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Experimental measurement of the CII L-shell photoabsorption spectrum

P. Nicolosi and P. Villoresi
Laboratorio di Elettronica Quantistica–Departimento di Electronica e Informatica,

Universitàdi Padova and Istituto Nazionale per la Fisica della Materia, Via Gradenigo 6/A, 35131 Padova, Italy
~Received 22 May 1998!

The photoabsorption spectrum of the CII ion has been experimentally observed using the technique of the
two-laser generated plasmas. In this way, both the discrete spectrum, with the series of resonance lines
converging to the ionization threshold, and the photoionization cross section above the first limit have been
measured. Beyond the threshold the cross section shows several resonances corresponding to2S and 2D open
channels and lines corresponding to2P closed channels.
@S1050-2947~98!00712-4#

PACS number~s!: 32.80.Dz, 32.30.Jc, 32.80.Fb
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INTRODUCTION

In this paper we present an experimental measuremen
the photoabsorption spectrum from the ground state ofII

between 38 and 70 nm. In particular, the absorption from
1s22s22p 2Po ground level, giving rise to the resonance s
riesns 2S andnd 2D, has been measured up to the comm
ionization limit, at about 50.8 nm. Beyond this, the pho
ionization continuous spectrum has been observed and
eral resonances have been resolved.

Carbon is one of the most abundant elements in na
and for this reason it is very important to have a full know
edge of its atomic parameters: energy levels, oscilla
strengths, cross sections, etc. In fact, from accurate obse
tions of C spectra it is possible to derive, through spec
scopic analysis, important parameters of the physical e
ronment. For example, C spectra are prominent in radia
emitted by many astrophysical sources as well as in the s
tra recorded in various laboratory experiments.

For these reasons carbon spectra have been studied
long time both theoretically and experimentally. Among t
various works reported in the literature the study perform
within the framework of the Opacity Project deserves m
tioning @1,2#. In particular, Yan and Seaton and Yan, Taylo
and Seaton calculated atomic data for the oscillator stren
and the photoionization cross section of CII by using close-
coupling methods. The theoretical prediction of the pho
inization cross section of CII has been more recently revise
by Lanet al. @3#; the authors made a comparison between
results obtained with close-coupling calculations and theUCL

package and opacity codes, while oscillator strengths w
formerly calculated, particularly those of the resonant tran
tions 2p-ns,nd by McEachran and Cohen@4#. On the other
hand, extensive experimental measurements are mis
consequently, this cannot allow a deep exhaustive kno
edge of the atomic parameters, so the accuracy of theore
data can be based on comprehensive checks for internal
consistency as well as on a comparison with other indep
dent calculations.

One well-established technique for the study of atom
spectra is absorption spectroscopy. However, whereas
ous experiments have been performed with the purpos
measuring atomic parameters for neutral atoms, very
experimental data are reported concerning the matter in
PRA 581050-2947/98/58~6!/4985~4!/$15.00
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ized states. This is mainly related to the difficulty of gene
ating a suitable absorbing medium, i.e., a column of io
with selected charge and energy state. In fact, energy ha
be spent to ionize matter, but unfortunately an ion in
plasma tends to recombine and/or ionize rapidly, so the
ergy should be supplied in a relatively short time and in
suitable amount, in order to selectively ionize one or a f
charge states. In this context the laser produced plasma
recognized as an appropriate source of ions; laser ene
focused onto solid targets, ionizes the matter generatin
plasma cloud of high temperature, of the order of hundr
of eV, and high density, typically the critical density for th
laser wavelength near the laser-matter interaction la
which expands rapidly in vacuum. The tendency of the d
ferent ion species to separate in both time and space is n
worthy. In fact, the various ionization stages of the eleme
composing the target appear in the plasma and show di
ent time evolution and spatial distributions because of
fast expansion due to the very high pressure@5#. The higher
charge states tend to appear very early in the process
their typical time scales are comparable to the duration of
laser pulse, i.e., a few tens of nanoseconds, while those
lower charge are formed later and last longer. In addition,
former are preferentially confined in the middle region of t
plasma cloud; the latter spread out in a wider cone. For th
reasons, by varying the laser power density on the target
probing the plasma at a suitable distance from the tar
after a proper delay a selected charge state can be found
favorably populated.

At this point the problem is to irradiate that region of th
plasma, at the right time, for the right duration, to get t
absorption we are looking for. The laser produced plas
resulted again a suitable source of radiation for accompl
ing this task. When the laser pulse is focused on a targe
relatively high atomic number element, the generated plas
emits radiation in the vacuum ultraviolet to extreme ultrav
let range in pulses of similar duration to that of the las
pulse, with smooth spectral distribution. This source is
sentially pointlike, corresponding to the laser-target inter
tion region, and consequently has a very high brightness

In this paper we report the experimental measuremen
the absorption spectrum of ionized carbon performed w
the dual laser plasma technique. This technique has b
4985 © 1998 The American Physical Society
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4986 PRA 58BRIEF REPORTS
already applied by our group to study the absorption spe
of multiply charged ions@6,7#.

EXPERIMENT

The experiment will be described in detail elsewhere; h
we would like to give the essential elements useful fo
complete understanding of the measurement. In Fig.
scheme of the experiment is shown. The beam~5 J, 18 ns!
from a Nd:YAG laser~where YAG denotes yttrium alumi
num garnet! ~Q switched and injection seeded for the sing
longitudinal mode operation! has been split into two parts
About 3.8 J of the laser pulse energy has been sharply
cused, using a best form spherical lens (f 5100), onto a
tungsten ~W! target generating the back-radiator~BR!
plasma. The remaining energy, 1.2 J, has been focused
a graphite~G! plane target in order to generate the absorb
plasma column.

The W plasma was stigmatically imaged onto the entra
slit of a normal incidence spectrograph via a toroidal mir

FIG. 1. Scheme of the experiment. BR, back-radiator plas
PC, absorbing plasma column.
ra
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(R51259.8 mm,r 51040.7 mm, Pt coated, working at ang
of incidence 24.6 °!. The W target was oriented 45 ° wit
respect to both the incoming laser beam and the line of s
of the spectroscopic apparatus. In this way the image of
high-density, high-temperature laser-target interaction
gion, corresponding to the brightest emitting plasma, w
projected onto the slit. TheG target was placed in front o
and close to~about 6 mm from! the entrance slit of the spec
trograph. Its surface was oriented perpendicular to the len
of the slit; consequently, only a small portion of the expan
ing G plasma was irradiated by the BR plasma. The size
the probed region was about 0.35 mm wide parallel to
target surface, while along the slit it was defined by the i
aging properties of the spectrograph and by the charact
tics of the detector. In addition, by moving the target it w
possible to probe the plasma in different regions and the t
of the probing has been suitably optimized, delaying the g
eration of the W plasma by varying the length of an optic
delay line. Finally, the laser beam has been focused on thG
target with a spherocylindrical lens to obtain an elonga
plasma column~focal spot 0.137 mm2) increasing the
length of the absorbing medium.

The spectrum has been analyzed via a normal incide
stigmatic spectrograph, mounting a toroidal gratingR
51011.1 mm,r 5991.8 mm, Pt coated! of 3600 l/mm. The
detector was a two-dimensional charge coupled dev
(5123512 square pixels of 24mm with an UV-enhanced
response and 16-bit readout, supplied by Princeton Ins
ment. It was operated at230 °C, which was the best com
promise to get a low thermal noise and a negligible reduct
of detection efficiency due to contaminant layer conden
tion on the detector surface. It was mounted in a fixed po
tion on the focal Rowland surface of the spectrograph. T
corresponding dispersion was 6.6 pm/pixel, so about a 3
spectral interval was recorded for each exposure. The s
trum was scanned by moving the grating, which w
mounted on a rotating arm, pivoted at the center of the Ro
land circle and whose length was equal to the radius of
latter. By choosing the grating radii the best stigmatic foc
ing was obtained in an interval of about 30 nm centered a
nm, with an angle of incidence of about 12°. It has be

a;
FIG. 2. CII absorption coefficient taken 2.3 mm from theG target and with a delay of 58 ns. Asterisks show CIII lines. For further details
see the text.
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verified that the residual aberrations allowed about a sin
pixel spectral resolution. Although the stigmatic perfo
mances of the spectroscopic system have not been fully
ploited in the present experiment, they should indeed al
us to record in a single exposure absorption spectra co
sponding to differentG plasma densities by using an e
tended source as backlighter. The projection of the pixel s
on the plasma corresponds to a magnification of about
thus defining the size of the probed plasma, as already st

In Fig. 2 the spectrum of the absorption coefficient b
tween 38 and 68 nm is reported on a semilogarithmic sc
It was derived by probing theG plasma at about 2.3 nm from
the target with a delay of 58 ns between the two laser pul
About 10–20 laser shot sequences were acquired for e
3-nm spectrally wide exposure and the resulting spectrum
composed of the various adjacent spectral intervals. TheII

series starting from the ground state 2p 2Po and proceeding
to thens 2S andnd 2D states is evident. Some CIII absorp-
tion lines are still present throughout the spectrum, th
showing that the CII population was not completely isolate
with respect to other adjacent ionization stages. Indeed,
ionization energy of CII is only 24.38 eV, while that of CI is
11.26 eV. A few other series have been identified in
spectrum, in particular those starting from the first exci
level 2p2 4P and corresponding to transitions to th
2s2p(3Po)nd 4D and 4P and 2s2p(3Po)ns 4P states. In
Table I the identifications and measured wavelengths co
sponding to the high in terms of the observed series are
ported. The wavelengths calculated by extrapolating
quantum defect along the series according to the Ritz
mula are also reported. The measurements have been de
using some CIII or C II lines, already identified and precise
measured@8#, as standards. The uncertainty of the wav
length measures has been estimated to be60.01 nm due to
the discretization of the detector and to the intrinsic spec
broadening of the lines. However, the values have been
ported up to60.001 nm since the relative position of th
lines in the spectrum has been determined with higher a
racy. The two resonance series converge to the common

TABLE I. C II transitions to bound states observed and ide
fied, the only high in members of the series.

n lmeas~nm! lcalc ~nm!

2s22p 2Po– 2s2nd 2D
8 52.695 52.700
9 52.320 52.309

10 52.042 52.025
11 51.838 51.816
12 51.672 51.659

2s2p2 4Po– 2s2p(3Po)ns 4Po

6 52.455 52.444

2s2p2 4Po– 2s2p(3Po)nd 4Do

7 50.820 50.812
8 50.265 50.253

2s2p2 4Po– 2s2p(3Po)nd 4Po

7 50.820 50.786
8 50.265 50.236
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ionization limit 2s2 1S at about 50.8 nm. In Fig. 3 the en
larged portion of the same spectrum around the photoion
tion threshold is reported and the absorption coefficient
the shorter wavelength part has been multiplied by a facto
for visualization purposes. Here the absorption coeffici
has been corrected subtracting a constant value. From
spectrum the effect of strong perturbations of the high-or
members,n>8, of the two resonance series due to t
nearby levels, (3Po)3p 2S for thensseries and (3Po)3p 2D
for the nd series, is evident. The identification of addition
members has been extended up ton512 for the 2D series,
while the 2S series has been clearly followed up ton56,
with the member corresponding ton57 merged with the
wing of a CIII strong line. From the measurement of th
absorption coefficient of the 2p-nd resonance lines, throug
the correspondingly calculatedf values, we expect to derive
with dedicated measurements, the density of CII ions on the
ground level and then a measure of the CII photoionization
cross section.

Beyond the ionization threshold 2s2 1S and below the
second limit 2s2p 3Po, several resonances appear, show
the typical Fano profiles. This portion of the spectrum
shown enlarged in Fig. 4. The photoionization continuo
spectrum in this energy range corresponds to the transit
2s22p 2Po– 2s2 1S1ed 2D,es 2S; consequently, accord
ing to the selection rules, (1S)ks 2S and (1S)kd 2D are

FIG. 3. CII absorption coefficient around the ionization thres
old, extracted from Fig. 2. The coefficient of the portion below 52
nm has been multiplied by a factor 5 for visualization purposes

FIG. 4. CII absorption coefficient beyond the ionization thres
old, extracted from Fig. 2. The superimposed dotted curve is
theoretical calculation from Ref.@2# scaled for a line density of 5
31015 cm22.

i-
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TABLE II. Lines observed beyond the first CII ionization threshold and preliminary assignments.

lmeas~nm! lcalc ~nm! Configuration

46.650 2s22p 2Po– 2s2p(3Po)4p 2P
46.112 2s22p 2Po– 2s2p(3Po)4p 2D
45.800 2s22p 2Po– 2s2p(3Po)4p 2S
43.886 2s22p 2Po– 2s2p(3Po)5p 2P
43.710 2s22p 2Po– 2s2p(3Po)5p 2D
43.574 2s22p 2Po– 2s2p(3Po)5p 2S
43.008 2s22p 2Po– 2s2p(1Po)3p 2D
42.735 42.752 2s22p 2Po– 2s2p(3Po)6p 2P
42.630 2s22p 2Po– 2s2p(1Po)3p 2Pa

42.528 2s22p 2Po– 2s2p(3Po)6p 2S
42.416 42.420 2s22p 2Po– 2s2p(3Po)6p 2D
42.31 2s22p 2Po– 2s2p(1Po)3p 2S
41.875 41.851 2s22p 2Po– 2s2p(3Po)7p 2P1C III

41.794 41.787 2s22p 2Po– 2s2p(3Po)7p 2D
41.683 2s22p 2Po– 2s2p(3Po)7p 2Sa1C III

41.435 41.421 2s22p 2Po– 2s2p(3Po)8p 2P
41.387 41.382 2s22p 2Po– 2s2p(3Po)8p 2D

aTentative assignment.
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open channels giving rise to series of resonances, while
(1S)np 2P states correspond to closed channels, i.e., bo
states. In Table II the measured wavelengths and the co
sponding preliminary identifications are reported. Identific
tions have been based on the calculations reported in R
@1,4,9,10# and, for the higher members of the series, on
trapolation of the quantum defect. In Table II the calcula
wavelengths for these lines are reported. It is noticeable
both the2P and 2D series are perturbed, the first one by t
(1P)3p 2P term and the second by the (1P)3p 2D term.
Indeed, a broad and weak line appears at 42.63 nm and c
be assigned probably to 2s22p 2Po– 2s2p(1Po)3p 2P. In
Fig. 4 a superposition of the cross section derived from
calculations of Yan and Seaton is shown for comparis
assuming a column density of carbon ions of
31015 cm22. In spite of the good agreement on the avera
continuous absorption, some discrepancy is present am
the relative energies of the resonances; however, the
dicted shapes appear to approximate quite well the exp
mental profiles at least for the low members of the ser
while for the others one has to take into account the very
value of the absorption, the correspondingly low signal-
noise ratio, and the finite instrumental resolution affect
mainly the narrowest features. The minima of the absorp
d

di
he
d

re-
-
fs.
-
d
at

uld

e
,

e
ng
re-
ri-
s,
w
-
g
n

features show essentially a null value of the absorption
efficient, at least within the uncertainty of the experimen
data.

CONCLUSIONS

The photoabsorption spectrum of the CII ion has been
observed with the technique of the two-laser generated p
mas. In this way both the discrete spectrum, with the se
of resonance lines converging to the ionization thresho
and the photoionization cross section have been measu
Beyond the threshold the cross section shows several r
nances corresponding to2S and 2D open channels and line
corresponding to2P closed channels. The absolute measu
ment of the cross section is in progress.
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