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Photoabsorption of Mg above the 3p threshold
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We present the results of a joint experimental and theoretical study on theabsolutephotoabsorption cross
sections from the ground state leading to resonance structures between the Mg1 3p 2P and Mg1 4s 2S
thresholds. Theabsolutecross sections are determined by measuring the light attenuation through a heatpipe
using the synchrotron radiation. The observed spectra are compared and analyzed with the help of aB-spline
based multichannelK-matrix calculation. Ahidden3d4p 1P resonance missing from the observed spectrum is
examined in detail. In addition, a nearly degenerate overlap between 3d5 f and 4s8p 1P resonances near 77.6
nm is carefully analyzed.
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I. INTRODUCTION

It is well known that at an energy between the first a
second ionization thresholds, the spectra of a light alkali
earth atom are dominated by two strongly energy-depen
doubly excited asymmetric autoionization series, one br
and one narrow in width, due to the simultaneous chang
electronic orbitals of two outer electrons in a doub
excitation process@1,2#. In contrast, at an energy above th
second ionization threshold, the width of a doubly excit
resonance is usually substantially broader than the nar
resonances below the second ionization threshold, in part
to the presence of more than one ionization pathways. M
over, the resonance profiles for the overlapping doubly
cited autoionization series are expected to be less reg
primarily due to the interference between transitions i
multiple ionization channels.

Figure 1 shows schematically the three overlapping d
bly excited autoionization series, i.e., 4snp, 3dnp, and
3dn f 1P between the Mg1 3p 2P and Mg1 4s 2S thresh-
olds. The three groups of vertical dotted lines represent
three ionization channels, i.e., 3sep above the 3s threshold
and 3pes/3ped above the 3p threshold. The theoretical c
culation presented in this paper includes explicitly all thr
ionization channels using a recently developedB-spline
based multichannel K-matrix~BSK! method@4#. The experi-
ment setup and procedures leading to absolute cross se
measurement are outlined in Sec. II. The physical interpr
tion presented in Sec. III is supported by a close agreem
between theory and experiment and derived from anal
based on the BSK calculation.

II. EXPERIMENT

The instrumental setup of the photoabsorption exp
ment, shown schematically in Fig. 2, is similar to the o
detailed in Ref.@5#, except for the LiF windows that ar
replaced by differential pumping systems. Vacuum gau
data read from several positions along the heatpipe as
that the experimental system works as if the metal vapo
confined by a buffer gas window that has in fact kept
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heatpipe gas locked. This windowless system also keeps
monochromator along the synchrotron beam line under
optimal vacuum. The column density of the metal vapor
determined from the temperature distribution profile alo
the heatpipe, measured using 25 k-type thermocoup
shown in Fig. 3. A nearly constant temperature profile o
tained in the present experiment has significantly reduced
uncertainty in column density. The column densitynL mea-
sured in the windowless system in the present experimen
also consistent with the ones derived from the ideal gas
lation by measuring simultaneously the temperature pro
and the total pressure in the heatpipe furnace with a
window at a longer wavelength from previous experime
@5,6#. Our estimated total uncertainty for the windowless s
tem is about 25%, which is noticeably worse than the 13
for the window system. However, it still compares favorab
to a typical 30% estimated error for spectra in other ear

FIG. 1. Energy diagram for one photon photoabsorption fr
the ground state of Mg to the doubly excited1P resonances. The
vertical dotted lines represent the continua above their respec
ionization thresholds. The Mg1 3p 2P and Mg1 4s 2S thresholds
are 102.7 nm and 76.06 nm, respectively, above the Mg gro
state@3#.
©2001 The American Physical Society16-1



a.
ia

gh
s
.0

e

tiv
e

-
l
n

n
s-
-

sy

i

e

orp-
ions

om

FUNG, WU, YIH, FANG, AND CHANG PHYSICAL REVIEW A64 052716
measurements using the quoted metal vapor density dat
The synchrotron radiation source at Synchrotron Rad

tion Research Center~SRRC! in Hsinchu, Taiwan is em-
ployed as the continuum background. The transmitted li
was detected by a channeltron shown in Fig. 2. The e
mated spectral bandwidth of the monochromator was 0
nm. The absolute photoabsorption cross sections~l! at a
wavelengthl is determined using the Beer-Lambert law

I ~l!5I 0~l!e2s(l)nL, ~1!

where I 0 is the intensity of the incident light,I (l) is the
attenuated intensity of the transmitted light,n is the number
density, andL is the effective interaction length. In th
present experiment, the absolute value ofs(l) is measured
by replacingnL with ( i 51

25 niLi in Eq. ~1! to reduce the un-
certainty introduced by the use of an estimated effec
length. The cross sections is evaluated from the slope in th
region whereln(I 0 /I ) varies linearly againstnL.

III. RESULTS AND DISCUSSION

All three doubly excited autoionization series, i.e., 4snp,
3dnp, and 3dn f 1P shown schematically in Fig. 1, are iden
tified explicitly from the BSK calculation. The theoretica
energy Et is calculated against the Mg double-ionizatio

FIG. 2. Schematic diagram of the experimental setup. The
tem is similar to the one shown by Fig. 1 in Ref.@5#, except for the
LiF windows that are replaced by differential pumping systems
the present experiment.

FIG. 3. A typical temperature distribution profile in the heatpip
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threshold atEII 5182 938.63 cm21 above the Mg ground
state@3#. Accordingly, the theoretical photon energy is give
by Ep5EII 2uEtu. Our BSK results are quantitatively consi
tent with an earlierL2-based configuration interaction calcu
lation by Mengali and Moccia@7#. It also agrees qualitatively
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n
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FIG. 4. Comparison between measured absolute photoabs
tion cross sections and theoretical photoionization cross sect
using BSK approach from 78.5 nm to 88.5 nm.

FIG. 5. Theoretical partial photoionization cross sections fr
the 3s2 1S ground state of Mg above the 3p threshold.
6-2
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with the result of a close-coupling calculation by Butleret al.
@8#. Our observed resonance energies agree with the
derived from the photoabsorption spectrum of Baig and C
erade@9# up to about 77 nm before they lost the details d
to a strongly absorbing continuum in the background. T

FIG. 6. Theoretical partial photoionization cross sections fr
the 3s4s 1S bound excited state of Mg above the 3p threshold. The
wavelength is converted from the photon energy measured ag
the Mg 3s4s 1S state at 43 503.33 cm21 above the ground stat
@3#.

FIG. 7. Comparison between measured absolute photoabs
tion cross sections and theoretical photoionization cross sec
using BSK approach from 76.5 nm to 78.5 nm.
05271
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overall agreement between BSK results and our obser
absolute photoabsorption spectrum in terms of the resona
energy and the spectral profile is very good. The only d
agreement between theory and experiment is an approxim
0.1 Mb difference in the absolute cross section over the
tire spectral region.

Figure 4 compares our measured photoabsorption c
sections from the ground state of Mg above the Mg1 3p 2P
threshold between 78.5 nm to 88.5 nm with the calcula
photoionization result using the BSK approach. One of
more interesting features is ahidden 3d4p 1P resonance
near 83.5 nm. Its presence, visually missing both in theo
ical and experimental total cross section spectra, is s
clearly in the theoretical partial cross section spectra at le
in two of the ionization channels~i.e., 3pes and 3ped 1P)
shown in Fig. 5. In addition, the BSK calculation show
clearly that, if the photoionization is originated from th
bound excited 3s4s 1S state, the 3d4p 1P resonance can be
seen unambiguously in all partial ionization spectra shown
Fig. 6.

Figure 7 compares our observed and calculated spect
wavelengths shorter than 78.5 nm. The calculated struc
profiles shown are not convoluted. Clearly, the individu
resonant features along the same autoionization series ar
as regular as those at lower energy or below the second

nst

rp-
ns

FIG. 8. The overlapping narrow 4s8p 1P resonance and the
broad 3d5 f 1P resonance near 77.6 nm.
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ization threshold. In particular, a simple calculation of t
effective principal quantum numbers of the 4snp and 3dn f
series against the 4s and 3d thresholds, respectively, sug
gests that at an energy close to 77.6 nm, there should
one member from each of these two autoionization ser
However, neither spectrum shown in Fig. 7, with only o
asymmetric resonance structure visible near 77.6 nm,
ports the presence of two overlapping resonances. A deta
analysis based on the theoretical calculation confirm
nearly degenerate overlap between a broad 3d5 f and a nar-
row 4s8p resonances near 77.6 nm. In fact, Fig. 8 shows
a narrow 4s8p resonance can be easily identified from t
3pes partial cross-section spectrum. This narrow resona
is located near the center of a broad 3d5 f resonance, leading
to an appearance of a single resonance in the total c
section.

Alternatively, the overlapping of these two resonances
also be analyzed by examining the energy variation of
sum of the eigenphase shifts over all eigenchannels,h tot .
Similar to the energy variation of the scattering phase sh
across a doubly excited resonance in a single-channel ion
tion, h tot is also expected to increase by a total ofp across a
resonance in a multichannel ionization~see, e.g., Eq.~16! of
Ref. @4#!. Figure 9 shows that unlike the increase inh tot a
value of p for all other resonances, an increase of
value close to 2p in h tot betweenE520.496 Ry and
20.489 Ry~i.e., at wavelengths centered around 77.6 n!,
confirms the presence of the overlapping 3d5 f and 4s8p
resonances suggested by the theoretical partial cross se
spectra shown in Fig. 8. Finally, we list in Table I the res
nant energiesEr and the resonant widthsG of a number of
selected resonances derived from the calculated en
variation ofh tot . The results from the BSK calculation ar
generally in good agreement with other existing theoret
calculations and experimental data.

FIG. 9. Energy variation ofh tot . (E in Ry is measured relative
to the Mg12 threshold.!
n
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In conclusion, a joint theoretical and experimental stu
such as the one presented in this paper, offers the possib
of a detailed interpretation of the resonant structures of ov
lapping autoionization series, including those features t
may behiddenotherwise, in a spectral region that is substa
tially affected by the interchannel interaction for transitio
involving multiple ionization pathways.
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TABLE I. The resonant energyEr ~upper entry in a.u.! mea-
sured against the Mg III ground-state energy and the widthsG
~lower entry ina@n#5a310n a.u.! of selected Mg 4smp, 3dmp,
and 3dm f 1P resonances.

Theory Experiment
State Present Ref.@7# Ref. @10# Ref. @11# Ref. @9#

4s4p 1P 20.3116 20.3126 20.3124 20.3117 20.3125
5.01@23# 4.3@23#

3d4p 1P 20.2870 20.2877
5.90@23# 5.5@23#

4s5p 1P 20.2720 20.2725 20.2716 20.2727 20.2733
1.27@23# 1.3@23#

3d5p 1P 20.2627 20.2629
2.06@23# 1.9@23#

4s6p 1P 20.2587 20.2590 20.2587 20.2580 20.2597
2.57@24# 2.6@24#

3d4 f 1P 20.2562 20.2561
1.51@23# 1.3@23#

4s7p 1P 20.2507 20.2511 20.2507 20.2518 20.2515
9.88@25# 1.1@24#

3d6p 1P 20.2492 20.2492
9.94@24# 9.4@24#

4s8p 1P 20.2463 20.2468 20.2459 20.2473 20.2461
3.93@25# 2.1@25#

3d5 f 1P 20.2462 20.2460
1.11@23# 8.8@24#

4s9p 1P 20.2434 20.2439 20.2451 20.2432
7.71@25#

3d7p 1P 20.2421 20.2423
5.53@24# 5.6@24#

4s10p 1P 20.2415
4.47@25#

3d6 f 1P 20.2407
5.33@24#
hys.
.
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