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The 4d absorption spectra of I, I1, and I21 have been observed in the 45–300-eV region using the dual
laser-produced plasma technique. At lower energies each spectrum is dominated by intense 4d→5p transi-
tions, which are identified with the aid of multiconfiguration Hartree-Fock calculations. The excited states
decay by direct autoionization involving 5s or 5p electrons and rates for the different processes and resulting
linewidths were calculated and compared, where possible, with experiment. In the case of neutral iodine
4d→6p transitions are also observed in the region close to the2D5/2 threshold. The dominant feature in each
spectrum, however, arises from 4d-f excitation, which evolves from a 4d-« f shape resonance in neutral iodine
to a feature containing discrete 4d→n f transitions in I21.

PACS number~s!: 32.80.Hd, 32.30.Jc, 52.50.Jm

I. INTRODUCTION

In the past, the advantage of using the dual laser-produced
plasma~DLP! method for the investigation of the inner-shell
absorption spectra of refractory atoms as well as its applica-
bility to the study of photoabsorption in metallic ions has
been highlighted in a number of experiments@1,2#. Now it is
shown that instead of using pure metallic targets, compressed
salts containing halogen or chalcogen atoms may be substi-
tuted and the spectra of these species readily obtained. More-
over, this technique may be used for studies on any element
that is chemically reactive, gaseous or liquid, or otherwise
difficult to isolate or contain under the experimental condi-
tions normally obtaining in the extreme-ultraviolet~XUV !
region. In the present experiment the target material used
was KI, as the potassium spectrum has only a few strong
features in the 45–300-eV region and these could be readily
distinguished by comparison with spectra from a KBr target.
The conventional method of producing iodine atoms is flash
photolosis@3# or laser-induced photodissociation of I2 @4,5#
in which 95% photodissociation into the ground2P3/2 level
has been achieved@6–8# and which has permitted the inves-
tigation of the 4d excitation and decay dynamics of neutral
iodine. In these experiments the spectrum was found to be
dominated by intense 4d→5p transitions which decay pri-
marily by direct autoionization into outer-shell channels be-
cause of the valence character of the 5p orbital @6#. In con-
trast, in the case of rare gases for which the first empty
orbital has a Rydberg character the dominant relaxation
mechanism is a resonant Auger process in which the pro-
moted electron remains as a spectator or is involved in a
shake process@9#. Such a scenario has also been observed for
the decay of the 4d95p56p states of iodine@7#. However, the
dominant feature is the 4d-« f shape resonance above the
4d ionization threshold ionization which originates~in the
single-electron picture! from the interaction of the escaping
photoelectron and thel53 centrifugal barrier which causes
the total potential to have two minima, one at smallr con-
taining no bound states and one at larger which is effec-

tively hydrogenic in character and contains then f Rydberg
levels@10#. This shape resonance is weaker in iodine than in
Xe or higher-Z elements and the hole state decays preferen-
tially into I 21 and I31 by Auger processes reflecting the
continuum nature of the« f state@8#. No equivalent data exist
for excitation processes in iodine ions because of the diffi-
culty in preparing a suitable ion population for backlighting
with synchrotron radiation.

In the present paper our experimental results for the
4d→5p and 6p spectra of neutral iodine are compared with
earlier data and the results of atomic structure calculations.
This comparison provides a calibration of the theory which is
then used to identify the 4d→5p spectra of I1 and I21 and
to make predictions for the decay pathways available to these
autoionizing states. Our 4d→4 f spectrum of neutral iodine
is then compared to the earlier experimental and theoretical
data and calculations performed here within both single-
particle and many-body frameworks. These calculations are
then extended to I1 and I21 and compared with the experi-
mental data for these ions.

II. EXPERIMENT

The experimental arrangement has already been described
elsewhere@11,12#. Spectra were recorded both photographi-
cally and photoelectrically. Photographic recording has the
advantage of broad energy coverage and high-energy resolu-
tion for sharp discrete features but it is generally less suitable
for recording the profiles of broad autoionizing resonances
and continuum features because of the nonlinearity of the
photographic response and saturation effects. Photoelectric
recording gives more limited energy coverage and resolution
but excels for obtaining profiles and line-shape data because
of its superior response both in terms of dynamic range and
linearity. A 1-J, 30-nsQ-switched ruby laser pulse was fo-
cused onto a salt target which had been compressed to form
a pellet to yield a plasma column containing ionized iodine.
In the photographic work, focusing is achieved through a
crossed cylindrical lens assembly which yields a 200-
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mm-wide plasma whose length can be varied between 2 and
12 mm. In the present case all data were recorded at a 6-mm
plasma column length and a laser pulse power density on
target of;53109 W cm22. For photoelectric detection the
focal spot has spherical symmetry and a typical diameter of
200 mm. The resulting laser flux is in excess of 1010 W
cm22. The backlighting continuum was produced by tightly
focusing an 860-mJ, 10-ns, Nd:YAG~yttrium-aluminum-
garnet! pulse onto a Sm, Yb, or W target. Variation of the
interlaser pulse delay,Dt, displacement of the absorbing
plasma from the spectrometer optical axis or irradiance on
target makes it possible to obtain spectra in which different
ion stages are optimized. After absorption, the transmitted
light was dispersed; in the photographic work a 2-m grazing-
incidence spectrograph with a reciprocal dispersion which
varied from 1.2 Å /mm at 150 Å to 1.6 Å /mm at 300 Å was
used while the photoelectric detector consisted of a micro-
channel plate butt coupled to a phosphor-coated photodiode
array placed on the focal curve of a 2.2-m grazing-incidence
spectrograph with essentially similar characteristics. Some
typical spectra obtained in the 40–60-eV region are pre-
sented in Fig. 1; these spectra were recorded photoelectri-
cally and are essentially single-shot spectra. The photo-
graphic spectra, in contrast, represent integration over 103

laser shots. ForDt<50 ns the spectrum was found to con-
tain mainly lines of I21. For Dt;150 ns it was almost ex-
clusively I1 while for Dt>180 ns neutral iodine absorption

began to contribute. The spectrum of I2 in this region is well
known @13# and it is interesting to note that even at the
longest delays investigated (Dt5800 ns! no absorption due
to I 2 was obtained. The spectra were calibrated by superim-
posing emission lines from an aluminum plasma. For dis-
crete features appearing in both spectra the measurement ac-
curacy is estimated as60.03 eV and is limited by the
inherent width of the features.

III. RESULTS

A. 4d˜5p absorption spectra

1. Neutral iodine

The ground state of neutral iodine is 4d105s25p5 2P3/2

and lines are observed due to2P3/2→2D5/2 and
2P3/2→2D3/2 transitions. In addition the2P1/2→2D3/2 line
observed by Pettiniet al. @3# also appears@Figs. 1~a!–1~c!
and 2~a!#. Calculations with the CowanRCN, RCN2, andRCG
suite of codes@14# predict the ratio of relative strength of the
2P3/2→2D5/2 to the 2P3/2→2D3/2 component to be 9.03, in
excellent agreement with the earlier calculation of Nahon
et al. @6#. The ratio of the theoretical oscillator strengths for
2P1/2→2D3/2 to

2P5/2→2D5/2 is 0.55. From the calculated
g f values and observed intensities, excited to ground-state

FIG. 1. Structure due to 4d→5p photoabsorption in an iodine plasma recorded using the dual laser-produced plasma technique. At the
shortest delay,Dt550 ns, between the creation of the absorbing and backlighting plasmas the spectrum is almost exclusively due to I21

while at the longest delay,Dt5500 ns, it is due solely to neutral iodine. At intermediate values ofDt the contribution due to I1 first
increases and then decreases asDt is increased.~The baseline of each trace has been shifted vertically by an arbitrary amount.!
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populations ranging from 5% to 30% were inferred for the
plasmas responsible for Figs. 1~a!–1~c!. These values corre-
spond to electron temperaturesTe of 0.5–2.0 eV, if a Boltz-
mann distribution between the levels is assumed. In practice
the actual value ofTe may be less since at long interplasma
delays the collision frequency is reduced because of plasma

expansion. In Fig. 1~d! only the 2P3/2→2D5/2 component is
observed and the plasma is dominated by I1 ions. The ener-
gies of the features measured in the present experiment are
45.94 and 47.64 eV for the2P3/2→2D5/2 and

2D3/2 lines and
46.70 eV for the2P1/2→2D3/2 line. These may be compared
with previous measured values of 46.2 and 47.9 eV@6# and
45.87 and 47.63 eV@3# for the 2P3/2→2D5/2,

2D3/2 lines and
46.70 eV for the2P1/2→2D3/2 line @3#.

The experimental linewidths deduced after deconvolution
by Nahonet al. are 170 meV for the 4d215p2D5/2 and 155
meV for the 4d215p2D3/2 @15#. Since the excited2D states
are known to decay by direct autoionization and in particular
the relaxation dynamics of the2D3/2 have been well docu-
mented from photoelectron spectra@6#, the CowanHF code
was used to calculate the autoionization widths and the
branching ratios of the various deexcitation pathways. Nahon
et al. @6# identified the possible decay processes as

4d95s25p6~2D5/2!→4d105s25p4~3P,1D, and 1S!

1« l ~ l50,2,4!

→4d105s5p5~3Pand1P!1« l ~ l51,3!

→4d105s05p6~1S0!1« l ~ l52!,

which they referred to as processesD1, D2, andD3. Their
calculations for processesD1 andD3 were in good agree-
ment with observation. However, for processD2, instead of
observing four lines in the photoelectron spectrum due to
decay to 5s5p5 3P0,1,2 and

1P1 states, they observed ten
well-resolved features. They were able to account for these
features by the presence of strong configuration mixing of
the 5s25p35d and 5s25p36s satellite configurations with the
5s5p5 and the dominance of decay into the 5s5p51P1 state.
The importance of such satellite configurations to the inter-
pretation of the 4d relaxation processes in xenon had already
been identified@16–18#. In the present case, the Cowan suite
of codes was used to calculate the autoionization widths and
branching ratios for decay via the processesD1, D2, and
D3. Values of 170 and 155 meV were obtained for the
2D5/2 and

2D3/2 autoionization widths for a 22% reduction of
theFk, Gk, andRk parameters. Increasing or decreasing the
Slater-Condon parameters by a few percent caused a corre-
sponding increase or decrease in the linewidths and also a
change of a few percent in the branching ratios. The results
of these calculations are presented in Tables I and II, and are
in excellent agreement with experiment. It should be noted
that the earlier theoretical results were obtainedab initio and

FIG. 2. ~a! Theoretical contributions due to the 4d105s25p43P
terms to the 4d→5p photoabsorption cross section of I1. ~b! The
relative contributions of the3P terms are weighted as 50:30:20 and
summed.~c! Comparison between the theoretical and experimental
spectra.

TABLE I. Comparison between theoretical and experimental data for the relative probabilities of the
different relaxation mechanisms in the decay of the 4d95s25p62D5/2 and

2D3/2 states of neutral iodine.

Term ~Ref!. ProcessD1 ProcessD2 ProcessD3 Lifetime ~fs! r ~meV!

2D5/2 ~obs.@6#! 0.279 0.648 0.073 24.38 170
~calc. @6#! 0.445 0.302 0.025
~calc. this work! 0.254 0.641 0.105 24.38 170
2D3/2 ~obs.@6#! 26.90 155
~calc. this work! 0.267 0.622 0.111 26.90 155
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that the values we obtain are sensitive to the choice of scal-
ing parameters. For the2D5/2 decay, an attempt was made to
introduce configuration interaction effects in processD2 by
explicit inclusion of the 5s25p36s« l and 5s25p35d« l con-
figurations. However, this failed to reproduce the observed
photoelectron spectrum and because of memory constraints it
was not possible to increase the final-state basis by introduc-
ing further 5s25p3nl« l 8 configurations. Also Nahonet al.
@6# noted from their experimental data that for processD2,
decay to the 4d105s5p51P1 rather than the3P is preferred,
with the 1P1 relaxation being 3.61 times more probable. Our
calculations give ratios of 3.67 for the2D5/2 decay and 6.35
for the 2D3/2.

2. Singly ionized iodine

For I1, the ground state is 4d105s25p4 3P2 and the
3P0,1,

1D2 , and
1S0 levels were previously found to lie

0.86, 1.72, and 3.70 eV higher in energy@19#. Calculations
were performed for 4d excitation using an excited-state basis
containing 4d95s25p4(np1mf) states with 5<n<10,
4<m<12 and discretized continuum states of the form
4d95s25p4«p,« f for a range of energies up to 4 Ry above
the 4d21 threshold@14#. For these calculations the Slater-
Condon parameters were again reduced by 22% since this
scaling gave best agreement between theory and experiment
in neutral iodine for energies, linewidths, and relaxation am-
plitudes. This scaling, which is typical for 4d excitation@20#,
was used throughout this work and was seen to give good
agreement for energy positions in the ions; in each case the
largest discrepancies between observed and calculated ener-
gies could be traced to the configuration average energy
Eav and were not as greatly influenced by other choices of
scaling factor forFk, Gk, andRk parameters as the rate-

dependent quantities. The energies and eigenvector compo-
sitions deduced from the calculation for the 4d95s25p5

terms are presented in Table III, while theoretical transition
energies andg f values are listed in Table IV. The coupling
scheme is seen to be best described by„d9( j 1),p

5( j 2)…j
rather thanLSJ although the latter scheme is retained for
simplicity of notation. It is interesting to note the evolution
of the I1 spectrum in Fig. 1. In Fig. 1~b! a weak feature
appears at 47.32 eV which corresponds to the strongest tran-
sition from the ground level, i.e.,3P2→3D3 , and indicates
an I1/I ratio of ,5%. In Fig. 1~c! the relative population
has increased to;30% and lines due to photoabsorption
from the 3P2 ,

3P0 , and
3P1 states are present. In Figs. 1~d!

and 1~e!, the I1 population exceeds 95% and the spectrum
can still be completely described by considering only absorp-
tion from the 3P levels. In Figs. 1~f! and 1~g! some addi-
tional features due to I1 absorption appear at higher energies
and there is some evidence for a ‘‘shoulder’’ at 47.86 eV
merged with 3P1→3D2 line. This shoulder, if real, could
represent a contribution from the strong1D2-

1F3 line pre-
dicted to lie at 47.659 eV (g f51.154). A weaker shoulder at
47 eV may arise from the1D2-

3F3 line predicted to lie at
46.903 eV. However, further1D2-based transitions, in par-
ticular 1D2-

1D2 predicted to lie at 45.451 eV, was absent.
From Table IV it is seen that the calculated and observed
transition energies generally agree to within 0.1 eV, while
the g f values correlate very well with the observed intensi-
ties. Also, it should be noted that it was possible to deduce a
value of 0.84 eV for the 4d105s25p4 3P1 energy which
agrees with the value of Ref.@19# to within experimental
error.

Relaxation of the 4d95s25p5 states is assumed to be by
direct autoionization; the decay processes will then be

4d95s25p5~1,3P,1,3D,1,3F !→4d105s25p3~4S,2P,2D !1« l ~ l50,2,4! ~processD1!

→4d105s5p4~2S,2,4P,2D !1« l ~ l51,3! ~processD2!

→4d105p5~2P!1« l ~ l52! ~processD3!.

Calculations were performed to extract linewidths and
branching ratios with the usual scaling of parameters. Be-
cause of the excellent agreement achieved with the experi-
mental data for neutral iodine, similar scalings were chosen
throughout for I1 and I21. The observed linewidths in Table
IV are taken from both the photographic and photoelectronic
data. For the former, the strongest features are likely to be
overestimated while the weaker lines are underestimated be-
cause of plate-saturation effects; for the latter poor signal-to-
noise ratio for the weak features and line overlapping for the
strongest transitions in some cases limit the resolution. The
observed linewidths were obtained by direct comparison
with the neutral iodine features whose widths are known
very accurately. The estimated accuracy of the values quoted
in Table IV is650 meV, and in every case they agree with
the calculated values to within experimental error. The aver-
age probabilities associated with the different decay pro-

cesses were calculated to be 0.288, 0.590, and 0.122 for
pathwaysD1,D2, andD3. The detailed term-by-term values
are listed in Table V. Note that processD3 was not permit-
ted for the 4d95s25p53P1 ,

3D3 , and 1D2 states as the
double 5s hole state is calculated to be higher in energy. In
performing these calculations the term energy of the 4d hole
state was first obtained and the kinetic energy with respect to
the configuration average energies of the final states then
calculated. These values were used for the continuum« l
electrons. In neutral iodine it was noted that the choice of the
final-state term energy rather than the configuration average
energyEav did not affect the calculation significantly, and
the situation in I1 was found to be similar.

Finally, in Fig. 2~a! direct comparison is made between
theory and experiment. In constructing the theoretical spec-
trum for I1 the calculated energies, linewidths, andg f val-
ues were used and the individual contributions due to each of
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the 3P sublevels evaluated separately using the fact that the
cross sections can be written@14# as

s5
p\e2

2m«0c
f k/2p@~Ek2E!21Gk

2/4#,

whereEk andGk are the energy and linewidth of the transi-
tion and f k is the oscillator strength. The individual contri-
butions are shown in Fig. 2~a! and when summed in the ratio
3P2 /

3P1 /
3P0550:30:20 give a good fit to the particular set

of experimental data used. It should be noted that this ratio
corresponds to an equilibrium distribution forTe.2 eV at
which the 1D2 contribution should be 40% of the3P2 , yet
discrete 1D2 lines are not observed, though, as mentioned
before, there is some evidence for1P2-

1F3 and
3F3 transi-

tions merged with the stronger features.

3. Doubly ionized iodine

In Fig. 1~g! the spectrum obtained for an interlaser delay
t of 130 ns is presented. In addition to the I1 lines of Fig.

1~f! additional features are weakly evident at higher energies.
At the higher plasma temperatures achieved at shorter delays
some additional I1 lines due to1D2 or

1S0 excitation might
be expected. Since these lines predominantly occur on the
low-energy side of the3P excitation spectrum and as no
lines are observed there, additional excited-state absorption
from I1 cannot be responsible and the additional features are
due to transitions in I21. Indeed, forDt,100 ns the spec-
trum is almost exclusively due to I21, which gives rise to a
composite feature with two distinct peaks extending from
approximately 49 to 50 eV, with some additional weak fea-
tures extending some 1 eV on either side. The ground state
of this ion is 4d105s25p34S3/2 while the 2D3/2,

2D5/2,
2P1/2, and 2P3/2 levels are predicted to be 1.77, 2.137,
3.432, and 3.991 eV higher in energy. Calculations were
again performed for this spectrum and the results summa-
rized in Tables VI and VII. As before, the spectrum may be
almost completely explained by limiting consideration to the
ground and lower (2D) levels. The excited-state lifetimes
were calculated and the average relaxation probabilities to
4d105s25p2« l and 4d105s5p3« states were found to be
0.342 and 0.658, respectively. Direct autoionization to the

TABLE II. Comparison between theoretical and experimental results for the relative populations in the
4d105s25p4 configuration produced by 4d95s25p6 2D5/2 and

2D3/2 relaxation.

2D5/2
2D5/2

2D5/2 ~calc. 2D3/2 ~calc.
State ~obs.@6#! ~calc.@6#! this work! this work!

3P2 0.247

0.188
J 0.285 0.065

3P1

3P0
J 0.225 0.089 0.130

0.119 0.001
1D2 0.345 0.489 0.319 0.471
1S0 0.227 0.286 0.188 0.333

TABLE III. Energies and eigenvector compositions of the 4d105s25p4 and 4d95s25p5 configurations of I1.

Configuration Term ECowan ~eV! Eobs. ~eV! J %LS % j j

4d105s25p4 3P 0.0 0.0 2 91%3P19% 1D
3P 0.828 0.86 0 88%3P212% 1S
3P 0.831 0.84 1 100%3P
1D 1.698 1.72 2 91%1D29% 3P
1S 3.530 3.70 0 88%1S112% 3P

4d95s25p5 1D 47.149 47.15 2 67%1D217% 3P212% 3D 92% ~5/2,1/2!17% ~5/2,3/2!
3D 47.206 47.32 3 89%3D110% 1F 94% ~5/2,1/2!
3P 47.961 48.07 1 46%1P128% 3P225% 3D 95% ~5/2,1/2!
3D 48.507 2 278% 3D120% 3P 59% ~5/2,3/2!138% ~3/2,1/2!
3F 48.601 3 83%3F112% 1F25% 3D 82% ~5/2,3/2!116% ~3/2,3/2!
3P 48.890 48.95 2 61%3P218% 1D113% 3F19% 3D 60% ~3/2,1/2!234% ~5/2,3/2!
3D 49.060 49.17 1 55%3D145% 3P 91% ~3/1,1/2!17% ~3/2,3/2!
1F 49.357 3 78%1F215% 3F26% 3D 283% ~3/2,3/2!114% ~5/2,3/2!
3P 49.437 0 100%3P 100% ~3/2,3/2!
3F 50.025 2 281% 3F214% 1D 99% ~3/3,3/2!
1P 50.572 1 54%1P226% 3P120% 3P120% 3D 90% ~3/2,3/2!28% ~3/2,1/2!
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4d105p4 configuration is not possible as it is higher in en-
ergy than the 4d95s25p3. The detailed term-by-term values
are listed in Table VIII. It should be noted that in each case
the partial linewidth due to autoionization exceeds that due
to radiative decay by between three and four orders of mag-
nitude and so essentially determines the experimentally ob-
served values~Table VII!. No attempt was made to extract
experimental linewidths because of the blended nature of the
lines observed. As before, in Fig. 3 direct comparison is
made between theoretical and experimental results. The in-
dividual contributions of the different levels of the ground
configuration were first evaluated and summed in a ratio
4S3/2:

2D3/2:
2D5/2:

2P3/2:
2P1/2 of 45:35:12:5:3, which corre-

sponds to a thermal distribution withTe;2 eV. This combi-
nation reproduces the experimental spectrum recorded pho-
toelectrically quite well. The photographic spectrum is
dominated by two peaks at 49.08 and 49.16 eV which arise
primarily from 4S3/2→2P3/2 and

4P5/2 transitions mixed in
with I 1 features. There is only a very minor contribution
from excited-state (2D) absorption, which points to a much

lower average electron temperature in this case. Since the
collision frequency is much greater at short interplasma de-
lays where higher densities in the absorbing plasma prevail it
is expected that equilibrium excited-state populations would
be most likely observed in higher ion stages.

To gain some insight into the plasma conditions, it is of
interest to use the steady-state collisional-radiative model of
Colombant and Tonon@21# to calculate the relative popula-
tions of different ion stages as a function ofne andTe . Te
was first estimated for the laser fluxes used in the experi-
ment, ne was set at the cutoff density of ruby laser light
(2.431021 cm23), and the evolution of fractional number
density as a function ofTe was computed. The results of
these calculations are presented in Fig. 4~a!; values ofTe
corresponding to the laser fluxes used are indicated in this
figure. It is seen that the initial ion populations at the target
surface atDt50 in the photoelectric and photographic ex-
periments are quite different. In the former, the predicted
population is 18% I41139% I31137% I2114% I1 while

TABLE VII. Theoretical and experimental energies, calculated linewidths, andg f values and relative intensities of the most intense
4d105s25p3-4d95s25p4 transitions observed in the spectrum of I1.

TABLE IV. Theoretical and experimental energies and linewidths, calculatedg f values and relative
intensities of the most intense 4d105s25p424d95s25p5 transitions observed in the spectrum of I1.

Transition EHF ~eV! g f GHF ~eV! Eobs. ~eV! I Gobs. ~eV!

3P0-
3P1

3P1-
1D2

47.133

47.149

0.529

0.218

0.072

0.098J 47.15 40 0.105

3P2-
3D3 47.206 1.005 0.152 47.32 100 0.150

3P1-
3D2 47.676 0.614 0.141 47.80 60 0.150

3P2-
3P1 47.961 0.030 0.072 48.07 5

3P1-
3D1

3P0-
3D1

48.229

48.232

0.226

0.042

0.121

0.121J 48.32 20 0.105

3P2-
3D2

3P1-
3P0

48.507

48.606

0.012

0.080

0.141

0.089J 48.63 10 0.150

3P2-
3P2 48.890 0.220 0.098 48.95 30 0.095

3P2-
3D1 49.060 0.084 0.121 49.17 20 0.105

TABLE V. Theoretical relative decay probabilities, lifetimes, and autoionizing linewidths of the
4d95s25p5 2s11LJ levels of I

1.

J Term ProcessD1 ProcessD2 ProcessD3 Lifetime ~fs! G ~eV!

0 3P 0.243 0.568 0.189 46.3 0.089
1 3P 0.370 0.630 57.7 0.072

3D 0.331 0.528 0.141 34.1 0.121
1P 0.311 0.443 0.246 62.2 0.067

2 3P 0.230 0.596 0.174 42.1 0.098
3D 0.348 0.525 0.128 29.3 0.141
3F 0.134 0.675 0.191 47.6 0.087
1D 0.252 0.749 21.2 0.098

3 3D 0.395 0.605 27.1 0.152
3D 0.164 0.678 0.158 37.2 0.111
1F 0.390 0.494 0.116 28.4 0.146
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TABLE VII. Theoretical and experimental energies, calculated linewidths, andgf values and relative intensities~based on peak heights!
of the most intense 4d105s25p3-4d95s25p4 transitions observed in the spectrum ofI1.

ECowan GHF Eobs ECowan GHF Eobs

Transition ~eV! g f ~meV! ~eV! I Transition ~eV! g f ~meV! ~eV! I

2P1/2-(
3P)2P1/2 45.576 0.022 42

2P3/2-(
1D)2D5/2 46.856 0.028 76

2P1/2-(
3P)4D3/2 47.358 0.045 46

2D3/2-(
3P)2P3/2 47.400 0.050 42

102J 47.50 102D3/2-(
3P)4P5/2 47.548 0.079

2P3/2-(
3P)4F3/2 47.755 0.039 47

2D3/2-(
3P)4F3/2 47.933 0.021 59

-(3P)4D5/2 48.084 0.033 55
2P1/2-(

1D)2D3/2 48.094 0.143 39

2D3/2-(
3P)4F5/2 48.313 0.109 59

55J 48.40 10
-(3P)4D5/2 48.464 0.195

2D5/2-(
1D)2D5/2 48.585 0.153 76

42
20
65
J 48.60 25

4S3/2 -(
3P)2P1/2 48.604 0.046

2P1/2-
1D2S1/2 48.747 0.168

2D3/2-(
3P)4P3/2 48.766 0.247

-(3P)4P1/2 48.790 0.029 88
2P3/2-(

3P)2D5/2 48.811 0.667 57
2P3/2-(

2P)2D3/2 48.830 0.484 53

4S3/2 -(
3P)2P3/2 48.929 0.369 62

73
76
37
J 49.08 50

2D5/2-(
3P)2F5/2 48.934 0.239

2D3/2-(
1D)2D5/2 48.965 0.390

2P3/2-(
1D)2P3/2 49.011 0.353

4S3/2-(
3P)4P5/2

49.078 0.823 102
55J 49.16 1002D5/2-(

3P)2F7/2 49.182 1.979

2D5/2-(
1D)3/2 49.216 0.037 39

73J 49.44 702D3/2-(
3P)2F5/2 49.314 0.412

-(1D)2D3/2 49.596 0.066 39
20
49
59
J 49.89 10

2P3/2-(
1D)2S1/2 49.656 0.184

2D5/2-(
1D)2F5/2 49.737 0.220

2P3/2-(
1S)2D5/2 49.759 0.487

2D3/2-(
3P)4F3/2 49.864 0.083 47

55
49
J 49.95 204S3/2-(

3P)4D5/2 49.994 0.103
2D3/2-(

1D)2F5/2 50.117 0.023

4S3/2-(
3P)4P3/2 50.296 0.053 65

-(3P)4P1/2 50.319 0.247 88
53
46
J2D3/2-(

3P)2D3/2 50.339 0.049 50.51 50
4S3/2-(

3P)4D3/2 50.392 0.152

-(1D)2D3/2 50.495 0.028 76
2D5/2-(

1D)2D3/2 50.739 0.140 37
2D3/2-(

3P)2D5/2 50.920 0.082 57
4S3/2-(

3P)4F3/2 51.394 0.025 47
2D5/2-(

1S)2D5/2 51.488 0.058 59
2D1/2-(

1S)2D3/2 51.820 0.049 30

in the latter it is predicted as 8% I21157% I1133% I. To
observe I1 at maximum concentration requiresTe54.0 eV
while I 21 requires 5.5 eV, both of which are considerably
greater than the values deduced from excited-state distribu-
tions. Furthermore, the fact that I21 absorption was obtained
in the photographic spectra at delays. 50 ns indicates that
the ion ratios of Fig. 4 should be biased in favor of higher
z constituents. If, however, one assumes a lower average
ne , which is definitely the case away from the target surface
and after the plasma priming pulse has ceased, then for a
givenTe , the averagez is higher because of the decrease in
the three-body recombination rate@Fig. 4~b!#. In the
collisional-radiative plasma regime collisional ionization is
balanced by three-body recombination and radiative decay
and the latter becomes the dominant deexcitation mechanism
for ne,1019 cm23 as the equilibrium tends towards coronal.

B. 4d˜6p transitions

The 4d→np, n.5 spectrum was found by Nahon and
Morin @7# to consist of a group of resonances in the 55–
59-eV spectral region, about half of which lie above the
4d2D5/2 threshold at 57.42 eV. They made no attempt at

detailed assignments but found a similar proximity of the
first 3d95p resonance in bromine to the 3d92D5/2 limit. This
situation contrasts with the rare gases where the first level is
well below threshold and a well-developed Ryberg series is
observed. In the present case features were again obtained in
the spectrum of neutral iodine and are presented in Fig. 5.
The earlier data displayed five well-resolved peaks with evi-
dence of further substructure when recorded at a photon band
pass of 0.13 eV. In the present case a systematic shift of
approximately 0.4 eV towards lower energy is observed.
Moreover, the fourth peak resolves into two further features
while an additional weak resonance was noted at 55.87 eV
and some others were obtained at higher energy. In order to
identify these lines calculations were performed for
4d→np transitions using 4d95s2@5p615p5(6p17p
18p19p110p14 f )] as an excited-state basis. From these
calculations it was possible to make the assignments listed in
Table IX. Although the calculations predict well in excess of
400 lines extending from 54.2 past 60 eV, consideration of
only the strongest transitions, those withg f.1023 involving
2P3/2 excitation only successfully reproduce the strongest
observed lines. In each case all of these features are seen to
consist of blends of more than one transition while the pre-
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dicted energy is approximately 0.15 eV too low. The weak
previously unreported feature noted at 55.87 eV was found
to arise from2P1/2 excitation. The assignments for the addi-
tional weak structures past 57.75 eV are somewhat tentative
since the predictedg f values are very sensitive to the choice
of basis. Inclusion of extrap or f states leads to some redis-
tribution of oscillator strength between different transitions
in this region.

Combet-Farnoux@22# has addressed the decay mechanism
of excited 4d95s25p5np states and concluded that direct
autoionization in which the 6p electron acts as a spectator or
is involved in a shakeup process is the most important route
for decay to the 4d105s25p36p, while second-step autoion-
ization is only weakly possible. Decay to the 4d105s5p46p
can be followed by further autoionization in which the 6p
electron can participate. Asn increases the production of
doubly charged ions becomes more probable by two-electron
shakeoff in which both the Rydberg and a 5p electron are
simultaneously ejected. It should be noted, however, that in
analogous 3d excitation spectra the 3d9nl linewidths re-
mained essentially constant@23# with increasingn, which
contrasts with the theoretical predictions of Fano and Cooper
@24#. Hayashiet al. @25# have attributed this to the increased
importance of shakeoff with increasingn, which essentially

compensates for the decrease in the direct autoionization
rate. No attempt was made to calculate linewidths, but a
synthetic spectrum in which each transition was assigned an
artificial width of 0.1 eV was constructed. An excited-state
2P1/2 population of 20% was also assumed. The comparison
between the spectrum and the experimental data is presented
in Fig. 5.

From the I1 and I21 calculations, the approximate ener-
gies of the strongest 4d→6p features in these ions were
deduced. Only two broad features centered at 60.77 and
61.21 eV have an intensity comparable to that of the neutral
lines, since the 4d→6p multiplet is more complex and the
available oscillator strength is divided across a larger number
of lines. As a consequence, no further 4d→6p transitions
could be identified in the spectrum of I1 or I 21.

C. 4d˜«f transitions

1. Neutral iodine

Without doubt, the most striking feature in the 4d photo-
absorption spectrum of iodine in the present series of experi-
ments is the 4d→« f shape resonance. As already indicated,
no discrete 4d→n f transitions are observed since then f
wave functions are eigenstates of the outer well of the bimo-

TABLE VIII. Theoretical relative decay probabilities, lifetimes, and autoionizing linewidths of the
4d95s25p5 2s11LJ levels of I

21.

J Term ProcessD1 ProcessD2 Lifetime ~fs! G ~eV!

1/2 (3P)2P 0.239 0.761 98 0.042
(3P)4P 0.479 0.521 47 0.088
(3P)4D 0.399 0.601 222 0.019
(1D)2P 0.058 0.942 134 0.031
(1D)2S 0.446 0.554 207 0.020

3/2 (3P)2P 0.396 0.604 66 0.062
(3P)4P 0.349 0.551 64 0.065
(3P)4D 0.266 0.735 90 0.046
(1D)2D 0.347 0.653 106 0.039
(3P)4F 0.229 0.771 187 0.047
(3P)2D 0.466 0.534 78 0.053
(1D)2P 0.413 0.587 112 0.037
(1S)2D 0.457 0.543 139 0.030

5/2 (3P)4P 0.474 0.526 41 0.102
(3P)4F 0.224 0.776 70 0.059
(3P)4D 0.290 0.710 75 0.055
(1D)2D 0.439 0.561 54 0.076
(3P)2F 0.418 0.582 57 0.073
(1D)2F 0.295 0.705 85 0.049
(3P)2D 0.552 0.448 72 0.057
(1S)2D 0.515 0.485 74 0.059

7/2 (1D)2F 0.112 0.888 71 0.058
(3P)4F 0.112 0.888 74 0.055
(3P)4D 0.141 0.859 88 0.047
(3P)2F 0.585 0.414 33 0.133
(1D)2G 0.183 0.817 115 0.041
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TABLE IX. Predicted and observed energies of the most intensea 4d→np transitions in the spectra of
neutral and singly ionized iodine.

Ion Transition EHF ~eV! g f Eobs (eV) I

I 2P3/2→6p(1D)2P3/2 55.199 0.002
0.003
0.002
0.007
0.017

6 55.36–55.52 10
6p(1D)2P1/2 55.222
6p(3P)2P3/2 55.263
6p(3D)2D5/2 55.300
6p(3F)2D5/2 55.438

2P1/2→6p(3D)2P1/2 55.639 0.004
0.002
0.010

J6p(3D)2D1/2 55.677 55.87 2
6p(3F)4D3/2 55.741

2P3/2→6p(1P)2S1/2 55.971 0.002
0.002
0.001

J6p(1P)2P1/2 56.016 56.16 3
6p(1P)2P3/2 56.035

2P3/2→7p(1D)2P3/2 56.414 0.001
0.005
0.001
0.004
0.003

66p(3D)4P3/2 56.500
6p(1F)2D3/2 56.222 56.73 4

2P3/2→6p(3F)4D5/2 56.654
6p(3F)4F3/2 56.681

2P3/2→6p(3P)2D5/2 56.924 0.002
0.001J 57.05 4

8p(3D)2P3/2 56.929

2P3/2→6p(3P)4D3/2 57.058 0.003
0.004
0.001

J8p(3F)2D5/2 57.064 57.26 4
6p(3D)2F5/2 57.106

2P3/2→9p(3F)2D5/2 57.291 0.005
0.008
0.002

J→6p(1F)2D5/2 57.404 57.61 4
→6p(3P)4D1/2 57.457

2P3/2→7p(3D)4D3/2 57.750 0.001
0.001

57.93 2
2P3/2→7p(3D)4D1/2 58.306 58.45 1
2P3/2→8p(3P)5/2

b 58.650 0.001
0.001J 58.80 1

8p(3P)2D5/2
b 58.668

I1 2P2→6p(3P)3P2 60.898 0.010
0.009
0.030

J6p(3P)5P3 60.951 60.66–60.88 4
6p(3P)3D3 60.996

→6p(3P)5S2 61.189 0.010
0.008
0.007
0.017
0.024
0.025

66p(3P)5P2 61.239
6p(3P)5P3 61.249 61.02–61.32 4
6p(3P)1P1 61.272
6p(3P)5D3 61.280
6p(3P)3P2 61.379

aFor neutral iodine only transitions withg f.0.001 are listed, while for I1 only those withg f.0.005 are
included.
bLeading eigenvector quoted in each case.
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dal centrifugal potential, are essentially hydrogenic, and have
effectively zero overlap with the 4d core function and
^n f ur u4d&>0. In the case of neutral iodine the resonance
was found to peak at 91 or 34 eV above threshold, have a
full width at half maximum~FWHM! of 38 eV, and a maxi-
mum cross section of 6.5 Mb@8#. Theoretical calculations by
Combet-Farnoux and Ben Amar@26# performed in anLS
coupling scheme using the coupled-channels method@27#
give a description of the 4d photoabsorption which is almost
identical to that of xenon. For xenon the 4d→« f maximum
occurs 32 eV above threshold, has a cross section of 22 Mb,
and has a FWHM of 39 eV@28#, all of which have been
reproduced almost exactly by theory@29# when multielectron
processes, core relaxation, and intershell coupling effects are
allowed for. In contrast, the predicted cross section of iodine,
30 Mb, is much larger than the experimental one. The
anomalously low value of the integrated oscillator strength

FIG. 3. ~a! Theoretical contributions due to the individual terms
of the 4d105s25p3 configuration to the 4d→5p photoabsorption
cross section of I21. ~b! Relative contributions of the individual
terms weighted as expected for a 2-eV plasma and summed.~c!
Comparison between theoretical and experimental spectra.

FIG. 4. Ion stage distributions for different values of electron
temperature in an iodine plasma at electron densities of 231021

cm23 ~top! and 131019 cm23 ~bottom!. ~i! Conditions of photo-
graphic experiment.~ii ! Conditions of photoelectric experiment.

FIG. 5. Comparison between theory and experiment for the
4d→6p, 7p, etc., transitions in neutral iodine. Note the spectra
agree best if the theoretical spectrum is shifted by;0.15 eV to-
wards higher energy.
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of the iodine resonance by comparison with xenon, cesium,
barium, and the lower-Z lanthanides has also been noted
from studies on I2 @13# and CH3I @30,31#, where absorption
in the 90-eV region is completely dominated by the iodine

4d electrons. In the present work, spectra were recorded us-
ing the electronic detection system at interlaser time delays
of 50, 120, and 400 ns~Fig. 6!. The longest time delay
yielded a spectrum of neutral iodine with a peak at approxi-
mately 88 eV and a FWHM close to 35 eV@Fig. 6~a!#. Any
minor differences between this profile and that deduced by
Nahon et al. @8# can be attributed to the presence here of
photoexcitation from the 5s25p5 2P1/2 as well as the ground
2P3/2. An attempt to calculate the 4d-« f and«p continuum
cross section was made using the Cowan code. Continuum
radial wave functions for a range of« l energies from 3 to 50
eV were derived and thê4d(r )ur u« l (r )& matrix elements
were evaluated. From these, the continuum photoionization
cross sections can be calculated since@29#

s~4d→« f !58paa0
2~«2«4d!z^4dur u« f & z2,

s~4d2«p!5 16p
3 aa0

2~«2«4d!z^4dur u«p& z2,

where«2«4d is the energy required to produce an electron
with kinetic energy« by 4d photoexcitation. The predicted
peak lies at 60 eV, compared with the earlier calculated
value of 100 eV@26#. The maximum predicted value for the
4d→« f cross section is predicted as 48 Mb, which is too
large, and the resonance profile is too narrow. These results
are consistent with other theoretical predictions based on
single-particle models@32#.

Since giant dipole resonances or shape resonances in the
spectra of atoms and ions can be considered to be collective
phenomena@33# where sharing of the excitation energy~and
cooperative effects! can be invoked to describe their charac-
teristic shapes a theoretical description must inherently be
many-body in nature. Two such theoretical prescriptions are
many-body perturbation theory@34# and the random-phase
approximation with exchange@35#. Both have yielded sig-
nificant insights into the origin and unique features of
4d2« f resonances. Yet another approach is the time-
dependent local-density approximation~TDLDA ! as dis-
cussed by Zangwill and Soven@36#. The underlying idea is
that the external electromagnetic field causes a time-
dependent polarization of the atomic-charge cloud resulting
in an induced electromagnetic field. External and induced
fields superimpose to yield an effective driving field to which
the electrons responds independently. The photoabsorption
cross sections(v) is then obtained from the frequency-
dependent atomic polarizability a(v) using
s(v)54p(v/c)Im@a(v)#. In our second set of calcula-
tions photoabsorption cross sections for atomic iodine and a
number of its ions have been computed using the relativistic
and nonrelativistic TDLDA codesDAVID @37# andGOLIATH
@38#. Following the lead given by Nurohet al. @39# for the
Ba isonuclear sequence, we have made preliminary studies
of the effect of increasing ionization on the 4d→ f channel
along the iodine isonuclear sequence. For neutral iodine a
nonrelativistic calculation places the 4d→« f peak at 96 eV
and again overestimates the cross-section maximum as 27
Mb. The results of both these calculations are shown in Fig.
7, where they are compared directly to the experimental
spectrum whose profile has been adjusted to agree with the
previous experimentally derived peak@8#. Since the effective
number of electrons participating in the photoabsorption pro-

FIG. 6. Experimental spectra of~a! neutral iodine,~b! I1, and
~c! I 21 in the 4d→« f region recorded with the photoelectronic
detection system. Note that the spectrum in~c! contains contribu-
tions from I1 and I31 also ~see text!.
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cess isNeff5*(d f /d«)d«, Nahonet al. @8# deduced a value
of Neff53.2 for the iodine shape resonance from their pho-
toelectron spectrum. For Xe and Te, by comparison,
Neff511 and 9, respectively@40#, so the anomalously low
cross section cannot be solely due to the open 5p subshell. In
the case of molecules and clusters environmental factors
which conspire to produce strong symmetry effects can re-
duce continuum cross sections. It is known, for example, that
the 4d→« f resonance is predicted to be considerably re-
duced in Xe or Ba atoms trapped at the center of fullerene
molecules@41#. In this reference the carbon atoms were mod-
eled using time-dependent density-functional theory, which
is essentially equivalent to TDLDA, as constituting a rigid
electropositive spherically symmetric jellium shell whose
presence causes the appearance of additional nodes in the
wave functions of the scattering states which must be or-
thogonal to two boundf states of the jellium electron distri-
bution. Since no such effects are plausible in an atomic sys-
tem the origin of the discrepancy must remain unclear.

2. Singly ionized iodine

In Fig. 6~b! the spectrum recorded at an interlaser time
delay of 120 ns is seen to contain three well-resolved peaks
at 71.68, 73.81, and 75.84 eV as well as other structures
extending downwards to 60 eV. Since 4d-5p transition in
I 1 are observed under these conditions, these features are
attributed to I1 and the spectrum is a mixture of I and I1.
The earlier Cowan code calculations with the extended

excited-state basis predict that strong lines should be ob-
served in the 60–70-eV region as a result of
4d105s25p4→4d95s25p4n f excitation. The individual
4d9n f terms are so highly mixed in the basis used that the
choice ofn is rather arbitrary. The importance of such hy-
bridization was first noted in an early theoretical work on
Ba21 @42#. The lines do indeed form into a number of rela-
tively sharp features when transitions from the differing
ground configurations terms are summed using the same ra-
tios as best reproduced the 4d→5p profiles. However, they
appear to be shifted downwards by 10 eV in energy. The
TDLDA calculations also predict some discrete structure
near 66 eV with a strong peak dominating the continuum
cross section at 96 eV. The experimental value for this peak
is 89 eV. The results of both of these calculations are pre-
sented in Fig. 8, where they can be compared directly with
the experimental profile. In particular the TDLDA gives a
very good fit to the observed spectrum above 100 eV. The
cross section of the TDLDA spectrum is again questionable
in view of the situation for neutral iodine.

3. Doubly ionized iodine

In the spectrum of Fig. 6~c! recorded at the shortest time
delay the I1 features are still evident but additional strong
lines appear due to photoabsorption in higher stages. Indeed,
this behavior bears a striking similarity to observed change
in the 4d→n f ,« f cross section in progressing from Ba to
Ba21, @42,43# which along with lanthanum is the only ele-
ment for which f wave collapse with increasing ionization
has been studied experimentally. In Ba21 there is still con-
siderable continuum absorption but a major part of the oscil-
lator strength has shifted into the bound region. It has been
interpreted as arising from the collapse of the 4f wave func-
tion from the outer well, where it is an eigenstate in neutral
barium, to the core region as the centrifugal barrier decreases
with increasing ionization and thê4dur un f& dipole-matrix
elements increase as a consequence. With increasing ioniza-
tion the calculations predict that the oscillator strength will
eventually concentrate in the 4d10→4d94 f (1P1) transition
@44,45# since the centrifugal barrier disappears, thel53 po-
tential well becomes deeper and narrower and then f levels
separate in energy. In the Ba21 spectrum four lines of almost
equal intensity are observed. The theoretical approach that
agrees best with observation has been reported by Clarke
@46#, who used a multiconfiguration intermediate coupling
HF calculation with some correlation in the initial and final
states and identified the strongest lines as
4d10→4d94 f ,5f ,6f , and 7f 1P1 transitions. Subsequently
Hansenet al. @47# showed that the sharpness of the features
is a consequence of the fact that the 4f orbital is only par-
tially collapsed in the 4f 1P state, and that in the isoelec-
tronic ion La31 where the 4f 1P is collapsed the autoioniz-
ation width is of the order of 1–2 eV. The nonradiative
relaxation of the 4d hole leading to 5p autoionization is
determined by the electrostaticRk(4 f5p,4d« l ) integral
whose magnitude depends on the degree of 4f collapse.
More recently, the linewidth of the 4d94 f 1P state has been
determined experimentally as approximately 2.0 eV@48#.

The Cowan code calculations performed for the
4d105s25p3→4d95s25p3(np1mf1«p1« f ) excitations
which were used to interpret the 4d→5p data predict the

FIG. 7. Comparison between the experimental 4d→« f spec-
trum of neutral iodine and the results of Hartree-Fock and TDLDA
calculations. The experimental curve is fitted to the absolute cross
section data of Nahonet al. @8#.
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existence of a single intense feature near 82 eV. Moreover,
the presence of absorption from excited terms of the ground
configuration only extends the width of this feature by ap-
proximately 0.4 eV and gives no additional strong lines. The
strongest contributing transitions along with their positions
and g f values are listed in Table X while their population
weighted sum is shown in Fig. 9. In constructing this figure
the autoionizing linewidths were not explicitly calculated but
each line is given an artificial linewidth of 0.25 eV in order
to compare with experimental data. Moreover, the validity of
such theoretical data is questionable since, as already pointed
out, the shakeoff probability is known to increase as the
4d21 limit is approached and has been shown by Nagata
et al. @49# to be responsible for approximately 33% of the
total nonradiative decay at the higher energy end of the
4d→n f region in cesium. It should also be noted that the
n f LS term labels used in Table X correspond to leading
eigenvectors in each case and is strongly dependent on the
choice of basis used. In the case cited, boundn f states up to
n510 were implicitly included. Increasing the basis set up to
m516 led to a new set of labels and also shifted the feature
towards higher energy. However, the overall profile was un-
affected and in particular no additional structure was pre-
dicted to lie on the high-energy side in any of these calcula-
tions. Based on all of these data we associate the intense
single feature at 77.2 eV with discrete 4d→ f absorption in
I 21. Its sharpness indicates that the 4f wave function is
again only partially collapsed in I21. This conclusion is
strongly borne out by the TDLDA results, which show a
strong shape resonance peaking at 96 eV as before with an
intense single feature at 78.7 eV, which almost coincides
with observation and some weaker discrete structure between
70 and 76 eV~Fig. 9!, so even at I21 the ab initio many-
body predictions are more accurate.

D. Higher ion stages

The assignment of the intense feature at 77.5 eV to I21

leaves the problem of identifying the remaining features at

81.2., 83.2, 85.3, and 87.3 eV. The nonrelativistic TDLDA
calculation for I31 ~Fig. 10! predicts three intense reso-
nances close to 79.5, 85, and 87 eV. Because of their enor-
mous oscillator strength only a tiny population of I31, too
small to lead to any detectable 4d→5p transitions, would be
sufficient to observe these features. The calculations also
predict a large cross section (;24 Mb! for 4d→« f transi-
tions at the 4d21 threshold. In I41, the TDLDA calculations
predict that an intense single feature should be observed at
102 eV and the continuum cross section is still high at
threshold, indicating that the 4f state is not yet fully local-
ized in the core region as the transfer of oscillator strength
from « f to 4f which should accompany 4f collapse is not
yet complete. At I71 the entiren f series become bound non-
autoionizing states and further calculations show that the
4d→« f cross section is finally reduced to a value of a few
Mb at this point and the spectrum becomes more ‘‘single-
particle’’ in nature. This behavior is consistent with that al-
ready reported for 4d→4 f transitions in Xe. The transfer of
oscillator strength to the 4d→4 f transition is essentially
complete at Xe81 and theg f value essentially stabilizes past
this stage@50#.

IV. CONCLUSION

The 4d photoabsorption spectra of I, I1, and I21 have
been observed in the 45–150-eV spectral region using the
DLP technique. Calculations with the Cowan suite of pro-
grams were successful in accounting for all of the observed
discrete structure which arises from 4d→5p transitions at
the low-energy end and 4d→n f transitions occurring just
below the 4d threshold in I1 and I21. 4d→6p lines of I

FIG. 8. Comparison between the experimental 4d→n f , « f
spectrum of I21 and the results of HF~discrete spectrum! and
TDLDA calculations. The experimental spectrum was arbitrarily
fitted to give best agreement with the TDLDA results.

FIG. 9. Comparison between the experimental 4d→n f , « f
spectrum of I21 and the results of HF~discrete spectrum! and
TDLDA calculations. The experimental spectrum was arbitrarily
fitted to give best agreement with the TDLDA results. It should be
noted that the experimental spectrum also contains some contribu-
tions from I1 and I31.
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and I1 were also identified. The most striking difference in
the spectra arise not from the opening of the 5p subshell but
from the gradual collapse of the 4f wave function which
causes the 4d→ f oscillator strength to shift slowly from a
shape resonance in the neutral to the discrete spectrum in the
ions. TDLDA calculations with the Zangwill and Liberman
codes successfully reproduced this behavior. In each case the

features observed could be accounted for by assuming ab-
sorption from the ground and lowest excited states.
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