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Relativistic photoionization cross sections for Qi
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The first measurement of highly resolved photoionization cross sections of the ground statevedsC
reported recently by Kjeldsegt al.[Astrophys. J524, L143(1999]. The observed resonance features showed
good agreement with the theoretical calculations in the close-coupling approxirh@tidiahar, Astrophys. J.

Suppl. Ser.101, 423 (1995]. However, there were several observed resonances that were missing in the
theoretical predictions. The earlier theoretical calculation was carried &8 toupling where the relativistic

effects were not included. Present paper reports photoionization cross sections including relativistic effects in
the Breit-PaulR-matrix (BPRM) approximation. The configuration interaction eigenfunction expansion for the
core ion Qi consists of 20 fine-structure levels dominated by the configurations fisf®sd to 1s22s3d.

Detailed features in the calculated cross sections exhibit the missing resonances due to fine structure. The
results provide a benchmark for the accuracy of BPRM photoionization cross sections, as needed for the recent
and ongoing experiments for high-resolution photoionization cross sections at synchrotron-radiation sources.

DOI: 10.1103/PhysRevA.65.052702 PACS nuntber32.80.Fb

[. INTRODUCTION carried out inLS coupling and did not consider the fine
structure. The motivation for the present work is to study
Although a large number of theoretical calculations forrelativistic effects in relation to the observed features using
photoionization cross sections have been carried out, the datde Breit-Pauli R-matrix (BPRM) method [7,2,8. The
have not yet been sufficiently calibrated against the new gerfnethod has been extended to a self-consistent treatment of
eration of high-resolution experiments. We refer, in particu-Photoionization and electron-ion recombinatiéag., [9]).
lar, to the calculations using the close-coupliRgmatrix The total recombination cross sections, derived from photo-
method extensively utilized in the Opacity Projé&P) [1], ioization cross sections, in an unified treatment have been
the Iron Project(IP) [2] and similar works that accurately extensively compared with measured recombination spectra
consider the numerous autoionizing resonances in cross sd& 10]. The recombination cross sections require total contri-
tions along interactingoverlapping Rydberg series. Most of butions from photoionization cross sections of all bound lev-
the vast amount of photoionization data computed under thels. The present work, on the other hand, focuses on indi-
OP, IP, and other works, is estimated to be accurate to 10¥idual features of photoionization cross sections of the fine-
20%. However, no detailed comparisons with experiment§tructure levels of the ground configuratios’2p of Cii, in
have been possible since photoionization cross sections wefdect comparision with measured cross sections.
not measured with equally detailed features. However, reso-
nances can now be finely resolved in recent experiments be- Il. THEORY AND CALCULATIONS
ing carried out with synchrotron-radiation sources in Refs. ) o )
[3-5]. Comparing the theoretical calculations with experi- 1he calculations for photoionization cross sections,§
ments is therefore of considerable current importance. Fufre carried out in the close-coupling approximation using the
thermore, the quality of experimental work is such as toBreit-Pauli R-matrix method in intermediate coupling.
clearly delineate the fine structure, necessitating the incluPhotoionization is described in terms of an eigenfunction
sion of relativistic effects in arab initio manner. In this €Xpansion over coupled levels of the residifalore” or
report we present such a comparison between theory and@fget’) ion. The total wave function of the
experiments in detail. (N+1)-electron ion is represented by the wave functions of

Carbon is one of the most cosmically abundant elementdhe N-electron core, multiplied by the wave function of the
and Cil is an important ion in astrophysical sources, such a®uter electron as follows:
the interstellar medium. Study of accurate features ofi€
of considerable interest and important for accurate spectral Py i ) s ;
analysis. In their merged ion-photon beam experiment, Ye(e+ion) AZ xition) 0'+; ¢ ®;(e+ion),
Kjeldsenet al.[3] measured the first detailed photoionization (2.7
cross sectionsdp;) of Cn with high accuracy. With the
synchrotron-radiation from an undulator, their measurement&herey; is the target wave function in a specific st&g; ;
exhibited highly resolved features of autoionizing resonancesr level Jmr; and 6; is the wave function for theN+1) th
in cross sections. The features agreed very well with thelectron in a channel IabelééiLi(Ji)a-rikizli(Jw); ki2 is its
results from close-coupling approximation using theincident kinetic energy;’s are the correlation functions of
R-matrix method[6]. However, the theoretical calculations the (N+ 1)-electron system that account for short-range cor-
did not include the relativistic effects and therefore did notrelation and the orthogonality between the continuum and
predict the observed fine structure features. bound orbitals. The complex resonant structures in photoion-
Extensive earlier works, such as the Opacity Project, weréation are included through channel couplings.
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TABLE |. Energy levels of Qi in the eigenfunction expansion Fryprrr T Ty Tt
of Ci1. The list of spectroscopic and correlation configurations, and B ]
the scaling parameten\j for each orbital are given as follows. 30 B ]
Spectroscopic: &, 2s2p, 2p?, 2s3s, 2s3p, 2s3d; correlation: | CO+hv->Cll+e i
2p3s, 2p3p, 2p3d, 3s3p, 3s3d, 2sds, 2s4p, 4s4p; \: B -
1.42(1s),1.4(2s),1.125(2%),1.(3s),1(3p), 1(3d), 3.3(4s),3(4p). 20 B 7

Level E (Ry) | () LS: 2s2p(*P°) ]

1 2s? 'Sy 0. 0 h

2 2s2p pg 0.47793 L J i

3 2s2p 3p¢ 0.4774 B u—J .

4 2s2p 3pg 0.4772 = L | | | f ]

1p0 | 1 L1 1 1 L1 14 I | 1 1 1

2 228p22p ggi 222:(7) %: 0 j T | T T T | LIS L L | 1T T :

7 2p? 3P, 1.2526 30— —

8 2p? 3P, 1.2523 | (b) BPRM: 25°2p(°P°) ]

9 2p? p, 1.3293 - .

10 2p2 180 1.6632 20 - =12 R1{ |IR2, R1, _

11 2s3s s, 2.1708 - -

12 2s3s sy 2.2524 o =3 ]

13 2s3p 1P2 2.3596 - R3, |

14 2s3p P9 2.3668 10— e 7

15 2s3p 3p¢ 2.3667 n ' i

16 2s3p 3pg 2.3666 -

17 2s3d 3Dy 2.4606 0 I I A I T A A

18 253d 3D2 2.4605 1.8 1.9 2 21 22 23

19 253d 3D 1 2.4605 Photon Energy (Ry)

20 2s3d D, 2.5195

FIG. 1. Photoionization cross sections, of the (a) ground
2s22p(?P°) state inLS coupling, and(b) levels 2PS, whereJ
=1/2 (solid curve and 3/2(dotted curve in BPRM intermediate
coupling, of ground configuration of IC

Relativistic effects are included through Breit-Pauli ap-
proximation in intermediate coupling. The Breit-Pauli
Hamiltonian, as adopted in the IP wdg], is _ . onally d g g
experiments. It is a computational emanding procedure
HIE\;IZIZ Hye it HRETH HmrlJr HY 1 (2.2 berc)ause of repeated comF[)Jutations ?//vith exceed?ngply fine en-
ergy bins to search and resolve the resonances. Many reso-
nances are sharp and narrow, and cannot be detected indi-
5 2 vidually in the experiment. The resonances are convolved

Hye1= 21 -V _r—i+ ,2>| W ' (2.3 with a Gaussian function of full width at half-maximum
J (FWHM) equal to the energy bandwidth of the monochrom-
and the additional terms represent the one-body mass corre@ter in the experiment.
tion term, the Darwin term, and the spin-orbit interaction
term, respectively.

whereH\. ; is the nonrelativistic Hamiltonian,

N+1 N+1

Present wave functions for ICare expressed by a 20- Ill. RESULTS AND DISCUSSIONS
level expansion of the core ion IC with configurations o ) ) .
2s2,252p,2p?,2s3s,253p,2s3d (the K shell is closed Photoionization cross sections are obtained for the fine-

(Table ). The Cii wave functions were obtained from Structure levels of the ground states’2p(*P3), 5y, and of
atomic structure calculations using a scaled Thomas-Fernie metastable state,s2p*(*Py, 3253 of Cii. The fine-
model in the codsUPERSTRUCTURH 11]. The spectroscopic Structure features are distinct when compared with those in
and correlation configurations, and the scaling parameters ikS coupling.op, for the ground state obtained in nonrelativ-
the Thomas-Fermi potential for the orbitals, are given inistic LS coupling are presented in Fig(al and in relativistic
Table I. The correlation term in Eq(2.1) considers BPRM approximation in Fig. (b), the solid curve for the
all possible (+1)-electron configurations up to °P3level and the dotted curve for the3,.
2p3,3s?,3p?,3d?,4s%,4p2, The relativisticop, for the levels?P$, and 2P3, show
The computations ofrp, are carried out using the pack- many overlapping resonances. The number of resonances is
age ofsPRM codes from the Iron Proje¢8]. The cross sec- considerably larger in the bottom panel than that for the
tions are computed with a very fine energy mesh in order tground ?P° state in theL S coupling in the top panel. Inclu-
delineate the detailed resonance structures as observed in tsien of relativistic effects in the BPRM approximation intro-
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duces more Rydberg series of resonances, belonging to th S R B B B
increased number of core ion thresholds through fine-g 2 ECU¥hv>Cll+e
structure splitting, in comparison with nonrelativisticS £ (@F, Theory
coupling calculations. For example, the LS terms of the
core ion Qi correspond to 20 fine-structure levels. Addi-
tional thresholds and associated resonances, allowed in inte
mediate coupling but not ihS coupling, have resulted in
more extensive resonances.

The first two resonances inp, in LS coupling[Fig. 1(a)]
belong to the Rydberg series of autoionizing states
252p(3P°)np(?D) and 22p(3P°)np(%S), respectively,
wheren=4. A Rydberg series may be identified by the quan-
tum defects. The effective quantum number numberf an
autoionizing state can be obtained from the quantum-defec 30
formula, v=2z/\/(E— E;, wherez is the ion chargeE is the
resonance energy, arteh is the threshold energy in Ryd-
bergs. Given thah= v+ u, the quantum defect is ~0.6
for ans electron,~0.4 for ap electron,~0.1 for ad elec-
tron, and so on. The above-mentioned two series of reso 0
nances are are allowed InS coupling and are common in
both panels of Fig. 1, denoted &2 andR3 series in the
BPRM op, [Fig. 1(b)]. Photoionization of the ground state 10
2s%2p(?P°) is allowed to the even parityS and D con-
tinua, but not to?P, in LS coupling. The autoionizing states
2s2p(3P°)np(?P) cannot decay via a radiationless transi-
tion to the Z2(!S)el continuum with the same symmetry
2P. However, all three Rydberg series of resonances,
2s2p(®P°)np(%S,%P,?D), converging on to the thresholds
of 2s2p(®P°) are allowed in relativistic intermediate cou-  FIG. 2. Photoionization cross sections, of Cii (a) detailed
pling (IC). The sharp, narroiR1 series of resonances in the with resonances of levelP$,, (solid) and 2P$,, (dotted of ground
BPRM cross sections in Fig. (H correspond to configuration 522s?2p, (b) the same cross sections convolved with
2s2p(®P°)np(?P) states. The channel couplings for the monochrometer bandwidth of the experimefd) experimentally
=1/2 level mixes?S,,, with a component ofP,,,, and for ~ measured cross sections by Kjeldsenal, (d) convolved cross
the J=3/2 level mixes2D 4, with 2P, through IC, and thus ~ sections of excited levelss2p?(*P;), J=1/2 (solid), J=3/2 (dot-
enable the symmetr§P to autoionize. Indirect decay ttP  ted, J=5/2 (dasheql
continuum via radiative decay first to, for example,
2s2p(3P°)3d(?P) state followed by autoionization is pos- 1.78 793 eV compared to the measured value 1.7916 eV. Cal-
sible, but not likely to be significariB]. culated cross sections have been slightly shifted to the mea-

The R4 series of resonances in Fig.(bl, which  sured ionization thresholds to compare with the experime-
could be identified as the combination of statesnally measuredrp,, as shown in Fig. 2.
2s2p(*P°)np(?D,%P,?S), are also commofexcept for the Figure 2a), presents the total detailed calculated cross
?P component to both panels in Fig. 1. These resonancessections of the levelgP$), 5/, (solid and dotted curves, re-
are weak, especially im.S coupling calculations, partially spectively, while Fig. Ab) presents the convolvedp, on
due to coarser energy mesh in the previous work. Our identhe eV scale. Fig. @) presents the measured cross sections
tification of this series differs from that of Kjeldsen al.[3]. [3]. Very good agreement is seen, in general, in resonance
This series was not observed in the experiment. Additionaeatures between the calculatiofsig. 2(b)] and the mea-
series of resonances are introduced starting from the fourtsurementgFig. 2(c)]. The resonance peaks are also in good
complex, which overlap with other complexes. Small shiftsagreement in the first three resonance complexes. However,
in the energies of resonances seen in the upper and lowebme differences are noted for the higher complexes. Peaks
panels of Fig. 1 are due to statistical averagind-8fterm  of some calculated resonances at higher energies are higher
energies over their fine-structure components. than the measured ones. The peaks may be reduced by radia-

The BPRM photoionization cross sections are comparedve decays or the process of dielectronic recombination. The
with the measured cross sections by Kjeldsairal. after  peak values were checked by including the radiation damp-
convolution of the calculated resonances with a Gaussiammg effect, with no significant reduction. This is expected for
distribution function of FWHM of 35 meV, the monochrom- a low-charge carbon ion since the radiative decay rates of the
eter bandwidth of the experiment. The calculated ionizatiorexcited core thresholds{(10%,10° sec'!) are several orders
energy for the’P$,, ground level is 1.7885 eV, compared to of magnitude lower than typical autoionization rate
the measured energy of 1.7921 eV; for thej, level itis  (=10"1* sec’!), thus causing very little damping. How-

log,(Gpp (M
f=1
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30 o 7 T T the resonances to belong mainlyrtd series, i.e., to pnd
Cl+hv->Clll+e (n=7,8,...) rather than tons series, since the transition
(a) LS: 22p°C°P) rates to the highel are usually more dominant. However,
transitions to 32pns states are also possible. These ob-
served resonances are seen in the BP&\. However the
convolved resonance peaks are relatively lower, except for
the first one, compared to observations. Resonances in this
energy region are extremely narrow; further resolution could
conceivably have improved agreement with the measured
ones.
Photoionization cross sections ®P state inLS coupling
are presented in Fig.(& (top panel for comparison. No
cross sections can be seen below the threshold at 1.872 Ry,
photoionizing to 22p(3P°) state of ClIl. However, in the
op, for the fine-structure IeveI§Pl,2,3,2'5,2, shown sepa-
rately as solid, dotted, and dashed curves in Fig. 3, extensive
narrow resonances are seen below this threshold with almost
no background. The ionization thresholds for these levels lie
at about 1.4 Ry(pointed by arrow in the figude and each
level exhibits presence of a near threshold resonance.
As explained above, these resonances are allowed by
relativistic mixing of states through IC. For example, IC
allows J7=1/2 and 3/2 levels of autoionizing states
2s2p(3P°)nd(*D®) to decay toJ7=1/2° and 3/2 of con-
3 tinuum 25?(1S) ep(?PO) via radiationless transitions. As we
are mainly interested in the energy region corresponding to
photoionization of the ground state ofliC resonances in
Photon Energy (Ry) photoionization of the level3=1/2,3/2,5/2 are resolved with
a much finer energy mesh from1.75 Ry to about 1.87 Ry,
FIG. 3. Photoionization cross sections of the first eXCitedand are convolved with the same monochrometer bandwidth

2s2p?(“P) state of Qi (a) in LS coupling, (b) of levels () 3 of 35 meV and are presented in FigldR for comparison
=1/2, (i) J=3/2, and(iii) J=5/2 in BPRM approximation. The with the measured cross sections.
arrow points to the ionization threshold for the fine-structure levels.

20

10

Gp(Mb)
(=

. . . IV. CONCLUSION
ever, some explanation can be given for the differences. Al-

though Gaussian averaging of resonances has shown goodWe have demonstrated that the theoretical fine structure
agreement with the measured cross sections, as carried outphotoionization cross sections account for nearly all experi-
the present case and shown by the experimental gi8lyp mentally observed features that may not be obtained in the
the distribution may not be adequate throughout the energgonrelativistic LS coupling calculations. The relativistic
range. The same FWHM may not remain constant with enBPRM o, of the ground 222p(?P°) state and the first
ergies. A convolved peak can be flatteneed with a largeexcited 22p?(*P) state of Qi reveal the fine structure ob-
bandwidth. Also, resonances become narrower and denser ssrved in the experimefi] and are in very good agreement.
the energy approaches the convergent threshold, requiring@onvolution of detailed resonances may result in some varia-
narrower bandwidth monochrometer for finer resolution. Totions of peaks depending on the monochrometer bandwidth,
see the structures at higher energies near the highesst Cchoice of energy distribution function, and resolution of
threshold, the calculated resonances beyond 30.2 eV are coresonances.
volved with a narrower FWHM, and hence seem sharper Similar to the experimental work by Kjeldsest al. [3],
than the measured cross sections. Phaneufet al. [12] plan collaborative measurements om C
Photoionization cross sections of the three fine-structurevith the Aarhus group at higher resolutions using a different
levels,J=1/2,3/2, and 5/2, of the first excitednetastable  setup at the AL§Advance Light Source Cross-section val-
state 32p?(*P) of Cu are presented in Figs(® and 3. ues from the present work are available electronically for
Figure 2d) presents the convolved cross sections for excite@omparison with other experiments.
252p?(*P;) levels in a small energy region, from 24.2 eV to
about 25.5 eV, while Fig. 3 presents the detailed cross sec-
tions over a wider range of energy. Kjeldsetnal. [3] found
a few resonances from photoionization t® levels in the This work was partially supported by the National Sci-
near threshold energy region &P° photoionization, indicat- ence Foundation and the NASA Astrophysical Theory Pro-
ing the presence of a mixture 6P° and *P statesinthe @  gram. The computational work was carried out at the Ohio
experimental beam in the low-energy region. They identifiedSupercomputer Center.
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