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Photoionization cross section and resonance structure of atomic yttrium
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Many-body perturbation theory has been used to calculate the photoionization cross section of
neutral yttrium from threshold at 6.52 —100.0 eV. The resonance structure due to 4p excitations to
4d states has also been calculated. Hartree-Fock results are also presented for comparison.

I. INTRODUCTION

In the transition-metal elements there has been exten-
sive observation of very interesting resonance structure
due to 3p ~3d transitions. ' ' However, there have
been no comparable measurements published for atoms
with configuration 4p 4d Ss in the next row of the
Periodic Table, although data for the solid do exist. "
We would expect the resonance structure due to 4p ~4d
excitations in such elements to be at least as interesting
as that in the transition-metal elements. The measured
photoionization cross section for solid yttrium does
show a broad peak. " Recently the resonance structure
for atomic yttrium has been observed by Mansfield. '

In this paper we present a detailed calculation of the
photoionization cross section of the neutral yttrium
atom in the 4p Ss 4d( D) ground state for photon ener-
gies ranging from threshold at 6.52 —100.0 eV. The
effect of resonances due to 4p excitations is included.
The calculations were carried out in LS coupling, and
spin-orbit splitting effects and relativistic effects were not
considered. The effective single-particle potential intro-
duced by Qian et al. ' was used to calculate some of the
continuum channels. The calculations used many-body
perturbation theory (MBPT) (Refs. 14—16) and our
coupled-equations method' to account for interactions
between different channels in the final state. The
coupled-equations method is a technique in which the in-
tegral equations account for interaction to all orders be-
tween different channels with the same total L and S.
This is equivalent to the K-matrix method. ' Our final-
state channels only included those in which there is a
single excitation. Therefore our calculations do not
show double-electron-resonance structure.

Section II includes the theoretical details of our
method. We present results of the calculation in Sec.
III, and conclusions are contained in Sec. IV.

II. THEORY AND METHODS

In this work MBPT is used to calculate dipole length
and velocity transition matrix elements. We begin with
the Hamiltonian

H =Ho+He

where

Ho ——g
i =1

,'V,'—+—V—(r, )
7i

and

N N

Hc= g v;, —g V(r).

Atomic units are used throughout the paper. The
term U;J represents the Coulomb interaction between
electrons i and j. The single-particle potential V(r; ) ac-
counts for the average interaction of the ith electron
with the remaining N —1 electrons.

Dipole matrix elements are required to calculate pho-
toionization cross sections. The dipole length matrix
elements are given by

N

Zz(P kl=(Pf X z IIIP)
i =1

(4)

where go and gf are many-particle ground and excited
states. The final state gf results from the excitation of
an electron from the ground-state orbital p to the
excited-state orbital k. The dipole velocity form is ex-
pressed as

1
lV

Zv(p k)= 4o
EO —Ek l.

&
dz;

(5)

where Eo and Ek are energy eigenvalues corresponding
to 1lo and tjjf. The velocity and length forms are equal
for exact eigenstates of H.

The continuum kf and kp states of

4p 5s kf(F), 4p 5s kp(P),
4p 5s4d( D)kp( F), 4p Ss4d('D)kp( F),
4p Ss4d ( D) jcp ( D), 4p Ss4d ('D)kp( D),
4p 5s4d ( D)kp ( P), 4p Ss4d ('D)kp ( P)

were calculated in the respective Hartree-Fock poten-
tials. If the Hartree-Fock potential is used to calculate
the continuum kd states which results from the excita-
tion of an electron from the 4p subshell, one must cal-
culate eighteen different radial wave functions corre-
sponding to eighteen possible channels. However, a sin-
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FIG. 2. Partial photoionization cross sections in dipole
length (solid line) and dipole velocity (dashed line) formalism
for 4p'Ss'4d('D)~4p Ss'kf( F). The dense region of Ryd-
berg resonances which lies between 31.10 and 39.70 eV is not
shown.

(e)

FIG. 1. Figures contributing to the matrix element Z
(p~k). Dashed lines ending with a solid dot indicate matrix
elements of Z. The other dashed lines represent Coulomb in-
teractions. Figure 1(a) depicts the lowest-order dipole matrix
element for the transition p~k. Figure 1(b) shows a final-state
correlation to first order in H~ and Fig. 1(d) shows coupling
among three final-state channels. The ground-state correla-
tions to the first order in Hc are shown in Figs. 1(c) and 1(e).

VLs-=
z

2L+',
, XI &F Iz IG& I'

where

(6)

gle set of radial wave functions for kd states (due to
4p ~kd excitations) was calculated by using the effective
potential introduced by Qian et al. ' The effective
single-particle potential averaged over ML and Ms is
given by'

The state
I
G ) represents the LS-coupled ground state,

F) represents one of the final states of interest, and
I ) represents any channel which has the same orbital

angular momentum for the continuum electron. For ex-
ample, if

I
G ) and

I

F ) represent the ground state
4p Ssz4d( D) and the final state 4p Ss 4d( F)kd( F),
respectively, then states

I

I ) which contribute to the
sum in Eq. (7) are

4p '5s 4d ( F)kd ('F), 4p Ss 4d ( 'F)kd ('F),
4p Ss 4d( D)kd( F), 4p'Ss 4d('D)kd( F),
4p'Ss 4d ( P)kd( F), 4p Ss 4d('P)kd( F) .

The states
I

I ) differ among themselves only in having
different values of L,S for the 4p 4d(LS) coupling and
the state IF) is included in the sum over states II).
Equation (7) is only used to obtain the factors multiply-
ing direct and exchange terms in the potential VF. This

&F
i
ViI)&I iZ iG)
&F iziG& (7)

4ps5s 4d ( P S) P ~~

ASCF (eV)'
Corrected

threshold (eV)

TABLE I. Threshold energies for 4p ionization

C3

—10
C3

LLJ
CA

4ps5sz4dz( D)zp

4p ss Cd( F)
4p'ss'4d ('F)
4p 5s 4d( D)
4p'5s 4d('D)
4p'5s'4d ('P)
4p'5s'4d ('P)

31.72
33.53
33.44
33.44
30.72
38.20

32.85
34.69
34.54
34.54
31.83
39.17

'Difference between ionic core level and ground state 4p 5s 4d.
The calculated second-order excited-state correlations and es-

timated pair correlation energies among 4p and 4d electrons
were added to the ASCF value.
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FIG. 3. Partial photoionization cross sections in dipole
length (solid line) and dipole velocity (dashed line) formalism
for 4p 5& 4d ( D)~4p 5& kp ( P). The dense region of Ryd-
berg resonances which lies between 31.10 and 39.70 eV is not
shown.



36 PHOTOIONIZATION CROSS SECTION AND RESONANCE. . . 3189

80

70

60

4
I

40

30

~25—
C)
'=

20

I

I

3
I

4

~30:—
C3
CL

20

15

10

10

0
7 19 23 27 31

PHOTON ENERGY (eV)
35 39 43

0 L
7 19

I

23 27 31
PHOTON ENERGY (eV)

39 43

FIG. 4. Hartree-Fock and correlated 4d total cross sections.
HFL and HFV are Hartree-Fock length and velocity cross sec-
tions, respectively. CRL and CRV are correlated length and
velocity cross sections, respectively. The dense region of Ryd-
berg resonances which lies between 31.10 and 39.70 eV is not
shown. The numbered resonances are given in Table III.

FIG. 5. The correlated 5s total cross sections in dipole
length (solid line) and dipole velocity (dashed line) formalism.
The dense region of Rydberg resonances which lies between
31.10 and 39.70 eV is not shown. Only the 4p 5s 4d ( F) D
resonance at 32.00 eV is shown. The numbered resonances are
given in Table III.

TABLE II. Comparison of length and velocity 4d photoion-
ization cross sections at higher energies. The tota1 cross sec-
tion (the sum of 4p 5s'kf and 4p 5s'kp partial cross sections)
is given in megabarns. The symbols L and V refer to len theng
and velocity formalism.

a) (eV)
Hartree Fock
L V

Coupled equations
L V

224.22
496.34
877.30

1965.76

0.029 60
0.006 76
0.001 80
0.000 13

0.025 43
0.006 07
0.001 47
0.000 14

0.041 73
0.007 17
0.002 08
0.000 16

0.046 68
0.007 43
0.001 98
0.000 16

potential is discussed in more detail in Ref. 13, where it
was shown to be very useful in accounting for final-state
interactions for chlorine. A similar potential was used
to calculate ks states which also result from the excita-
tion of an electron from the ground-state orbital 4p. The
use of Vrs,„of Eq. (6) includes the effects of final-state
interactions in an approximate way between channels
which involve the same angular momentum of the con-
tinuum electron and excitation of a bound orbital
from the same subshell. Radial 4d orbitals were
calculated both in the ground state and in the
self-consistent Hartree-Fock approximation of excited
cores 4ps5s~4d~(3F), 4p55s~4d ( P) 4 '5s 4d ('D),
4p 5s 4d ('G), and 4p 5s 4d ('S). The overlaps be-
tween 4d and kd (nd) states were taken into account.

The diagrams contributing to Z(p~k) are shown in
Fig. 1. The exchange diagrams are not shown but were
included. Figure 1(a) depicts the lowest-order dipole
matrix element for the transition p~k. Figure 1(b)
shows a Anal-state correlation to first order in H& in
which excitation q~k' are coupled to the p~k excita-
tions and Fig. 1(d) shows coupling among three final-
state channels, namely, p, q, and r. The ground-state
correlations to first order in Hc are shown in diagrams
1(c) and 1(e). Figure 1(e) does not contribute for closed-

TABLE III. Positions of 4p ~4d resonances.

Line No. '

1

2
3
3
3

4
4
5

Resonance

4p'Ss'4d'('P) D
4p'5s 4d ('D)'F
4p 5$ 4d ('D) P
4p 5s 4d ( G) F
4p'5s 4d ('D) D
4p 5s4d(P)P

4p'5s 4d ( I'") I'
4p'5s 4d ('F) D

Position (eV)

24.65
26.20
27.50
27.80
27.80
29.40
29.40
29.70
32.00

'These numbers are used to identify resonances shown in Figs.
4, 5, and 7.
The positions above the ground state 4p 5s 4d were calculated

by adding the second-order excited-state correlations and es-
timated pair correlation energies among 4p and 4d electrons to
the bSCF values.

shell atoms, but does contribute for open-shell atoms
when r represents an open subshell (for example, 4d sub-
shell in yttrium). More details about Figs. 1(a)—1(e) may
be found in previous papers. ' '

The coupled-equations method' was used to couple
the interactions between all possible single-particle exci-
tation channels to all orders in perturbation theory.
When we coupled the interactions between channels
which result from 4p~nd, kd (or 4p~n ks)sexcita-
tions, for the intrachannel couplings, the differences be-
tween the effective potentials of Eq. (6) and the channel
Hartree-Fock potentials were included in the coupled
equations. This ensures the cancellation of two-electron
(Coulomb) interactions between 4p Ss 4dkd and
4p 5s 4dk'd states, which belong to the same channel,
by interactions with the potential V(r; ) in Eq. (3). '

The photoionization threshold energies were taken
from experiment for 4d and 5s excitations. For 4p ex-
citations we determined the dift'erence of self-consistent-
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field Hartree-Fock calculations (hSCF), and we also es-
timated roughly the breaking of pair correlation ener-

24gies among 4p and 4d electrons when one 4p electron is
excited by using the corresponding correlations among
3p electrons calculated by Kelly and Ron. These
corrections were added to the ASCF values. As seen
from Table I, these effects contribute approximately 1 eV
to the ionization energy of a 4p electron. In our calcula-
tion, the only effect from such pair correlations is the
( —1 eV) shifts in ionization thresholds and resonances
and is not expected to affect the shape of the cross sec-
tion. These shifts appear to bring the resonance posi-
tions into better agreement with those measured by
Mansfield. ' However, explicit calculation of correla-
tions in the 4p subshell would be useful, and we plan to
undertake this project in the future.

80

7 iA

FIG. 6. The correlated 4p total cross sections in dipole
length formalism. The velocity results are very close to the
length results. The dense region of Rydberg resonances which
lies between 31.10 and 39.70 eV is not shown. Note that the
cross section begins at 31.10 eV and the effects of Rydberg res-
onances at threshold can be seen.

We show our results for the 4p Ss kf cross sections in
both dipole length and velocity approximations in Fig. 2.
Near threshold (6.53 —6.8 eV) there are excitations
Ss ~np (n ) 5) which are degenerate with 4d ~kf exci-
tations and give rise to resonances. (The threshold ener-
gies corresponding to 4p 5s4d ( D) and 4p 5s4d ('D)
ionic cores are 6.67 and 6.94 eV, respectively. ) Howev-
er, the overall effect from these is weak and not shown.
The cross section, which has a maximum at 8.0 eV,
gradually decreases and then begins to increase due to
4p ~4d resonances. The peak at 26 20 eV is due
to the resonance 4p 5s 4d~4p Ss 4d ('D) F. The
resonances due to 4p Ss 4d~4p Ss 4d ('G) F and
4p65s 4d~4p 5s 4d ( F) F excitations have peaks at
27.80 and 29.70 eV. These three peaks in Mb are
7.36 (6.89), 37.95 (38.94), and 154.47 (152.10) in length
(velocity) form. Other large resonances are
4p Ss 4d( P)Sd( F) and 4p Ss 4d( F)6s( F) both at
30.50 eV and 4p Ss 4d( P)6d( F) at 31.10 eV. In the
range 31.0—39.70 eV we find resonances due to 4p~nd
(n ) 5) and 4p ~ns (n )6) excitations which are degen-
erate in energy with 4d ~kf excitations. Since our
main purpose is to investigate the resonance structure
due to 4p~4d excitations we do not show all the reso-
nances due to 4p ~nd, ns excitations.

We present our results for 4p 5s kp length and veloci-
ty cross sections in Fig. 3. These are much smaller than
the 4p Ss kf cross sections. The resonance at 27.50 eV
is 4p Ss 4d ('D) P. Both 4p 5s 4d ( P) P and
4p 5s 4d ('S) P resonances peak at 29.40 eV. These
two peaks, in length (velocity), are 66.98 Mb (61.40 Mb)
and 285.18 Mb (254.06 Mb) respectively. Other reso-
nances of interest are 4p 5s 4d( P)5d( P) at 30.80 eV
and 4p Ss 4d( P)7s( P) at 31.10 eV. The
4p 5s 4d( P)6s( P) resonance lies over the 4p~4d res-
onances at 29.40 eV. Note that we have shown only the
lower Rydberg resonances.

Our total 4d cross section for both length and velocity
is given in Fig. 4 along with Hartree-Fock results. The
discrepancy between length and velocity forms near
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FIG. 7. The correlated total cross sections (sum of 4d, 5s,
and 4p cross sections) in dipole length (solid line) and dipole
velocity (dashed line) formalism. The dense region of Rydberg
resonances which lies between 31.10 and 39.70 eV is not
shown. Only the 4p Ss 4d ( F) D resonance at 32.00 eV is
shown. The numbered resonances are given in Table III.
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FIG. 8. The correlated total cross sections (sum of 4d, 5s,
and 4p cross sections) in dipole length (solid line) and dipole
velocity (dashed line) formalism in the region from 39.70 to
100.0 eV.
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TABLE IV. Angular asymmetry parameter P for the total
4d cross section. The symbols L and V refer to length and ve-

locity formalism.
UJ

W

o

CL

co (eV)
Hartree Fock
L V

Coupled equations
L V

R p I

-1
7

I

11 15 19 23 27 31 35 59 43
PHOTON ENERGY leV)

FICx. 9. Angular asymmetry parameter p for
4p Ss 4d~4p Ss kf, kp excitations in the length formalism.
The Hartree-Fock result is shown by the dashed line and the
solid line is the correlated results. The dense region of Ryd-
berg resonances which lies between 31.10 and 39.70 eV is not
shown for the correlated result.

threshold could possibly be reduced by higher-order
effects. We note the strong effect of the 4p~4d reso-
nances. The dense region of Rydberg resonances which
lies between 31.10 and 39.70 eV is not shown. There is a
considerable effect on the partial cross sections discussed
above due to the ground-state correlation diagrams of
Fig. 1(c) and 1(e) with p =4d, k =kf (or kp) and

q =4p, k ' =4d. The tabulated 4p edges are given in
Table I. In Table II we present numerical values for
length and velocity results at higher energies. The
difference between correlated cross sections and lowest-
order (Hartree-Fock) cross sections becomes small at
higher energies.

In Fig. 5 we present our total 5s cross section. Again
there is a large effect due to the 4p~4d resonances.
The tabulated positions of these resonances are given in
Table III. Only the 4p Ss 4d ( F) D resonance is shown
in the dense region of Rydberg resonances. The cross
section is small in the region beyond 39.70 eV. In Fig. 6
we show the total 4p cross section. Since length and ve-
locity results are very close, only the length result is
shown. The partial cross sections of 4p'5s 4dkd and
4p Ss 4dks were added to obtain the total 4p cross sec-
tion shown in Fig. 6. There are 24 partial cross sections
when all possible I.S couplings for the ion 4p 5s 4d are
considered. The final states including the continuum
electron are F, D, and P. The threshold energies for
4p excitations are spread over the range 31.80—39.20 eV
(Table I). In this region there are bound excitations
4p~nd, ms (n )S,m )6) of a given channel which are
degenerate with continuum 4p ~kd, ks excitations of
other channels and give rise to resonances. These Ryd-
berg resonances are not shown. In the region beyond
39.70 eV the total 4p cross section is larger than both
the total 4d cross section and the total 5s cross section.

In Fig. 7 the total cross section (sum of 4p, 4d, and Ss
cross sections) is presented. The resonances are the
same as those shown in Fig. 5. The cross section in the
region from 31.10 to 39.70 eV which is crowded with
Rydberg resonances is not shown. In Fig. 8 we show the
total cross section in the region from 39.70 to 100.00 eV.

6.80
8.70
9.90

15.23
13.00
41.35

224.22
496.34
877.29

1965.76

0.5184
1.0653
1.1529
1 ~ 1371
0.8351
0.0970
0.5692
0.2353
0.2371
0.4591

0.4999
1.0707
1 ~ 1537
1.1225
0.8541
0.1209
0.5641
0.2134
0.2217
0.4479

0.5163
1.4021
1.4813
1.3903
0.8435
0.7547
0.6878
0.2758
0.1660
0.3502

0.5277
1.4389
1.5101
1.5288
0.7886
0.6445
0.6340
0.2393
0.1618
0.3515

The cross section is dominated by the total 4p cross sec-
tion in this region.

In Fig. 9 we present the angular asymmetry parameter
P in length form for the total 4d cross section. Length
form results are given both in the Hartree-Fock approxi-
mation and including correlations. The velocity results
are very close to the length results. The tabulated re-
sults for the p parameter are given in Table IV. The p
parameter shows the resonance structure due to 4p ~4d
excitations. The resonance structure appearing between
31.10 and 39.70 eV is the Rydberg series due to
4p ~nd, ns excitations.

IV. DISCUSSION AND CONCLUSION

We thank the U.S. National Science Foundation for
support of this work. We also thank Dr. S. Salomonson,
Dr. S. L. Carter, and Mr. Cheng Pan for helpful discus-
sions.

We have used many-body perturbation theory to cal-
culate the photoionization cross section of neutral yttri-
um. By including correlations both in the ground state
and in the final state we have found good agreement be-
tween length and velocity calculations The calculations
predict prominent resonance structure due to 4p~4d
excitations both in the 4d and 5s cross sections. The po-
sitions of the 4p~4d resonances were calculated ap-
proximately and may be changed when the higher-order
excitation energies and other pair correlation energies
among 4p and 4d electrons are included more accurately.
The only available solid-state experimental result"
shows a broad peak in the region of 4p ~4d atomic exci-
tations, but appears to extend to higher energies than
the resonances calculated in this work. Very recent data
on the atomic vapor by Mansfield' give qualitative sup-
port to the calculations.

Our present correlated result at threshold could be im-
proved by including additional second-order (in Hc )

correlations as was done for other atoms. An im-
proved future calculation should include core polariza-
tion, relaxation, spin-orbit splitting, and double electron
resonances.
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