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Quantitative assessment of the ~nany-bofiy interactions in the I-shell photoio»»tion of argon
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The individual effect of the ground-state configuration interaction and the final-state intershell and
interchannel interactions to the photoionization of the 3s and 3p electrons is studied in the vicinity of their
respective Cooper minima. Channels of configurations corresponding to these many-body interactions are
included in our study by extending a recently developed theory of atomic transitions. Our calculation has
successfully removed the quantitative disagreement between the experimental measurements and earlier
theoretical estimates.

I. INTRODUCTION

Recent extensive theoretical studies of the
many-body effects in the photoabsorption of free
atoms have successfully accounted for the photo-
ionization cross sections in energy regions where
the ionization is dominated by one type of the
many-body interaction. Perhaps the best known
example is the photoionization of the SP electrons
of Ar up to about 20 ev above the ionization thresh-
old. With modest computational effort, most of
the existing many-body methods' ' are capabl. e
of yielding quantitatively reliable cross sections by
including the dominating ground-state configura-
tion interactions (or, equivalently, the ground-
state correlation effect) between the 3P' and
SP4dd configurations.

However, when more than one many-body inter-
action of comparable importance contributes to
a given transition, detailed theoretical estimation
of each individual interaction would require
enormous numerical. efforts. This, in turn,
severely reduces the effectiveness of most of the
existing many-body methods. To carry out an
efficient calculation, most of these methods would
usually neglect the quantitative estimation and,
consequently, the physical interpretation, of
each individual many-body effect. In addition, to
minimize the computational effort, approxima-
tions are sometimes made at the expense of quan-
titative accuracy. These difficulties are demon-
strated in the theoretical studies of the photo-
ionization of the Ss electron of Ar near its ion-
ization threshold. ' ' While the importance of the
intershell interaction between the SP and 3s elec-
tons in this transition is clearly established by
these calculations, their detail. ed quantitative
estimations differ significantly. '

To examine the relative importance of various
many-body interactions in the photoionization
of atomic systems, it js necessary to carry out
a detailed calculation for each of the contributing

interactions which are of comparable importance
in a given energy region. In this paper, we re-
port the result of such a cal.culation for the photo-
ionization of the 3s and SP electrons of Ar in the
vicinity of their respective "Cooper" minima
(i.e., with photon energy between 30 and 70 eV).
The important many-body interactions in this
energy region include (i) the ground-state con-
figuration interactions associated with Ss'SP.',
3s'3p'dd, 3s'3p'ss and 3p'pp configurations, (ii)
the intershell interaction between the 3s-kP a~id
3P-ks or kd transitions, and (iii) the interchannel
interaction between the SP-ks and SP-kd tran-
sitions. We have studied each of these interactions
individually by employing a recently reformulated
many-body theory of atomic transition. ' '" In
Sec. II, we briefly outline the theoretical approach.
The reliability of this approach is demonstrated
by the excellent agreement between the present
calculation and the available experimental mea-
surements as shown in Secs. III and IV.

Perhaps of equal importance to the physical
interpretation provided by this theoretical ap-
proach is its potential applicability to other
problems of current interest. Among them, for
instance, is the systematic compilation of the
energy-research-related transition data of atomic
ions which is experimentally inaccessible at the
present time.

H. THEORY

For the 'P transition of the M-shell electrons
of Ar, the ground-state configuration interaction
and the final-state intershell and interchannel
interactions, as mentioned earl. ier, can be taken
into aeeount effectively by extending the. theoreti-
cal procedure given in Refs. 10 and 11. The
configurations relevant to the initial-state wave
function include Ss'Sp', Ss'Sp dd, Ss'Sp'ss and
PPSP', and their corresponding final-state con-
figurations are Ss'Sp'kd, Ss'Sp'ks, and SsSp k'p.
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The photoionization cross sections for the
el& - kl transition in the dipole-velocity and dipol. e-
length approximations are

(or l, ) equal to 0, 1, and 2, respectiveLy.
The single-particle radial functions g, and Q,

satisfy a set of coupled differential equations,

g =(16za/k)(k'+ez) '(5.29x10 ')')D I2 cm' (1) [H~&,~'& (r) —(e, + E)Jg, (r) =f,(p„4~, p, 4„p„r),
(5a)

0 =(4~a~/k)(k2+el)(5 29x10 9)2ID
I cmm, [H(.p).(r) —(eg, —E)]kg(r) =fg(ku, ep, 0p, e., 4.; r),

where El is the ionization energy of the nlrb elec-
tron in the rydberg unit, e is the fine-structure
constant, and k is the photoelectron momentum.
The transition amplitude D in Eqs. (1) and (2)
is given by

[H(~),(r) —(e~ + E)Jg, (r) f,((p„gp, Q~, g„, &p~; r),

[H~~I, (r) —(e~ —E)]Q,(r) =f,(g„Q~, g~, @„,g~; r),
(5d)

and

Dsp +Dpi' +Dps (3)
[H(",,)o(r) (s„—+ E)]6(r)=f,(y„y„y„,y„y„r),

Di, i =(3) '(-1)'[(2&+1)(2&.+1)J '

x [(&.i, ldll'i) (0 il—dl&. i, )J,

[H~&,,]~(r) —(e„-E)JQ~(r) =f~(g~, p„g„,p„p,; r),
(5f)

where d stands for the dipole operator and x„&,.
represents the ground-state single-particle
Hartree-Fock radial wave functions for the
3s(n=3, 1; =0) and 3p(n=3, E, =1) electrons. The
indices s, P, and d in Eq. (3) represent states
of orbital angular momentum quantum number l

vrhere &„and &» are the energy eigenvalues of
the single-particle Hartree-Fock orbitals 3s and
3P of Ar, and E is the photon energy.

The effective single-particle radial Hamiltonian
H ' for the 'P dipole transition from el~ to kl
is given by

Hf„, '. ~&(r)f&(r) =Hi (r)fi(r) —(1-Pi) l s(ill~'(& i, f~~r)ill~)& ~&(r)

k
+ Q (-t)'

( q ( {tllV'(x„„,x„fg r)ll&)A(~)),
i

(6)

(lllV'(a, k; r)III ) =(EIIC~'~ III )(l.llC+~ lll, )

x &'gf 5 f'
0

7 is the usual Hartree- Fock radial Hamiltonian. '3
'For the s and 8 states, the coupling function on

the right-hand side of Eqs. (5a)-(5d) takes the
form

and PI is the projection operator, i.e.,

&,=
I Ls&&ts I +12s&&2s I + I3s&&3s I,

~, = le»&e I l3~&&3~I,

(Ba)

(Bb)

h p

h' p'

p

SL p?

P~ =0. (Bc)

The matrix elements of C~~' are standard" and
FIG. l. Elementary interactions included in the coup-

ling functions f& in Eqs. (9) and (10).
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l k 1

ft (gilt g2l' i g3 p&g4l ig5l" i r) = (1 &s) g s 6aj, f 1 1 (~I IV (gl& x»~ r)I(1)x»(r)

l 1 l'
+-', (f IIV'(x...g2r, r)lll)x»(r)-

0 1 1
(&I(v'(x„,x», r)l(&')g2, (r)

. l l 0
+ k(&l IV'(g3r, x...r) Ill)x»(r)+, , , (f I IV'(g3r, «», r) i(0)x..(r)
+-', (l ((V'(x, , g4,-; r)((1)x, (r)

lkl"
+ g. . . (&Ilv'(x», x», r)ll&")g4r (r)

f 1 1
(f((v"{g5,-, „; )I(1) .,(

For the P state, the coupling function in Eqs. (5e) and (5f) is given by

1 1 0

f~(g 1~,g2~, g3~, g4„g5„.r) = (1 -P, ) I f — (1( I V'(g~, x», r) I (0)x»(r)

1
+ —,(1(Iv'(x», g2g,' r)((0)x„(r)—

1
+ —,(1(lv'(g3„,x, ; r) I(0)x„(r)+

1
+-,'(1 I Iv'(x», g4, ; r) I(o)x„(r)—,

1
+ —',(1l IV'(g5„«; r) I(0)x„(r)+

1 2

(1( I V'(x», x„;r) (12)g2, (r)

2 1
(lllv'(g3~, x„;r)(ll)x»(r)

1 0
(1(Iv"(x„,x„;r)(lo)g4, (r)

0 1

1 0 (1(lv'(g5„«„;r)lll)x (r) . (10)

Each individual coupling term in Eqs. (9) and (10)
can be identified with one of the four elementary
interactions which are represented diagrammat-
ically in Fig. 1. The dotted line represents the
Coulomb interaction, k and h' represent the oc-
cupied orbits in the initial state (i.e., Ss or 3p
Hartree-Fock orbit), and P and P' represent those
states described by the radial functions P, or Q, .
A more detailed description of similar inter-
actions is given in Ref. 10. The coupling func-
tions f„ f~, and f~ include all interactions per-
taining to a 'I' transition with h, h'=3s or 3p and

P,P'=g, or Q, . However, they do not include
those with I=h' and p =p', which have already
been included in the H" ' Hamiltonian. ' A
straightforward expansion of Eqs. (5a)-(5f) leads
to an infinite series of perturbation expansion
terms with multiple applications of these four
elementary interactions to infinite order.

The differential equations (5h-(5f) sre solved
with the boundary conditions

and

P, (r) and P, ( )„r;-r"',
y, (r) „„=o,

(1la)

(11b)

2 2 =k~ k3~ = E3P 63~ ~ (12)

where e» (= 15.76 eV) and e» (= 29.24 eV) are the

g, (r) „=A,sinlkr+ (q/k) ln(2kr) —,' fn+ 6,], —

(11c)

where the potential in which P, is calculated is
q/r as r approaches infinity. The solution is
normalized such that the coefficient A.

& equals
unity for the transition nl~ kl. For a more
realistic description of the final state of the tran-
sition, the energy values c~+E and c„+E in
Eqs. (5a), (5c), and (5e) are replaced by k» and

k3+ respectively. The photoe lectron momenta
k~ and k„of the ionized electrons from the SP
and 3s subshells are related by the equation
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ionization energies of the Sp and 3s subshell,
respectively. The numerical procedures employed
in the present calculation are given elsewhere, '"

With this theoretical approach, the effect of
each individual many-body interaction to the photo-
ionization can be examined by including the rele-
vant configurations in the initial and final state
of the transition at separate steps in a series of
calculations. The effect on the wave function can
be studied by comparing the radial function g& at
each of these steps. The effect on the transition
amplitude can be determined by examining the
individual contribution from terms given in Eqs.
(3) and (4). Finally, we should point out that un-
like other multiconfigurational calculations where
configurations of a given principal quantum number
are included individually, the infinite number of
configurations with the same orbital angular mo-
mentum quantum number are included in the
present approach as a single channel of con-
figurations.

III. PHOTOIONIZATION OF THE 3s ELECTRON OF ARGON

In a single-particle Hartree-Fock calculation,
the partial photoionization cross section for the
3s electron of Ar shows a smooth rise from the
ionization threshold. After it reaches a broad
maximum at about 60 eV, it levels off at higher
energies. However, when the intershell inter-
action associated with the 3P- kd transition is
taken into account, the qualitative feature of the
cross section near the threshold is .completely
reversed. The cross section, in fact, decreases
from the threshoM to a Cooper minimum at about
41 eV. This drastic change of the qualitative
feature was first pointed out by Amusia et al,.' in
a RPAE calculation and was subsequently con-
firmed by experimental measurements"'" as
well as other theoretical calculations. "

While the qualitative features of these theoret-
ical calculations are similar, their detailed
quantitative estimations differ- significantly.
Furthermore, these calculations agree quanti-
tatively with the experimental measurements
only in limited energy regions. This quantitative
difficulty, however, is not totally unexpected.
The presence of the Cooper minimum strongly
suggests that the transition amplitude is deter-
mined by the large cancellation of contributions
from more than one many-body interaction of
comparable importance in this energy region.
To resolve this difficulty, we have carried out a
calculation following the theoretical procedure
given in Sec. II.

To estimate the relative importance of each
individual many-body interaction, we have sep-
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FIG. 2. Partial photoionization cross section of the
3g electrons.

arated our calculation into three steps. First,
Eqs. (5a)-(5f) are solved by setting |t„, g„P~,
and Q, equal to zero. This is equivalent to a
calculation which includes only one configuration,
3s3p'kp, in the final state and two configurations,
3s'3P' and PP3P', in the initial state. The dif-
ference between the length and velocity calcula-
tion is found to be small. Curve L1 in Fig. 2
gives the result of the length calculation. In the
energy region of our interest, this cross section
does not differ much from the single-particle
Hartree-Fock calculation. We conclude that the
effect of the ground-state configuration interaction
is minimal in this transition.

In the second step, only t/r, and Q, are set equal.
to zero. Thus by including additional configura-
tions, Ss'Sp'kd in the final state and Ss~Sp4dd in
the initial state, our calculation is, in fact,
equivalent to the HPAE calculation of Amusia
et al.' The result of the length calculation is
given by the curve I 2 in Fig. 2. As expected,
it is in exceBent agreement with that of Amusia
et a/. Although our calculation shows that the
effect of the intershell interaction associated
with the SP-kd transition to the radial function g~
is negligible, its contribution to the transition
amplitude has completely changed its qualitative
feature. Near the threshold, the value of D~~,
with an opposite sign to that of D,&, is several
times larger than that of D,~. As photon energy
increases, the cancellation between D~ and D~~
becomes more complete and eventually the tran-
sition amplitude reaches zero at about 40 eV. At
even higher energy, the effect of the intershell
interaction from the 3P-kd transition diminishes
as energy increases.

Finally, we solve the complete set of coupled
equations (5a)-(5f) without any approximation.
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Curve L in Fig. 2 gives the result of the length
calculation. The addition of the intershell inter-
action from 3P ks transition has successfully
removed the quantitative disagreement between
the earlier theoretical estimations and the ex-
perimental measurements. Our calculation also
shows that the contribution from this intershell
interaction is significant at all energies of
interest.
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IV. PHOTOIONIZATION OF THE 3p ELECTRON OF ARGON —0.8

The photoionization of the 3P electrons has long
been viewed as a testing ground for new theoret-
ical approach to the atomic transition. The par-
tial photoionization cross section for the SP- kd
transition is strongly affected by the ground-
state configuration interaction between the
Hartree-Fock configuration (Ss'Sp') and a channel
of doubly excited configurations (Ss'SP~dd). The
detailed analysis of this interaction based on the
present theoretical approach was reported earli-
er.4 In the present calculation, we have limited
our attention to the photon energy in the vicinity
of the Cooper minimum (from 40 to 70 eV).

The nature of the Cooper minimum in the SP- kd
transition is quite different from that of the Ss-kP
transition. Instead of the cancellation between
contributions from D,~ and D~„, as in the 3s —kP
transition, the Cooper minimum in the SP-kd
transition results from the direct sign reversal
of the transition amplitude D~&. This change of
sign is due to the shift of the first node of the
radial function g~ to a smaller radius as energy
increases. This is shown in Fig. 3, where the
radial functions g~ are plotted at two photoelectron
momenta k =1.073 and 2.057. The radial wave
function of the Hartree-Fock SP orbit (dotted line)
is also given as reference.

Our calculation has shown that the effect of the
ground-state configuration interaction to the
radial function g, is also significant. For instance,
at k = 1.073, in a single-particle Hartree-Fock
calculation [i.e., except for g~, setting all P, and

Q, in Eqs. (5a)-(5f) equal to zero], the first node
of g~ is located at r =3.6a,. When the ground-
state configuration interaction is included [i.e.,
solving the coupled equations (5a) and (5b) by
setting all other g, and Q, equal to zero], the
first node of g„ is shifted to r =3.2a, . This shift
of g~ also leads to a large change of the transi-
tion amplitude in the length calculation. However,
in the velocity calculation, the change in the
matrix element (x»[d~g~) is almost totally com-
pensated by the contribution from the matrix
element (Q~[d[x»). The net change of the tran-
sition amplitude in the velocity calculation is

12
0

I I

0 (Qo)

FIG. 3. Badial function g& at @=1.073 and 4=2.057.

2.4,
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FIG. 4. Partial photoionization cross sections of the

3p electrons.

small. The effect of the intershell and inter-
channel interactions is, in general, less than 5%
in this energy region.

The final result of our calculation for the Sp-kd
transition is given in Fig. 4. The solid curves
I and V represent the length and vel.ocity calcula-
tion, respectively. The dotted curves L1 and V1
are the result of the single-particle Hartree-
Fock calculation.

In the 3P ks transition, the effect of the ground-
state configuration interaction between the con-
figurations Ss'3P' and Ss'3P'ss is small. The
effects due to the intershell interaction associated
with the Ss - kP transition and the interchannel.
interaction associated with the SP -kd transition
are small but noticeable. The transition ampli-
tude is increased by about 5%-8% due to each of
these two interactions. The net effect is about
a 20%-25% increase in the ionization cross section
in the energy region of our interest. The effect
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on the radial function g, due to any of these inter-
actions is negligible. The final result of our cal-
culation is also given in Fig. 4. The difference
between the length and velocity result on this scale
is indistinguishable.

V. CONCLUDING REMARKS

The present calculation has clearly demonstrated
the effectiveness of the many-body theoretical
approach which we developed in Refs. 10 and 11.
On the fundamental side, this approach provides
an unambiguous quantitative interpretation of
each individual many-body interaction in a compli-
cated atomic transition. On the practical side,
this approach is capable of yielding reliable quan-
titative atomic transition data. With its much
improved computational efficiency, this approach

can be extended readily to include additional
interactions as appropriate in a more complicated
physical process. Finally, from the close re-
semblance between Eqs. (5a)-(5f) and the Hartree-
Fock equation in the well-established self-con-
sistency Hart''ee-Pock procedure, we suggest
that the present theoretical approach, perhaps,
can also be established as a convenient procedure
for a quantitative estimation of an atomic transi-
tion, particularly for those nonspecialists who
are not familiar with the usual many-body theo-
retical methods.
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