative
illustration of the importance of Auger decay will
be provided by some numerical results obtained for
copper® in the same approximations as for the Ni*
case.!?

A. Resonant behavior of any partial cross section
near an isolated resonance

We shall start form the general formula (21) ob-
tained above and relative to the wave function ¢,
describing an observable channel, in contrast with
other authors®!® who considered the incoming-
wave-normalized final states under the form of a
linear combination of standing-wave eigenfunctions
| AE), whose coefficients were obtained by applica-
tion of the boundary conditions.

1. General case of many decay continua

Starting from (21) requires to determine the nor-
malization matrix Z,g, which is feasible directly in
this relatively simple case. According to (25), the
(I —iK) matrix can be inverted easily and we find

[Z]=[4°]"! I+iK6i , (35)

which may be written, using (20) and (29),

vV
VigVip 1

A% |8 —_—— , 36
Z,p= 2 Bu |Ogp +i o R— (36)
and allows to develop (21) under the form

_ Vusr
Yue= 2 A, Bu
B
X E_|F\)+|BE) (37)
—L,

Using the relations (6), (12), (29), (33), and the fol-

lowing ones:

H,=(ype |H |F,)=2A%,,Vw, (38)

|(1E |H |F,) |*=V}= §Vﬂ S |H,|?

=(1/2m) 3, T,
(39)
we can write (37) under the more compact form
H; | |Fy) 1
- 0 n
= — |— 1E) | ——
Yo=Yy + v, 7TV: +i|1E) =y . (40)

If Qﬂ: (Yor | Q|0) and using g as given by (34),
it is easy to write the dipole transition matrix ele-

ment Q, =5 Q |0):

0u=0,+ V“ 1—+ (1IE|Q0), (41)

and as a consequence of various unitary transfor-
mations:

V,(1E|Q |0)= S(F,|H | BE){BE | Q |0)
B

=3 (F |H | Ye) e | Q |0),
n

(42)
hence
(1E|Q[0)=— 3 H5QY @3)
Vi 4
and Q, is taking the general alternative form
I" i
—0° kgt
Qu=0u |1+ I, e+i
+2.ﬂ-&_q___l 2 H"QO' (44)
Feoeti ' e

Formulas (41) and (43) are equivalent to an expres-
sion given by Starace® in his recent paper [formula
(25)] where he defines a quantity a(uE) represent-
ing the fraction of the dipole amplitude Qz that
passes through the eigenchannel | 1E). In fact, ex-
pression (24) in the Starace® paper is equivalent in
our notation to

H
a(yE)Qﬂ:—Vqu [Q|0), (45)
t
which allows us to write
—0° q9-t
Qu=0Q, [1+a(uE) oy ] . (46)
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Considering any expression of Q, as given by
(41), (44), and (46), we obtain the following impor-
tant conclusions.

(1) Q,, is the sum of a resonant part which has
the same energy dependence for all channels via €
and a background contribution Qg representing the
dipole amplitude far from resonance.

(2) g and € are the parameters defined in photo-
absorption according to formulas (34) and (29)
above. The partial cross section in each channel p
is proportional to |Q,, | 2, and using any expression
of Q, we obtain

2
02 29°+1

o 1+ |a

y“'QuI |a| 241

+2Rea£gz—-_—1—+21ma—€2j_—q—
e+1 +1

(47)

According to this general formula, and if a takes a
finite value, o, corresponds to an asymmetrical
profile, since the numerator of (47) contains € only
in the first power so that it is possible to transform
the parentheses in (47) into the sum of a constant
term and a Fano resonance:

(7, +¢€)’?
o < |Qp |2 (l—aﬁ)+a‘2,-:2T , 49

g, defining the profile index of the resonance in

this p channel, both g, and af, can be expressed in
terms of ¢ and q.

Let us consider some interesting limit cases

(a) a(uE)=0 because H, =0 corresponds to the
continuum channels where there is no decay of the
resonance and o, « | Q) | .

(b) a(uE) infinite with Q) =((1E |Q | 0)5£0)
corresponds to Auger decay channels whose cou-
pling with the direct autoionization channels has
not been taken into account or is quite negligible;
we shall return below to this case which leads to
Lorentzian resonant profiles in the corresponding
Auger decay channels, insofar as it stresses an im-
portant result: Asymmetry of resonant lines in
Auger channels is due essentially to interchannel ef-
fects, when coupling both direct autoionization and
Auger decay channels to obtain the | BE ) states in
Sec. II. The following sections (III A 2 and IIT A 3)
below will help to make this point more explicit.

(3) Starting from (47) and using (42), it would be
straightforward to sum o, over all channels u and
to obtain the well-known total cross section o,
whose parametrization has been explicited by
Fano.’

(4) In (39) and (44) we have introduced a partial
linewidth I“,,, but we must recall that it corre-
sponds to no observed linewidth and lifetime; /T,
corresponds to the lifetime of the resonant excited
state considered, and only the total linewidth
T, =2MF‘, is observed in any channel.

2. Resonant Auger effect

A major interest of the formulas in Sec. III A 1 above lies in their generality. In fact, they are suitable for
describing the resonant behavior in any channel which an excited state decays into, via direct autoionization
or Auger process, provided « is not zero or infinite. By direct autoionization, we mean interference between
the following excitation process (A) with the underlined notation indicating a hole state:

hv
(A) (nll] )(nzlz)—"(_’llll )(nzlz) n,11 +1
and the following ionization process (b);

hv
(B) (nyI))nyly)—(ny Nnaly) e 1 +1

while Auger decay (autoionization of the inner core) represents the interference between the same excitation
and another ionization process (C) accompanied by a shake-up excitation, leading to a two-hole state, as fol-

lows:
hv

(C) (nyly)nyly)—(ny (nydy) X'l +1) e, 1,+1 .

We refer to (C) as an Auger process since the final
state of the system differs from the initial one by
two one-electron excitations; n’=n, i.e., the outer
electron left undisturbed is the most likely event,

r
but n’s~n may occur in (C) as a by-product of the
inner core’s further ionization, giving rise to a dou-
ble Auger event which has been observed in recent
experiments on Xe and Kr.* This resonant double
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Auger process can be considered a special case of
Auger process generating two continuum electrons
and observed by Krause and Carlson'? as early as
1966. Indeed, photoelectron spectroscopy allows to
distinguish a primary electron in an autoionization
channel B and a satellite photoelectron is an Auger
decay channel C, with a continuous variation of its
kinetic energy tracking the variation of photon en-
ergy, in contrast with the classical Auger effect
following ionization of a core electron. The pho-
ton energy dependence of intensity for both pri-
mary and satellite lines should generally display
the resonant behavior as indicated by formula (47).

As examples of this resonant Auger decay, we
shall refer to cases mentioned in the introduction:
krypton (or xenon), on one hand,* Nit (Refs. 1 and
12) and copper,”® on the other. Both deserve more
details as they involve different values of the zero-
order dipole transition matrix elements. In the
case of krypton, process (A) creates 3d-hole excited
states 3d °4s24p°np which converge on 3d thresh-
olds, while processes (B) and (C) are written:

hv
(B) 3d'%4s%24p®—3d'"%4s5%4p°+e~ (d ors),

hv
(C) 3d'%4524p®—3d"4s%4p*np +e~ (d ors).

Interference of the three processes leads to the ob-
servation of a resonant M 5N ,3N,; Auger spec-
trum, as reported by Eberhardt et al.,* which in-
volves the various dipole matrix elements

Ob={(ed (or €)| 0 |4p)
and

02={ed (or €s)|Q |4p){4p |np) .

Both O and Q¢ are different from zero, although
the overlap integral (4p | np) makes O much
smaller than Q‘,‘,?, with the consequence that Q2 is
never zero for Auger decay channels C, even if we

neglect the first-order interchannel coupling with
the autoionization channels B, in other words, if
we make the assumption that the prediagonalized
states |BE ) are identical to the asymptotically ob-
servable states |uE ).

On the contrary, in the copper case (3p%3d 4s
configuration), the creation of the excited state
3p33d'%4s? and its decay via interference with pro-
cesses (B) and (C), according to

hv
(B) 3p®3d'%s—3p®3d°s+e~ (forp),

hv
(C) 3p®3d'%4s—3p®3d®s>+e~ (forp),

involve the zero-order dipole matrix elements
Qp=(ef (or )| Q |3d )40 and

Qc=03(3d | 45 ) =0 in the determination of the
intensities of the resonant M,3; M sM,s Auger lines,
so that corresponding Qz and a(uE) in channels C
would be, respectively, zero and infinite, if cou-
pling of Auger decay channels C with autoioniza-
tion channels B were negligible. In such a case
with Q’é:o, asymmetry characteristic of the
resonant o, for channels C is directly related to
the importance of this interchannel coupling, and
when the latter may be neglected, formula (47) has
to be altered, leading to a Fano profile in channels
B only, while a symmetrical Lorentzian profile is
displayed by o), in channels C. Before making ex-
plicit this modification in the paragraph below, I
shall give here an indication of the importance of
process (C) relatively to (B), which I have deter-
mined in the case of copper.

With this purpose, assuming LS coupling and
taking into account all channels 3d34s%¢f (channels
3d®4s%ep have a minor influence) resulting from
the multiplet structure of 348, I have calculated
the contribution of these Auger decay channels to
the total linewidth T, for the resonant line
3p33d'%4522P°, using

Ny=2r3 |H,|*=27 |3 |Hp|*+ 3 |H.|*|=TE+1C. 49)
% B C

I will give here the numerical results relative to I'?, I'C, and T',, when considering the decay of the
3p3d'%45s22P° line into all Auger channels 3p®3d®4s%f?P° and all the autoionization channels 3p®3d%4sef

(and ep) 2P°:

14

T =15R}(3p,3d;3d,€,f)— ~ R, (3p,3d;3d,€,/)R3(3p,3d ;3d,€,f)+ 5= R3(3p,3d;3d,€,f) , (50)

R, and Rj; being Slater integrals, according to the definition

2rk

Ri(3p,3d;3d,ef)= [ P3,(1)P3y(1) =7 P34(2)Pes(2)dr dr, (51)

k
rs
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with r _ =inf(r,r,) and r, = sup (ry,r,), the continuum wave function Ps being normalized per energy
unit (one Rydberg). As for the variation with ¢, the energy of the photoelectron (in Ry), of the integrals R,
and R, which are also involved in the autoionization of 3p*3d'°?P° in the various channels 3p%3dBef of
Ni* (and relatively large since they concern a super-Coster-Krénig transition), I have determined it in the
same approximations as in the previous work of Combet Farnoux and Ben Amar,! in an independent parti-
cle approximation (both discrete and continuum wave functions are eigenfunctions of the same Herman and
Skillman'* potential) neglecting multiplet splitting effects; also, I can use the approximation R3~R, /2 in
the vicinity of the resonant state 3p°>3d'%4s?2P° (¢,~4.3 Ry). In this same work,' the same approximations
to evaluate the linewidth corresponding to the decay of 3p>3d'°?P° for Ni* have doubled the value obtained
with a sophisticated model including both intra- and interchannel coupling and multiplet splitting. With the
assumption that overestimation will be of the same order of magnitude here, we can prove that I is at least
20 times larger than the contribution I'? which I have also calculated in terms of Slater integrals
R,(3p,4s;3d,€,f), R3(3p,3d;4s,€,f), R(3p,4s;3d,€,p), and R,(3p,3d ;4s,€,p). Referring to another previous
work,!® these integrals are known to be smaller than those involved in TS, so that taking into account all
channels 3p®3d%s 3D,'Dief and 3p®3d°4s *D,'D ep relative to the decay of this 3p°3d'%4s?2P° excited state,

I have established (with €,~4.8 Ry)

%I‘f’: %[R%(3p,3d;4s,e,p)+R 3(3p,4s;3d,€,p)— R (3p,3d ;4s,€,p)R (3p,4s;3d,€,p)]

+ = R3(3p,3d;4s,6,f)+  R3(3p,4s;3d,€, /) — 7R (3p,45;3d,6,f)R(3p,3d ;4s,€, f) (52)

leading to Ir2-0.0112 Ry, whereas I“,C:0.24 Ry.
With T, =0.25 Ry, we may conclude that an
Auger decay at least 20 times more important than
direct autoionization makes this linewidth of the
same order of magnitude as that found previously'
for the autoionizing resonant state 3p°3d'® but
more quantitative results would require to take into
account some double Auger effects.

3. Case of negligible first-order interchannel coupling

Although our previous studies, as well for Ni*
(Ref. 1) and CI (Ref. 16) have shown that this as-
sumption is not valid in photoionization of open
subshell systems and several authors'”'® studying
Auger processes have come to the same con-
clusions, there is no systematic and quantitative
evidence of the importance of this interchannel
coupling. The present work brings evidence that
neglecting these coupling effects may conceal the
asymmetry characteristic of the resonant photo-
emission cross sections in the Auger decay chan-
nels, while taking them into account allows to
describe the intensity in any channel (for both pri-
mary and satellite lines) with formula (47) in terms
of a complex parameter a(uE) characteristic of
each channel and whose variation is given by (45).
However, the limit case of no interchannel cou-
pling must be examined here, insofar as some au-
thors'®?° have considered only this approximation,
within a simplified formalism.

Let us remark first that this approximation im-
plies that the matrix TB“(E ) becomes the unit ma-
trix 8g,, and both H,, / Qf, and a(uE) are real num-
bers. Also, as a result of the prediagonalized states

| BE ) being identical to the asymptotically observ-
able states |uE ), some notations can be modified:

|H, |*=V},=T,/2m,

1 (53)
[1EY=-- 3 Vi |kE) ,
top

the notation ¥,z being kept to represent the
incoming-wave-normalized counterpart of the
standing-wave-normalized states |pE ). Within
this simplified formalism, (41), (44), and (46) which
give the dipole transition matrix element in each
channel are still valid, and the general formula (47)
of the photoemission cross section becomes

29%+1

T 42 =1\ (s
e +1

e+1

0, |Q2|2 14a

exhibiting the asymmetry of a Fano profile, pro-
vided «a is not zero or infinite. Indeed, this latter
possibility occurs when Q¢ is zero, i.e., in cases
like Ni* or copper,>®!? where the shake-up pro-
cess introduces an electron with an angular
momentum different from that of the electron
which participates to the direct ionization. These
cases are the only ones where negligible interchan-
nel coupling assumption makes Q2 rigorously zero
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and «a infinite, leading to a Lorentzian profile in
the Auger channels:

r 2.1
p 297+
o, —(1E 0) , (55)
u < T, | Qo | €2+1
which leads to a very simple expression for the

branching ratio relative to two Auger channels, p,
and p,:

r
— Kl
Yul,u2= T, ,
and more generally (56)
2uerlu

YP,Q < r
Z#ZGQFI‘Z

when two groups P and Q of photoelectrons with
different energies corresponding to two states of
the residual core are measured in the vicinity of an
isloated resonance.

In short, if uB notation concerns direct autoioni-
zation channels and pC is reserved to Auger decay
channels, (54) can be used to parametrize the par-
tial cross section relative to both primary and
Auger satellite lines when QC is different from
zero: Both exhibit an asymmetric profile, although
the asymmetry characteristic is pretty weak for
most satellites, within the framework of negligible
interchannel coupling approximation. But when
Q2 is zero, formula (55) must be used to reproduce
the Lorentzian resonant profile of Auger satellites.
An alternative form for (55) may be written:

r 20241
ouc o —2m | S HA0% | L. (57)
t uB €+1

Since Wendin'® and Yafet® have treated in this ap-
proximation only the case of two channels uB and

pC with Qco =0, it is interesting to show that their

formulas are particular cases of (54), (55), and (57)

above (see Appendix A).

B. Resonant behavior of partial cross sections
when many resonances interfere via many
autoionization and Auger decay channels

After the study of an isolated resonance, we
must consider now those cases of inner-shell exci-
tation where no potential barrier keeps the other
members of a series outside the inner well, but also
foresee the complex problem arisen by several
resonant series converging on various nearby

thresholds. In this general case, we return to for-
mula (21) and define for each modified discrete
state | ®,) a new continuum |zE ) involving the
whole interaction with the resonant state n, such as

1
W.s|BE) , (58)
W, 2 Mol

|nE)=

1

sTw=mW2i=(nE |H |®,) =73 W:B ,
B

(59)
__@elo @10
I W (nE |Q [0) 73 Wygds
' B
dﬂz(BElQ IO) ’
so that
Opn=Apdp. (61)
B
Hence, the dipole matrix element relative to any
channel p is written:
* ”qn
Qu=23Zup |3 — WapgWap+0pp |dg .
BB n E—E,,
(62)

It is not easy to invert the (I —iK) matrix to find
the normalization matrix Z which presents a pretty
complicated energy dependence in these cases
where K is not a diagonal matrix. It would be a
more direct way to solve the problem by diagonal-
izing K to obtain its eigenvalues —tanA; such as

5T
_tanAlzz 2 'i :E_l_=
n

1
n E —E,l €pl €

’ (63)

but we thus define new resonance states which
have nothing to do with the initial excited states
which we are interested in.

If the various continua |nE) for each n are mu-
tually orthogonal, there is no interaction between
the resonances due to coupling with the continua
and each one may be treated as a single, isolated
resonance imbedded in its own continuum. But in
the most general case of inner-shell excitation
where both autoionization and Auger decay are
competing, these continua will not be orthogonal,
and a rigorous treatment would require to take into
account interference between neighboring reso-
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nances via the interference matrix ©,, - between
the |nE) continua, introduced by Mies?:

©,,8(E —E')=(nE |n'E")

1
=S W, W..s. 64
% Fntrn't % BB ( )

While ©,, ,-=1 for n =n’ implies that the over-
lap is maximum, i.e., all resonances decay into the
same continuu, | 1E), ©,, , =38, , corresponds to
no overlap, i.e., the continua |nE) for each n are
orthogonal. These two cases are the only ones
(outside the case of an isolated resonance) where
inversion of the matrix (I —iK) may be achieved
analytically, but the examples presented above
should rather be relevant to O, 50 for ns£n’,
since even if the Auger decay channels C are dif-
ferent for each resonant state (which means that
double Auger processes would be negligible), the
autoionization channels B are the same. Returning
to the example of Ni™, there is no doubt that the
reduction of I', when going from 3p°3d°3P°4s2p°
to 3p33d*3P°5s 2P is due to the decreasing contri-
bution I'? of the autoionization channels 3p83dief
(and ep) while the contribution I'C of the Auger
channels is left unchanged, the channels
3p®3d75s¢f (and ep) playing the role of channels
3p®3d74sef before.

Actually, as mentioned by Fano and Cooper?
and observed in photoabsorption by Codling and
Madden,”' only the first lines of a series show up,
the other ones eventually merging with one another
because of the ratio of linewidth to line separation
which increases indefinitely with increasing .
Therefore, if Auger decay (which is, in fact, in-
dependent of n) is already predominant over direct
autoionization (which is getting smaller and small-
er with increasing n) for the first line, the width of
further lines in the series may result from Auger
decay channels only, even if the coupling between
Auger and autoionization channels is not negligi-
ble. In these cases, ©, , (for n%n’) may be small
enough to allow for neglecting the off-diagonal
couplings in the K matrix so that we can make the
assumption (at first-order approximation) that
there is no overlap between resonances and thus
obtain a pretty good idea of the resonant behavior
in each channel. I will devote Sec. IIIB1 to this
special case of direct diagonalization of the K ma-
trix, without giving more attention to the other
special case where all resonances decay into the
same continuum | 1E ), insofar it is relevant to the
Rydberg series which converge on the first ioniza-

tion thresholds when Auger decay is energetically
forbidden and the linewidths are due to autoioniza-
tion only.

1. There is no overlap between any
two resonances

As a consequence of ©, ,»=0 when nsn’, and
O, =1 for n =n’, there is no need to replace the
initial | F,) states by a new set of | ®, ) states, as
we did in the general case treated in Sec. II B
above. In fact, because the |nE) continua for dif-
ferent n are orthogonal, transitions between the
| F, ) states via the continua cannot occur. There-
fore, for each | F,) there is one continuum |n,E)
and one eigenstate |n,E) which is a linear com-
bination of | F,) and |n,E) according to (28),
i.e., the same eigenstate as in the case of an isolat-
ed resonance:

sin(—A,

) _
|nE)= | F,)4cos(—A,) |n,E) .

nt

(65)

The other | n;E) (2<A < N) are simply linear
combinations of | BE) states, as explained in Sec.
IIC above. All the formulas of the paragraph are
still valid here, and I will recall only

Tw=mVa=m(nE |H|F,)=n3 Vi,
B

(66)
1
|mE)=——3 V,s|BE) , 67
Vot B
with the condition
z VnBVnB’ZO (68)
B

which is equivalent to write that the interference
matrix ©,, ,- has no off-diagonal elements. In this
case, determining the wave function 1,5 describing
an observable channel is straightforward and the
inversion of the (I —iK) matrix can be as easily
achieved as in the case of one isolated resonance
treated in Sec. III A 1 above. I will not reproduce
the details of the calculations but I shall give only
the result

| F)
TV

1

€—1

H.
1/J;E=!//BE+2*‘;_# +i|nE)
nt

n

(69)
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with
Hy={Yop | H |F)=3A3Vag . (70)
B

In the same way, we can generalize (41) to write
the corresponding expression giving Q,,, the dipole
transition matrix element,

an—
Qu=0u+ 35 e N “mE|Q]0) (D
n
or an alternative expression if we introduce the

quantity a, (uE) for each n, according to formula
(45) above:

0,=0; 1+2a,,(uE) (72)

€nti

Both formulas [(71) and (72)] show that in this
case the expression of the photoemission cross sec-
tion o, in each u channel would be very compli-
cated, because of the summation over all the au-
toionizing states. Actually, the determination of
[Qul 2 involves many interference terms between
the various resonant contributions from different
decaying states, in addition to the summation over
n:

2
Qn+1 enqn—l
2
a,|*5——+2Rea,———
? |an | ef,+1 " ef,+1
€+
+2Ima, "2 EL
€, +1

These interference terms make the cross section
strongly dependent on the intervals between the
resonant states and explain why it is impossible to
distinguish the contribution of each resonance in a
channel, beyond a certain value of » in a series.
However, it is of interest to notice that they are a
consequence of the interchannel coupling, since
neglecting it makes the summation over »n disap-
pear in both (71) and (72) which take the simpli-
fied formulation

Q,=0, 1+a,,(,uE) (73)

n+

n defining now the only resonant state which de-
cays into the channel y. In agreement with the ap-
proximation of no overlap between resonances, n
means the first line (which is the most intense) in
the autoionization channels, while each Auger
channel involves the appropriate line which decays
into it. For Auger channels such as Qﬂ =0, as ex-

plained in Sec. III A 2, formula (73) must be writ-
ten

Vi 9n—1

E 0 74
e (mE2]0) 74

Q[l=

leading to a Lorentzian profile for o, analogous to
the one given by (55).

As an important conclusion of this section, in
case of no overlap, while the approximation of no
first-order interchannel coupling lets only one line
appear in each channel, the introduction of this
coupling, even small, allows to find slight extra
structures due to neighboring resonances in any
channel. However, in both approximations, the to-
tal photoabsorption cross section (summation over
all channels i) would be the sum of resonant pro-
files superimposed on a background.

2. Discussion

If the approximation of no overlap between reso-
nances may be valid for the last members of series
which converge on the next ionization thresholds,
the rigorous treatment of the first resonances de-
caying into both autoionization and Auger decay
channels will require to take into account the off-
diagonal coupling terms of the K matrix which
were neglected in Sec. IIIB 1. It is easy to predict
the behavior of 0, in any channel for those cases
where a prediagonalization of the resonant states
concerned is possible. This prediagonalization pro-
vides n new states to which we give the new label /
to indicate that, although a configuration designa-
tion is often not applicable, each new / resonant
state decays into a |/;E) new continuum which
has no overlap with the others; in fact, these new
continua |/, E) are obtained as the result of the
same prediagonalization, since the diagonalized in-
teraction is the same as for the discrete states. The
formulas of Sec. III B 1 may be applied to these
prediagonalized resonant states and continua, and
since the observable channels may be considered as
linear combinations of these new continua (without
any overlap with each other), we can expect that
the major effect of the off-diagonal coupling terms
of the K matrix consists in shifting and intensify-
ing these extra structures due to neighboring reso-
nances which interchannel interactions let appear
in each channel. A unified treatment, as developed
by Fano?? and derived from the multichannel
quantum-defect theory proposed by Seaton®® could
be of great help in such complex cases, but to my
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knowledge, it has only been applied so far to per-
turbed series approaching the first ionization lim-
its?* when autoionization of the inner core cannot
occur.

IV. GENERAL DISCUSSION
AND CONCLUSIONS

This study uses the time-independent multichan-
nel scattering theory in a way which follows the
configurational-interaction approach®® closely
enough to serve as a background of new models us-
ing recent computational approaches of both rela-
tivistic and nonrelativistic continuum wave func-
tions. This formalism has often been used in the
treatment of resonances near threshold,>>?¢ as well
for radiative as nonradiative processes,’’ with the
advantage of separating the nonresonant back-
ground contribution from the resonant one. The
present work shows the great interest of such a
treatment of the resonant Auger effect to the ex-
tent that it points out the importance of coupling
the direct autoionization and the Auger decay
channels when parametrizing the resonant behavior
of the photoemission cross sections in order to in-
terpret the core-level spectra, as observed in pho-
toelectron spectroscopy. In short, three parameters
a,(E), g, and Qg are necessary to determine the
behavior of any kind of photoabsorption process in
any channel y, in the neighborhood of a particular
n-resonant state; their values give much informa-
tion about the relative intensities of the decay into
the autoionization and Auger channels as well as
the importance of the coupling between these two
types of channels. Although there is no apparent
relationship between these relative intensities of de-
cay and the importance of the coupling between
the corresponding channels, two main classes may
be distinguished.

(1) a,(nE) taking complex values in all channels
corresponds to an important interchannel coupling
which leads to an asymmetric Fano profile for the
behavior of photoemission cross sections in both
autoionization and Auger channels; the g value
depends on both types of decay.

(2) a,(uE) becoming a real number in all chan-
nels means that the first-order interchannel effects
are negligible, and only the autoionization channels
may exhibit a pronounced asymmetry of the partial
cross section, whereas a nearly symmetric shape of
the resonance in an Auger channel gives evidence
of a very small Qﬁ (off-resonance dipole matrix
element). The limit case of a true Lorentzian line
corresponds to Qz rigorously zero and a infinite.

299

Within this category, small Qz’s may occur also
for autoionization channels and lead to a nearly
symmetric profile for all partial cross sections and
the photoabsorption spectrum. In all cases, the g
parameter of the total absorption profile is close to
the value obtained when disregarding the Auger
decay. Let us mention that all these conclusions
depend on the assumption that the various matrix
elements involved in both g and « are slowly vary-
ing in the proximity of the resonance.

It would be of great interest to know which
category the examples presented in this work be-
long to. Up to now, no fitting of experimental re-
sults has been achieved to determine simultaneous-
ly a(uE), g, and Qﬁ. Actually, such a fitting re-
quires to know the variation of individual partial
cross sections as a function of photon energy, and
generally, only the branching ratio of different
groups of photoelectrons is measured. Starace® has
shown that in the special case of only two groups
of photoelectrons, the branching ratio within a res-
onance depends on only two independent parame-
ters which are linear combinations of the various
a’s and Qﬁ’s, so that the latter cannot be deter-
mined directly. The present work should be an in-
ducement to experimentalists to determine the ab-
solute values of individual partial cross sections:
Work in that area of selective photoexcitation of
Auger electrons and exploration of the neighbor-
hood of thresholds and resonances has just begun
but deserves further expansion since it offers the
opportunity of disentangling the various processes
that occur during deexcitation of core vacancies.
To be significant, a fitting to theoretical results
would require to perform ab initio calculations of
partial cross sections with a model sophisticated
enough to take into account the interchannel cou-
pling. Such calculations are in progress for
copper® insofar as the observation® of weak off-
resonance satellites (shake-up satellites) is in favor
of a certain but weak coupling between autoioniza-
tion and Auger channels; as mentioned in Sec.
III A 2 above, neglecting this coupling would make
Q2 rigorously zero in all Auger channels. In other
words, copper corresponds to the first class defined
above, with both a(uE) and Qﬂ complex (Qﬁsﬁ())
in all channels u and these conclusions are in-
dependent of including or not the spin-orbit ef-
fects, since in copper, the transition is an allowed
one (i.e., 2§—2P) and the effect of spin-orbit in-
teractions is to induce a fine-structure splitting be-
tween the 2P;,, and *P, , final states. Actually
Fig. 1 which displays the absorption spectrum of
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FIG. 1. Absorption spectrum of Cu vapor obtained
by Bruhn et al. (Ref. 28): peaks 1 and 2 correspond,
respectively, to transitions 3p®3d'%s 2S,,, 3p3d'%4s?
(2P1/2 and 2P3/2 ).

Cu vapor obtained by Bruhn et al.?® shows that

the resonance 3p>3d'%4s? gives rise to two peaks
separated by the spin-orbit splitting of the 3p hole
which is not resolved in recent photoelectron spec-
troscopy measurements.’ By contrast, experimental-
ists* have observed no shake-up satellite away from
the resonance 4d° (2D ;) 6p below 4d thresholds of
Xe, whereas I pointed out in Sec. III A 2 above
that Qﬁ cannot be zero in a zero-order central field
model. This absence of shake-up satellites is in
agreement with the nearly Lorentzian shape of the
photoabsorption profile for this resonance (at 65
eV) which can be seen in Fig. 2, and for which
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663V ]
8[ A | E_..
I 7
A h o, Dy/3]
60 | | I -
Lo I i
Li— " l ’A‘ ],l\ /\ —
L ‘\ it \ )\ -
2_// N -
1 1 1 1 1
64 68 70
hv(eV)

FIG. 2. Absorption spectrum of Xe in the region of
the onset of the 4d transitions, in arbitrary units, after
Eberhardt et al. (Ref. 4): the resonance lines
4d°5s%5p®2Ds ,, D3, np are superimposed on a back-
ground of 5p- and 5s-electron excitations.

Ederer and Manalis*® found the parameter g very
large (g~200). In other words, although pho-
toelectron spectroscopy measurements* do not pro-
vide us with individual partial cross sections to be
parametrized, we can conclude that resonances lo-
cated below the D5, threshold of xenon belong to
the second class defined above, with both a(uE)
and Qf, real in all channels u (Qﬁ very small and a
very large). Like for copper, autoionization is
weak relatively to Auger decay, but in addition, the
effect of spin-orbit interactions which consists in
populating some forbidden transitions makes Qﬁ
weaker in the autoionization channels and leads to
a nearly symmetric profile in all the observable
channels. Also, Ss and 5p cross sections are vary-
ing so slowly in this region below 4d thresholds
that we cannot expect, in agreement with the K
matrix models,'"3° that coupling both autoioniza-
tion and Auger channels enhances substantially the
small dipole matrix elements in the Auger chan-
nels. According to Fig. 2, which displays the ab-
sorption spectrum below both 2D/, amd %D,
thresholds of xenon, the resonances which converge
into the 2D, limit appear to be more asymmetric
than the others, a remark which is in favor of a
larger participation of the allowed transition
'Sy—'P}, leading to @ smaller and Qp, not negligi-
ble in the autoionization channels.

The examples presented in this work, with the
purpose of illustrating the various events, do not
imply that these results and conclusions are valid
only in the ultraviolet energy range, when the sub-
shells concerned by excitation are not the inner
ones. Acutally, resonant Auger effect has been ob-
served recently in the x-ray range, below 2p thresh-
olds of xenon’!; in fact, even if autoionization is
often negligible relatively to Auger decay at these
high energies, the present work keeps its validity
for those cases of important spin-orbit effects,
whose illustration may be given by the M, 5 spec-
trum of lanthanum, extensively studied by several-
techniques®? and where the dominant features are
the 3ds,, 3,,—4f lines occuring below the 3d
thresholds, as shown in Fig. 3. While the
3d°4f 3D, excited state decays essentially via
Auger process and the corresponding 3ds,, —>4f
line is located below the M thresholds, the other
line (3d;,,—4f 'P,) is observed above it, which
means that the opening of a new channel into
which this 3d°4f 'P, resonant state decays via au-
toionization accounts for the extra broadening ob-
served when we compare the widths of the two
lines °D, and 'P, as well as the asymmetry of the
second line. This conclusion has been used recent-
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FIG. 3. Absorption spectrum of metallic La [after
Mariot and Karnatak (Ref. 34)]: MyMy are the origi-
nal thresholds from Mariot and Karnatak (Ref. 34), but
a more recent value for My, given by Kanski et al. (Ref.
32), is marked with a cross.

ly by Connerade and Karnatak®® to provide a rela-
tion between the breadths of the absorption lines
and the change of relative intensities from absorp-
tion to emission, as pointed out previously by
Mariot and Karnatak.** Although Connerade and
Karnatak®® obtain a pretty good agreement with
experiment** when assuming no interference be-
tween autoionization and Auger decay, photoelec-
tron spectroscopy measurements would be welcome
to confirm the relative importance of autoioniza-
tion and Auger decay and how each process is al-
tered by the other one. Also, ab initio calculations
of the a and Qg parameters would provide a test
of theoretical models for incorporating spin-orbit
effects and other relativistic interactions into atom-
ic collision computations relative to the ion La’*
(xenonlike configuration).

Returning to the other example (resonant state
3p33d'%4s? of Cu), for which I have shown the im-
portance of both autoionization and Auger decay, I
have anticipated that introducing the coupling of
all channels may make asymmetric the profile of
resonances in Auger channels, but a more dramatic
alteration must be expected for those elements
around Ag (or Au) which involve autoionization
into 4d (or 5d) ionization channels which exhibit a
sharp shape resonance. The latter remark should
be still valid for 5d excitations in actinides, where
5d —5f transitions produce resonant states below
and above O;50, thresholds, as confirmed by recent
photoemission experiments of Iwan et al.’* for
uranium metal, which point out the existence of
asymmetric satellites around the 5d thresholds. As
a conclusion, I want to stress the interest of the
present theoretical work for solid-state experimen-

talists*>3¢ who have observed either a giant reso-

nance enhancement of the primary lines or two-
electron resonant satellites accounted for recently
by atomic Auger processes, in many metals and
compounds, using synchrotron radiation and
photoemission techniques.

The author wishes to express her gratitude to
Professor U. Fano for a critical and enlightening
discussion about this manuscript before submitting
it and Dr. D. L. Ederer for stimulating discussions
during his one-year stay in Orsay.

APPENDIX

The particular case of only two channels uB (au-
toionization) and uC (Auger decay) has been treat-
ed independently by Wendin'® and Yafet® assum-
ing negligible interchannel interactions and
Q2C=O, so that the formulas obtained by these au-
thors for Q,p, Quc, 0up, and 0,¢ are particular
cases of (44), (54), (55), and (57) above, and are
easily written:

I" 3
0 uB g —1
= 14—
Qus=0up |1+ T, eti
(A1)
HCHB —1
=2 TpCTpB 4 —1 40 ,
QuC ™ Ft e+l-QpB
Ty o2 r _
0 |2 pB g°+1 pB €g—1
o, < 14+ 2
uB |QuB' rf 62+1 Ft 62+1

(A2)

Lupluc g2+1
R e (A3)
In this particular case which excludes any multi-
plet splitting, o, for the autoionization channel
depends on the real value a=T,5 /T, and since
Iy =C,p+T 4, we can point out that introducing
the Auger decay influences Qup and o,p via a
shorter lifetime of the resonant state. As for the
Lorentzian profile of the intensity in an Auger de-
cay channel, formula (A3) shows that it depends
also on ¢ via the relation

5T
—“BFZ—‘ﬁ=a(1_a) : (A4)
t
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Moreover, the addition of 0,5 and o,¢ leads to a
total absorption cross section o, according to the
following expression:

FMC FMB (q +€)?

0 |2
, (AS)
Oy IQFBI l—\‘ F' €2+1
which is identical to Fano’s formula,” with
Luc
Op |Q23 2 1,::
(A6)

T

pB

0, |Q23|2—‘—F s
t

and p’ the correlation coefficient such as

p =—=—r—t—=ap8 (A7)

is in agreement with the assumption that a low
value of p? shows that autoionization leads to dif-
ferent final states of the residual ion than direct
ionization. In other words, in the particular case
of only two channels, with the off-resonance tran-
sition matrix element Qf,c equal to zero, both the
asymmetric behavior of 0,5 and the Lorentzian
shape of 0, are determined by only three parame-
ters: a,p, QﬂB, and ¢g. Even in this case, it is
clear that the system remembers for a while how
the core hole was created and, in particular, what
photon energy was used so that its decay could not
be treated independently of the photoabsorption
process. Equivalent formulas have been obtained
by ./&berg27 in his general study of the decay of me-
tastable states.
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