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Astrophysics in laboratory: Opacity measurements
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Abstract

Recent measurements of the absorption coefficiertgmainsitions in iron and nickel hot plasmas are reported following
a brief review of the published experiments on opacities and absorption coefficients which have been performed until
now in laser-heated cavities adepinches. Emphasis is put on the impact of these measurements in astrophysics.
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1. INTRODUCTION %
X' = (7/40RT3) f X» H(9B, /3T )dv,
0

Behavior of stars is dominated by the transfer of radiative

energy, from their hot center to the outer layers. This eNnergyyhere y, is the absorption coefficient at frequeneyT is

transfer is maximum in the XUV range mainly from 50 10 yhe radiative temperature, ari) is the Planck function
1000 eV. Indeed this spectral range is around the maximurp,\,”hm(,j‘S 1978,

of the Planck function for the temperatures reached inside The Rosseland opacity is very sensitive to the wings of
the stars. Stars are mainly composed of hydrogen and hgreg and to the gaps between lines. Opacities can be ob-

lium, which do not radiate as they are completely ionized ingineq with codes that calculate absorption coefficients of
most of the volume of the star. Heavier elements like iron, thermodynamic equilibriuftLTE) plasmas on a wide

H —5
represent only a small fraction of the total m&8s< 10 spectral range. These codes have been regularly compared
abundance of hydroggrbut they are mostly responsible of ;, workshops(Rickert, 1995: Serduket al, 2000, Rose,

radiative transfer as their ionic species emit a rich XUVZOO]). For very rich spectra, a detailed description is diffi-
spectrum, absorbed and re—gr_nitted ona short—range Scal@ult due to the very high number of lines involved, and
For example, then = 0 transitions(3-3 and 4—#0firon  gyatistical descriptions based on the unresolved transition
are |n.the range 50—120 eV, and théand is aroungl 7QO ev. array(UTA) proposed by Bauche and Bauche-AmeL&94
Opacity calculations are needed to model the radiative transy.o more efficient. Among these codes, one can mention the
fer that rules other measurable parameters such as oscCillaTa and SCO codes based on the UTA formalism, and

tion or pulsation periods of stars. These calculations have taeveloped by Bar-Shaloet al. (1989, 1994, and Blenski
be benchmarked versus experimental data which can bg 5 (1997), respectively. The OF;AL cc;deRogers &

obtained in laboratory plasmas. High energy lasers and Iargl%lesias, 1999 which calculates the spectra with detailed

Z-pinches are the main tools that can produce plasmas in thg,os for low- and mediunz elements. and with the UTA

conditions achieved inside stars, that is, plasmas at tempefs,malism for highZ elements has also been used very
atures of 10-1000 eV and high densitiégo 1/1000 solid  eficiently to analyze laboratory experiments, and also in

density. Radiative transfer depends mainly on the RosSexgtrophysical situations. Measurements of absorption coef-

land opacityyr, which is a mean of absorption coefficients ficients in different spectral ranges test these codes. They
defined by are real benchmarks when the plasma parameters are deter-
mined independently from the absorption measurement, and
Address correspondence and reprint requests to: C. Chenais-PopoviGihen the plasma isin LTE.
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tion coefficients in a well-diagnosed plasma. Examplestion to get a measurement of the temperature independent of
will be given of astrophysical applications for which lab- the measurement of absorption of higlZeelements. This
oratory experiments have been important. Recent progresss been done for theband transitions in Ge by Pereyal.

in calculations that have been tested versus absorption c¢1995 and Backet al. (1997), in Nb by Springeret al.
efficients measurements of nickel samples will then bg1991) and Perryet al. (1996, and in Ni by Chenais-
reported. Popovicset al. (2001c).

Medium-Z elementg Fe, Ni, Ge, Nb, which are ruling
radiative transfer in stars, have been largely studied in the
L-band(2-3 and 2—4 transitionsnd also forAn = 0 tran-
Measurement of absorption coefficients in plasmas is basesitions, specifically the 3-3 and 4—4 transitions. Germa-
on the technique of point projection spectroscopy, first in-nium L-band transitions, whose energy is around 1.5 keV,
troduced by Lewis and McGlinché¥985. This technique were measured by Bruneat al. (1991b), Fosteret al.
is based on a small plasma produced by tightly focusing #1991, Gary et al. (1995, Perryet al. (1995, and Back
laser on a massive or a fiber target to create a point-likeet al.(1997). Temperatures were 10 to 76 eV, with densities
X-ray source. It has been used to probe expanding plasmdsom 3 to 50 mgcm®. Fe has been studied mainly for the
(see, e.g., Balmatal, 1989; Chenais-Popoviesal, 1989;  M-band, inthe XUV rangé50 to 120 eV}, with a gold BL by
Bruneauet al, 1991a; O'Neill et al,, 1991, and was first Da Silvaet al. (1992, Springeret al. (1992, 1994, 199y
used to probe aradiatively heated aluminum plagbsvid-  and Winhartet al. (1995, 1998, in a spectral range of high
sonet al, 1988. Different measurements have been per-interest for astrophysics. Most of these experiments used
formed in the range of temperatures from 10 to 80 eV, anctlosed laser-heated hohlraums with temperatures of 25 and
densities mainly in the range of 0.1 to 300 fog®. 59 eV and densities of 8 and 10 pran®, respectively. One

Very low-Z elements(C, N, B, Be were studied in an experiment was performed at very low densi®/1 mg/
open cavity by Hammaedt al. (1991 and Seelyetal.(1994  cm®) with aZ-pinch by Springeet al.(1997), and measured
andin a closed cavity by Eidmamal.(1994, Merdjietal.  the 3-3 transitions, for a temperature of 20 eV. Important
(1997a), and Gilleronet al. (2001). The backlighterBL) improvements of the OPAL opacity codRogers & Igle-
was a gold target. The measured absorption lines were th&as, 1992 have been obtained by the analysis of these
Rydberg series in the 20 to 70 A spectral window. TheX-UV experiments.
plasmatemperature was 5 to 30 eV and the mass density 4 toUsing a silver BL, measurements of theband, in the
100 mg/cmd. For low-Z elements, the density can be deter- 700-eV spectral range, were obtained for a temperature of
mined from the Stark broadening of lines, which has beer20 eV, and a density around 3 grgn® by Chenais-Popovics
done, except for the very preliminary experiments. et al. (200M). The L-band of nickel has been measured

The Ka lines of light elements, which are in the kilo- in the 900-eV spectral region, at a 20-eV temperature by
electron-volt range, have been studied extensively, in ope@henais-Popovicst al. (2000, 2001a, 2001b). Calcula-
and closed geometry. Mg was studied by Ketlal. (1995 tions performed with the UTA formalism have been tested
with a uranium BL, for a temperature of 23—-31 eV and aand improved by comparison with these experimdéate
density of 9—44 mgcmS. Aluminum is easy to produce in Sect. 5. Niobium has been studied at a temperature of 48 eV
thin foils and was studied using samarium as a(Blavid-  and a density of 26 m@gm? in multilayered A/Nb targets
sonet al,, 1988; Pernetal, 1991, 1994; Smitlet al., 1994; by Springeret al. (1991, and Perryet al. (1996. The ele-
Iglesiaset al, 1995; Merdjiet al,, 1997; Chenais-Popovics ment to be studied was mixed with aluminum, which pro-
etal, 200(). The temperature range covered was 15-58 eWided a thermometer from its ionization state, as mentioned
with densities from 3—-300 mgm?®. The main codes used above.
for the analysis of the K lines are based aab initio atomic Additionally, a few data were published concerning the
calculationgKlapischet al,, 1977; Cowan, 1981; Abdallah M-band absorption of highet-elements. HdZ = 67) was
& Clark, 1991; Bar-Shalomat al., 200J). Chlorine Kx lines  studied by Winharet al. (1999, Sm(Z = 62) by Merd;ji
have also been investigated with foils by Edwaftig91a, etal. (1998, and Au(Z = 79) by Eidmanret al. (1998 at a
1991b) and with foams which permit lowering the plasma temperature around 20 eV and rather low densit#so
density by Renaudiet al. (1997). Additionally, theL-band 10 mg/cm?). Samarium was analyzed with the SCO code
of aluminum has been studied in the XUV range, using aased on UTAs which gave absolute values of transmission
gold BL, by Winhartet al. (1995, 1996, in the regimel,=  that were too low. Tm{Z = 69) was measured at a higher
20eV,p =10 mg/cm®. For these lowZ K« lines, the opacity  temperaturg45 eV) and a density of 90 m@gm? by Smith
calculations can be performed with a detailed description 0f1998. The mixture Ay Gd was also studied by Orzechowski
the lines. This provides a very good agreement of experiet al. (1996 with the aim of obtaining an absorption spec-
ments with calculations. Thed&lines of aluminum have the trum in which lines overlap and fill the gaps to increase the
advantage of providing absorption structures well separateRosseland opacity. These measurements are very relevant to
ion by ion, due to electron screening differences. As Al isindirect drive inertial confinement fusiodCF), to under-
easy to deposit, it has driven the idea to use Al&bsorp-  stand the behavior of the plasma produced on the wall of the

2. REVIEW OF PREVIOUS WORK
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cavity, and these higi-elements could also be present in (see Sect. b The use of two simultaneous backlighters and
stars. the high temperature reached in the hohlraum gave the op-
The experiments performed in the 1990s have permitteghortunity to measure the density of the sample during the
progress concerning the detailed opacity calculations, imbsorption coefficient measurement. In the experiments per-
particular the OPAL code, specifically in the XUV domain formed with smaller installations, the density is rarely mea-
of the An = 0 transitions. Experiments done more recentlysured and is taken from hydrodynamic simulations. This is
were testing the efficiency of the codes based on the UTAustified because the ionization changes only slowly with
formalism which was suspected to reproduce poorly thedensity, and this parameter is difficult to measure. Indeed,
absolute value of transmission of a sample, as shown, fathe X-ray shadowgraphy technique used at high temperature
example, for the Sm absorption cddéerdji et al,, 1998. is inefficient, as the expansion of the sample is too small
(<10 um) for low temperatures. Also, except for elements
of very low atomic number&Z < 10), Stark broadening of
the lines is negligible for the low density obtained and can-
not provide the density from the absorption line width.
Ideally, the parameter@lensity and electron temperature  Most of the recent experiments use the technique of mix-
of the probe have to be perfectly known in these benchmarkng the probed element with aluminum in order to measure
experiments. The plasma has to be in LTE and the paranthe temperature from the aluminum absorption as men-
eters have to be stable in space and time. The experimenti®ned previously. Ideally, Al and the sample absorption
performed with large experimental facilities such as thehave to be measured during the same laser shot, which sup-
NOVA laser and the Saturd-pinch are very close to these poses that two wavelength ranges are simultaneously mea-
conditions and the requirements to reach these conditionsured. Also, obtaining homogeneity of the sample is a difficult
have been well described by Pesyal. (1994, 1996. Fig-  challenge to meet. Nickel is a better candidate than iron to
ure 1 shows the experimental mounting used in the NOVAmake thin foils of uniform thickness due to oxidation. Using
experiments. The sample is heated inside a hohlraum lead- laser beam shorter than the heating laser beam is also
ing to LTE conditions. The use of two samples of differentimportant to prevent the time variations of the parameters.
thicknesses check that the absorption lines are not saturat&yen if this was not possible with all the installations, all the

3. DISCUSSION ON THE
TECHNICAL DIFFICULTIES

Fig. 1. Aschematic diagram of the NOVA experiment showing the two point projection spectrometers used to simultaneously measure
the density, temperature, and X-ray transmission of th&&l samplesreproduced with permission of Elsevier
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measurements have allowed to test development of opacifyprmed on Saturn by Springet al. (1997) were obtained
codes. The opening of new facilities, such as the LULI 2000for plasma parameters very close to the conditions in which
and the LIL, prototype of the LMJ megajoule laser, in which stellar pulsation instabilities were observed.

a high energy short laser pulse will be synchronized with Recently, the measurement of the irbtiransitions ab-
kilojoule or multi-kilojoule nanosecond laser beams will sorption in the 800-eV spectral range performed in a laser
revive the possibility of benchmark experiments reachingexperiment by Chenais-Popovies al. (200th) permitted

the best quality requirements as described by Petrgl.  the identification of an absorption structure of the IRAS
(1996. 13349+ 2438 infrared quasar recorded with the NEWTON
XMM observatory X-ray spectrograph by Sadimal.(20017).
Figure 2 shows the comparison of the astrophysics and lab-
4. ASTROPHYSICAL APPLICATIONS oratory measurements. In Figure 2a is shown the 2—3 tran-
As iron is a dominant element for radiative transfer in thesitions of iron measured with the Asterix laser facility,
interior of stars, measurements of its absorption coefficientsompared to the calculation performed with the code SCO
have been directly used to explain different phenomena senBlenskiet al., 1997). Figure 2b shows the measurement of
sitive to radiative transfer, such as the oscillations of thethe absorption spectrum of the IRAS 13342438 quasar.
convection layer of the sun, observed by helioseismologyrhe broad absorption due to 2-3 transitions of iron looks
(Turck-Chiezeet al., 1993; Bruret al., 1998, the pulsation like the laboratory absorption structure. This indicates that
of Cepheid variable stardRogers & Iglesias, 1994; Gaut- the iron ionic composition and the plasma conditions of the
schy & Saio, 1995 and the absorption of external layers of absorbing region are very similar in the astrophysical and
stars in the X-ray rangéSakoet al, 2001). The measure- laboratory situations. A recent measurement of the same
ment of theAn = O transitions by Da Silvat al. (1992 has  spectral region performed by Paeretsal. (2001 with the
been decisive to model the Cepheid pulsation and heliosei$shandra X-ray observatory in the binary star X061891
mology, because it led to real improvements of opacity codesshowed a much narrowerband iron absorption, indicating
Indeed, the opacity codes did not include tftre= 0 transi-  a lower temperature in the absorbing region of the star.
tions, as they were based on hydrogenic average atom mod-

els, which included only the principal quantum number 5 NICKEL ABSORPTION : COMPARISON

Refining the atom|g physics by mtrqducmg the orbital quan-"" \ v TH DETAILED UTA CALCULATIONS
tum numbel permitted us to describe properly the opacity

in the XUV range where\n transitions play an important L-band orM-band absorption spectra of intermediate- to
role. This is the spectral region in which radiative transfer ishigh-Z elements involve a very large number of transitions.
mostly efficient. The opacity code OPAlRogers & Igle-  Three to 10 ionic species contribute to the absorption and
sias, 1992 has been used to calculate radiative transfer irthe number of lines becomes unmanageable if they are rep-
the astrophysical situations of Cepheids and of the sun. Itesented individually. Calculations based on the UTA for-
has to be noted that the iron absorption measurements paralism (Baucheet al,, 1988; Bauche & Bauche-Arnoult,
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Fig. 2. Absorption of the L—N transitions of iron. a: Measurement in a laser—plasma experiment using the Asterix laser. The black line
is a simulation obtained with the SCO code. b: Measurement of the quasar IRAS 123@8B measured with the X-ray spectrograph

of the Newton-XMM observatory. The smoot’s line is a least-squares fit of the experimental Bata2b was reproduced with
permission ofAstrophysics and Astronomy Journal
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1994, on the superconfiguration concépiar-Shalonet al., measured spectra of intermediate- or highlements were
1989, and on the spin-orbit-split arraySOSA; Bauche- reproduced by codes based on the UTA formalism, and the
Arnoult et al,, 1985; Baucheet al, 1991a) permit us to  absolute value of the measured transmission could not be
reproduce the measured spectra with very good accuracy meproduced using the experimental areal density. This value
a reasonable computing time. These calculations are stitiad to be lowered, sometimes by a factor around 2. For the
under development and need to be compared to benchmaaccuracy of the measurement of the areal density, the uni-
experiments. formity of the foils was questioned and checked. The other
Recent measurement of theM andL—N nickel transi-  possibility was that the UTA formalism, which groups lines
tions in the 700-eV spectral range have permitted new deand does not represent them individually with an accurate
velopments. Amethod, based on the calculation of absorptiowidth, could underestimate the absorption. This is due to the
of individual ions (Bauche-Arnoultet al, 1985; Bauche fact that the saturation of the individual lines, studied by
et al, 1991a), has permitted us to infer the composition of Davidsonet al. (1989 and Chenais-Popoviet al. (1990,
the plasma without relying on the LTE assumption. Calcu-cannot be correctly described with UTA models.
lations are performed for each individual iGn this case Ni The RTA formalism, based on the UTA concept, intro-
VI to Ni XIl') and a least-squares fit of the experimentalduces the huge number of individual lines participating in
spectrum gives the percentage of the individual ionghe absorption by simulating them statistically. The main
(Chenais-Popovics, 2001 Moreover, the problem of the remaining problem is to calculate reasonable individual line
saturation of the absorption lines has been revisited, intewidths. In the nickel absorption case, line widths have been
preting the samé-band nickel spectrum using a resolved evaluated for the dominating ion Ni VIII. Doppler broaden-
transition array(RTA) method(Baucheet al.,, 1991; Duffy ing was dominating, and gave a Gaussian broadening of
et al, 1991; Bauche & Bauche-Arnoult, 199®ifferent  A/AA = 25,000. The comparison of the experimental spec-

c
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Fig. 3. Comparison of a nickel experimental spectrum, obtained for ag@m? sample, with RTA calculations. Full gray thin line:
individual line (RTA) calculation done for an areal density of 4@/cm? with the ionic distribution given by the detailed SOSA
calculation; dotted line: RTA profile convolved with the instrumental praflgaA = 700). (reproduced with permission froRhysical
Review B.
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