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Using the many-body perturbation theory, we have calculated the photoionization cross section of 3p and 3d

subshells of the neutral manganese, and discussed the second-order ground-state correlation and random-phase approx-

imation correlations in detail. This is the �rst theoretical calculation for manganese as far as we know. Our calculated

results are more consistent with the experimental results than those given by other methods in the literature.
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1. Introduction

The photoionization cross section of manganese

has been the subject of many theoretical and experi-

mental studies. Compared with the series of 3d tran-

sitional metal, manganese provides a convenient test

for the photoionization dynamics because it has a half-

�lled 3d subshell and other �lled subshells, thus sim-

plifying theoretical calculations. It has a low vapor-

ization temperature, this also simpli�es experimen-

tal procedures. In 1989, Jim�enez-Mier et al
[1] com-

pleted a fairly elaborate experiment concerning the

absolute partial photoionization cross section and the

angular distribution parameter of 3d, 3p and 3s pho-

toelectrons in the energy range of 50{300eV. How-

ever, the theoretical calculations of 3d and 3p par-

tial cross sections[2] did not agree well with the ex-

perimental results. Recently, many-body perturba-

tion theory(MBPT) is widely used to calculate cross

sections of photoionization and resonance structure in

atoms and ions.[3�6] In this paper, our main goal is

to investigate the origin of the disagreement between

experimental and theoretical studies and give better

calculated results by using MBPT.

We present results for the 3d! kf cross section,

and the 3p and 3d partial cross sections of manganese

in a wide energy range. For each subshell, we �rst

consider the correlation from the lowest order to the

second order of ground-state correlation (GSC) and

random-phase approximation (RPA). Garvin et al
[7]

have calculated the 3p and 3d subshells of manganese,

but they did not include and analyse the second-order

correlations of GSC and RPA during the calculation.

2.Theory and method

Based on the electric-dipole approximation, the

atomic photoionization cross section is

�(!) =
4�!

c
Ima(!); (1)

where Ima(!) is the frequency-dependent polarizabil-

ity. Atomic units are used throughout this paper.

Using MBPT, we express Ima(!) in dipole matrix

elements as

ZL =

�
 f

����
NX
i=1

zi

���� 0

�
(length form); (2)

ZV = (E0�Ef)
�1

�
 f

����
NX
i=1

d

dzi

���� 0

�
(velocity form);

(3)
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where  0 and  f are the exact initial and �nal elec-

tric wavefunctions, and E0 and Ef are the exact en-

ergy eigenvalues of H corresponding to  0 and  f . In

the lowest order,  0 becomes the unperturbed ground

state �0, which is given by

H0�0 = E
(0)
0 �0; (4)

in which H0 =

NX
i=1

�
�
r2
i

2
�
Z

ri
+ V (ri)

�
(5)

and Hc =

NX
i<j=1

�ij �

NX
i=1

V (ri); (6)

where V (ri) accounts for the average interaction of

the ith electron with the remaining N � 1 electrons,

and Hc is the electron-correlation perturbation.

In the MBPT, dipole matrices ZL and ZV can be

represented by a series of diagrams, some of which are

shown in Fig.1.

||||||||||||||||||||||||||||
j

Fig.1. Brueckner{Goldstone diagrams contributing to the dipole matrix element of photoionization.

The dashed lines ending with a dot indicate the matrix elements of the dipole operator z (length

form) or d/dz (velocity form). The solid lines represent Coulomb interactions. The labels a, b, c

represent the ground-state orbitals and r, s and t represent the excited orbitals.

j||||||||||||||||||||||||||||

Figure 1(a) is the lowest-order contribution. The

�rst-order GSC and the �nal-state correlation(FSC)

are given by Figs.1(b) and 1(c) respectively. Fig-

ures 1(d){(f) represent the second-order GSC, and

Figs.1(g) and (h) are the second-order RPA. All these

diagrams are read from bottom to top corresponding

to right to left in
D
 f

���X zi

��� 0

E
. The expressions for

Figs.1(d) and (e) are

h�iarbsh�ibscthzict
("a � "r + "b � "s)("a � "r + "c � "t)

(7)

and

h�iarbsh�ibscthzict
("b � "s + "c � "t)("a � "r + "c � "t)

(8)

respectively, where a, b and c are core orbitals, and

r, s and t run over all the bound or continuum ex-

cited orbitals. Comparing with the formula for the

�rst-order GSC

h�iarcthzict
("a � "r + "c � "t)

; (9)

and factoring out the common part in Eqs.(7){(9), we

have
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=

�
h�iarct + (h�iarbsh�ibsct)

�
1

("a � "r + "b � "s)
+

1

("b � "s + "c � "t)

��
hzict

("a � "r + "c � "t)
: (10)

Thus, the second-order GSC can be treated to-

gether with the �rst-order GSC and can be taken as

if it were a correction to the Coulomb interaction of

the �rst-order GSC. The e�ect of these two diagrams

will be discussed in detail in section 3.

3.Results and discussion

The contribution to the cross section from the

single photoionization transitions of 1s! kl, 2s! kl,

2p! kl, and 3s! kl is very small, so we just con-

sider the main transition channels, such as 3p! kd,

3p! ks, 3d! kp, 3d! df, and 4s! kp in the second-

order GSC and RPA correlations. All the channels are

listed in Table 1. The ionization energies for 4s and

3d subshells are taken from Ref.[8] and other energy

values used in this work are adopted from Ref.[1]. In

this paper, ground-state orbits are calculated by using

the computer program MCHF77 of Froese Fischer.[9]

We adopt MARFUL and MYBOUND by Kelly to cal-

culate the continuum states and bound states respec-

tively.

Table 1. Transition channels and ionization energies.

Transition Abb. Ionization energy Ei/eV

3p63d54s2 !3d63d54s"p 4s! "p 7.434

3p63d54s2 !3d63d4(5D)4s2"f 3d! "f 14.299

3p63d54s2 !3d63d4(5D)4s2"p 3d! "p 14.299

3p63d54s2 !3d53d54s2"d 3p! "d 57.058

3p63d54s2 !3d53d54s2"s 3p! "s 73.899

We present the results in Fig.2 for the cross sec-

tion of the photoionization 3d! kf in both length

and velocity forms. In Fig.2 (a), we do not include

the second-order GSC and RPA correlations. We can

�nd that in the low-energy region, there is a large

discrepancy between the results of the length and ve-

locity forms. When the second-order GSC is added,

the results are modi�ed and excellent agreement be-

tween them is realized. From Eq.(10), the second-

order GSC can be treated together with the �rst-order

GSC and can be taken as if it were a correction to

the Coulomb interaction of the �rst-order GSC. Usu-

ally, the �rst-order GSC diagram of Fig.1(b) decreases

the magnitude of the velocity cross section so much

that the length-velocity discrepancy increases. When

the second-order GSC diagrams of Figs.1(d){(f) are

included, they moderate the overestimated e�ect by

Fig.1(b) and improve the length-velocity agreement

very much.

The photoionization cross section of 3p subshell

is shown in Fig.3 together with the experimental re-

sults of Jim�enez-Mier et al
[1] and theoretical result

of Yeh and Lindau.[2] In Ref.[1], a Cooper minimum

occurs at about 100eV. In contrast, Ref.[2] gives the

minimum at about 80eV. Our MBPT calculation gives

the minimum at 93.7eV, which is much closer to the

experimental results than other theoretical calcula-

tions. We �nd that there is a large discrepancy be-

tween our calculation and the experimental results[1]

in low-energy region. This is because the big reso-

nance 3p!3d gives a very strong interaction with the

photoionization 3p! kl. But we do not consider this

interaction in this paper, and we will calculate it in

our next work.
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Fig.2. The e�ect of the second-order GSC and RPA

correlations on the 3d! kf cross section. (a) The low-

est order; (b) adding the second-order GSC and RPA

correlation.

Fig.3. Partial cross section for the photoionization of

3p subshell. Theoretical calculations: solid line, this

work(MBPT); dot-dashed line, Ref.[2] (HS). Experi-

mental results: cross, from Ref.[1].

Fig.4. Partial cross section for the photoionization

of 3d subshell. Theoretical calculations: solid line,

this work(MBPT); dashed line, Ref.2(HS); dot-dashed

line, this work(MBPT only including the lowest order).

Experimental results: circle, Ref.[10]; and black dot,

Ref.[1].

In Fig.4, we present the results of the partial 3d

cross section. The solid line connects the HS results in

Ref.[2]. The other two experimental results are taken

from Refs.[1] and [9]. To gain the 3d partial cross

section, we add two channels of 3d! kf and 3d! kp.

In higher-energy regions, both theoretical calculations

are in excellent agreement with the experimental re-

sults. Our calculations are more suitable than the HS

results for lower photon energies. To show the e�ect

of RPA, we also give the lowest order of MBPT, which

gives almost the same results as those in Ref.[2].

The turning point on the line with circles near

58eV in Fig.4 is caused by the 3p!3d resonance, and

is replicated by our MBPT correctly, but we are not

going to discuss this structure here. This phenomenon

will be studied in detail in a future paper.

We can see that, because a single-particle descrip-

tion is used to generate core orbitals, the second-order

GSC diagrams should be included to correct the core

orbitals. We have found that the �rst-order GSC af-

fects the velocity form of cross sections strongly. With

incomplete GSC diagrams the length-velocity agree-

ment may not be achieved. Hence, the higher-order

GSC diagrams should be taken into account. We take

into account the second-order GSC for the photoion-

ization cross section and improve the length-velocity

agreement signi�cantly.
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4.Conclusion

The second-order GSC and RPA diagrams are in-

cluded in our calculation of photoionization cross sec-

tions for manganese. We take the screening e�ect pro-

duced by other electrons into account and modify the

strength of interaction between the involved electrons.

Our discussion for the second-order GSC and RPA

correlations is successful. Our calculation gives excel-

lent agreement between the length and velocity forms

of cross sections. For 3p partial cross sections, our

MBPT is more reasonable than other theoretical cal-

culations, and the location of Cooper minimum can be

compared with the experimental results. For 3d par-

tial cross sections, our calculations agree excellently

with the experimental results.

In conclusion, we have found that the second-

order GSC and RPA correlations play a key role in

calculating the partial cross sections, and MBPT is

still useful in dealing with the inner-shell photoioniza-

tion of neutral atoms.
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