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Abstract

X-ray spectra of H-like Mg ions produced in a laser plasma have been measured by space-resolved high-resolution
spectroscopy. We identified satellite lines neatliyjes, Anl’ — 1snl’ + hy forn= 2, 3, and 4. We construct a collisional
radiative model including the doubly excited states for the intensity ratios of satellite lines. We use atomic data calculated
by different methods for satellite lines and compare the results. We derive the electron temperature and density of the
laser-produced plasma by a new technique using intensity ratios of only satellite lines. This technique is useful because
the Lya lines are often affected by opacity.

Keywords: H-like Mg ions; Plasma diagnostics; Satellite line; X-ray spectra

1. INTRODUCTION 2. EXPERIMENTAL SETUP

In high temperature and high density plasmas, satellite lineX-ray line spectra with high spectral resolutioh/AA ~
emitted through doubly excited states are important fol5000 were measured at the nhelix-laser facility at GSI-
plasma diagnostics. Satellite lines have been widely useBarmstad{ Rosmejet al., 1999, 200L The laser is a 100-J
for plasma diagnostics of solar flar@sg., Dubau & Volonte, Nd-glass lasetA = 1.046um), with a pulse width of 15 ns
1980; Bely-Dubauet al,, 1982, Tokamak plasmasge.g., and energy of 17 J. A massive Mg target is irradiated at
Bitter et al,, 1984; Katoet al., 1987, and laser-produced normal incidence. The focal spot diameter on the target is
plasmagq Fujimotoet al., 1981; Demiret al, 1997, espe- 500um. X rays generated at the target are observed with a
cially for dielectronic satellite lines of Li-like ions. In this spherically bent mica crystal in second-order refraction
article we study the satellite lines of He-like ions in detail. providing simultaneous high spatial and spectral resolution.
We have made a collisional-radiative mod€RM) for  The mica crystal was used in order to have a spherical
H-like and He-like ions including the doubly excited states.geometry for the Bragg crystal, which permit simultaneous
X-ray spectra of H-like Mg ions were measured from ahigh spectral and spatial resolution while maintaining high
laser-produced plasma with a high-resolution spectrometduminosity (because no slit is required for the space resolu-
by Rosmegt al. (1999, 200]. We identify satellite lines for tion). The second order was used to increase the resolution.
1snl lines (n = 2—4) and analyzed the spectra using our In first order, the imaging properties of the spherical geom-
CRM. We compare three kinds of atomic data for spectraktry are not so good because the Bragg angle is too small.
analysis. We derived temperatures of 180, 200, and 210 eVhe spatial resolution in thedirection is 14um. Because
at three points imaged by the spectrometer. The deriveX-ray film is used to record the spectra, there is no time
electron density is % 10?° cm 3. resolution.

We have analyzed spectra from three different positions:
“center,” “+170 um” and “—170 um.” The “center” posi-
tion corresponds to the crossing points of the laser beam and

Address correspondence and reprint requests to: Takako Kato, Atomighe surface of the target. Thet170 wm’ position corre-
and Molecular Data Research Center, Data and Planning Center, National

Institute for Fusion Science, Oroshi-cho, Toki, Gifu, 509-5292, Japan.SpondS tp a posmon Separated 1/1@] from center in the
E-mail: kato.takako@nifs.ac.jp normal direction. The*170um” position corresponds to a

245



https://core.ac.uk/display/72808339?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

246 Kato et al.

position below the center point. The observed spectra arexcited states ashlstates. For doubly excited statet'r8,
shown in Figure 1. n = 3 levels are averaged with total angular momg&rand
4 = n = 20 are averaged with orbital quantum numbén
Figure 2 the schematic energy level diagram for our CRM is

3. COLLISIONAL-RADIATIVE MODEL FOR
shown.

SATELLITE LINES

Normally collisional-radiative model&CRM) include only )
singly excited states, and the doubly excited states, whici-2- Rate equation

lie under a singly excited state, are not explicitly mcluded.An emission line intensity is calculated using a population

However we observe many sateliite lines that are emltte(.iijensity of an upper level multiplied by a radiative transition

through the doubly excited states in X-ray spectra frqmr te. Population densities are calculated by rate equations as
laser-produced plasmas, solar flares, and magnetic Conﬂneféllows

plasmas such as tokamak. We have constructed a CRM o

the H-like and He-like system including the He-like doubly

excited states including the = 2 (2s and ) levels for aN =-SWN+>SWN, (1

H-like ions and the levels up to= 3 (3s, 3p, and 31) for dt i i

H-like levels. Details of this model are given in Yamamoto

et al. (2002 and Katoet al. (2009). whereW is a total transition rate fromstate ta state.
Atomic processes considered in our model are electron

impact excitatiofide-excitation, ionizatiofthree-body recom-

bination, radiative recombination, and dielecronic capture,

In our CRM the ground statesi and singly excited states radiative transition, and autoionization. Collisional atomic

1snl, doubly excited states| 4l and 3'nl for He-like ions,  data(excitation and ionizatiorfor singly excited statesshl

and X, 2I, and 3 states for H-like ions are included. The and for doubly excited stated 'l are the same as used in

total number of levels is 367:shl (60 statel 2I'nl (230  Yamamotoet al. (2002. Collisional excitation rate coeffi-

state$, and 3'nl (70 states For singly excited statessfl,  cients between doubly excited statd®l2 are taken from

n = 2 states are resolved in fine structure levels; for theGoettet al. (1983 and from k2l to 21'21"” are taken from

states with 3= n = 7, the different total angular momedit Sampsoret al.(1983. The transition rates between doubly

states are combined keepih@ndSseparate; for the levels excited states3nl are calculated using the HULLAC code

with 8 = n = 10, the total orbital angular momentuaare  (Bar-Shalonet al,, 1988.

combined but spirB are kept separate; and for the levels Eq. (1) is solved assuming quasi-steady state for doubly

with 11 = n = 20, they are averaged into the principal and singly excited states. Under this assumption we can

guantum numben. For doubly excited states]‘al, with  write the steady-state population densitidsof excited

2 = n = 5 are resolved into fine structure levels, and thestates as a linear combination of the population densities of

levels with 6= n = 20 are combined into the averaged 1s? 1s, 2s, 2p, 3s, 3p, and 3 as follows:

3.1. Energy level
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Fig. 1. a: The measured spectrum near H-like Mgxlines. The spectrum is obtained from “center.” b: The measured spectrum near
Ly« lines with identification for satellite lines.
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lo= N, A% 3

3.3. Discussion of the averaged level model
for satellite line spectra

When we have to take into account many excited states in
CRM, we can consider the averaged levels for simplicity. In
an averaged level model, the population densities of detailed
levels are obtained distributing the averaged level popula-
tion density according to the statistical weights. Then the
line intensities for detailed levels are calculated from the
population densities in averaged model. We find the differ-
ence in satellite line intensities between an averaged model
(the level with different] but with the same configuration is
combined to one leveland an individual level modédthe
levels are separated with) separated with fine structure
levels. Comparison with an averaged model described in
Yamamotoet al. (2002 and Katoet al. (2001 and an
individual model calculated in this article is discussed in
this section. Both models use atomic data from the MZ code
(Vainshtein & Safronova, 1978, pers. comm., 2D@om-

wherer;” andN, are the population density coefficient and parisons for satellite line spectra by two different models are

the electron density, respectively. The suffilndicates the
ground states of He-like ionssi and H-like ions %, and

H-like excited states, £ 2p, 3s, 3p, and 3.

shown in Figure 3 fofa) 1s31-213l", (b) 1s3I-214l" and(c)
1s31-2I51". To avoid the density effect on line intensities,
electron density in the calculation is assumed to be I%m

Line intensities are then obtained by multiplying the which corresponds to the low-density limit.

population densityN;, and radiative transition ratd" as

follows:
—I‘_‘ EU LI | I LI I LI | LI | LI | I LILL
. . (b) 1837203/
Z 15k { 16—}
= - x 10 A
.é 1.0 ?: | —
T F R .
e i E
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The averaged model assumes the population densities are
proportional to the statistical weights of the levels. There-
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Fig. 3. Comparison of satellite line spectra between models with averaged leadid line) and individual levelgdotted lines.
Electron and ion temperatures are assumed to be 200 eV and 180 eV, respectively. Electromgisrasitsumed to be 1 crd and the
instrumental width is taken to be 1.5 mA. &31-21'3l; b: 1s4l-21'4l; and c: K5I-2I'5l transitions.
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fore, generally, the intensities by an averaged model givautoionization rate from levél The data by MZ are repre-
larger intensities than the individual model in total. We cansented by thé.S coupling scheme and those by MBS and
say that the intensities in an averaged model correspond tdBL are jj coupling. Generally for 21" and 43I’ lines,
those in a high density limit where the collisional processesagreements are good. Large differences are foundI#r 2
are dominant. and 25!’ lines between MZ and many body thediyIBS

Comparison between averaged and individual models foand MBL). In the following, the differences in atomic data
1s3-21'3| transitions are shown in Figure 3a. Betweenare represented by percentages relative to the values given
8.38 A and 8.50 A, satellite line intensities by the averagedy the MZ methode.g.,(MBS — MZ)/MZ X 100).
model are larger than those by the individual model except Comparison of the different atomic data, MZ, MBS, and
linef (1s3d *D,—2p3d F3, 8.406 A). In the averaged model MBL, is given in Figure 4 foa) n=2,(b)n=3,(c)n=4,
three 23dsinglet level€*P, 1D, and'F) are combinedinto  and(d) n = 5 transitions in a form of convoluted intensity
one 203d singlet level. Because the autoionization rate forfactor,Qy X P()), whereP(A) is a line profile of Voigt type.
2p3d 'F;is larger than those of othep2d P, 1D levels, the Most of the data for 421212l transitions, théA® and A’
population density of @3d F become smaller in the aver- values agree within-20%. The difference in intensity fac-
aged model compared to an individual model. When theor Qg for these transitions is about 10%. The largest differ-
electron temperature is derived from the intensity ratioence forA? values is 30% for the# 3P, state, which is the
Is /15, the predicted temperature might be overestimated impper state of linel. The disagreement i@y for d line is
an averaged model. In the wavelength range of 8.46—-8.48 Aglso 30% for both MBS and MBL data. Fdrline (1s2p
disagreement of spectra is due to the effect of the averaged®;—2p? D,), which has the largesA? in satellite lines,
2p3p levels. Because the autoionization rate fpBp 3Dis  wavelength of MBS is 1.6 mA shorter than MZ and MBL.
small, the population density in an individual model is The difference for §31-21'3I transitions are larger than
small. However in the averaged model the population denthose for ¥21-21'2l transitions. The differences @ for
sity becomes large due to the effect of oth@3@ levels  2p3d F;, the upper level of ling are 40% for MBS and 5%
where the dielectronic capture rates are large. R4  for MBL, and the differences o4 are 13% for MBS and
21'4l transitions, in the wavelength range longer than 8.43 A—7% for MBL, respectively. The strongest line in this
the agreement between the two models is good. Howevewavelength range issBd *Ds—2p3d °F, and the atomic data
the spectra from the averaged model in the range 8.41fer this transition agree well.

8.43 A is larger than that from the individual model by a The discrepancies fors#l—2l1'4l transitions are much
factor of 2-3 as shown in Figure 3b. The line intensitieslarger than those fan = 2 and 3. EspeciallyA® values by
between 8.4157-8.4158 A are stronger from the individuaMZ for 2p4f 3D, , 5, which are the upper states of satellite
model than from the averaged model because the autoiofiines in the wavelength range of 8.4157-8.4158 A are larger
ization rates from @4f 3D, the upper levels for these by 1-4 orders of magnitude than those by MBS and MBL.
transitions, are large compared to othe@dPtriplet levels.  Therefore,Qq values of these transitions by MZ are also

larger by a factor of 10-10than MBS and MBL.

For n = 5 transitions Qy values of transitions from the

4. ATOMIC DATA upper states$sf 3F and 205f 3D by MBL are smaller by a
To interpret the observed spectra, atomic data are verfactor of 10—16 than those by MZ, because the autoioniza-
important. We compare here three different theoretical datéion rates by MBL are smaller than MZ by a factor of
sets calculated usir{@) MZ code by Vainshtein and Safronova 10°-10% Therefore the large difference is found at around
(1978 and U.1. Safronovépers. comm), Vinogradovetal.  8.417 A as shown in Figure 4d. Thgy value for 5d
(1975, (2) a code based on relativistic many-body pertur-Ds—2p5d °F, (8.426 A) transition by MBL is 20% of that
bation theory combined with complex rotation by Lindroth by MZ because the autoionization rate is about 20% and the
(MBL; Tokman et al, 2002, and (3) a code based on radiative transition rate is 30% of those by MZ.
relativistic many-body perturbation theory by Safronova
(MBS; pers. comn).

We compare the atomic data for satellite lins21%2| '2I,
1s31-21"3l, 1s41-21'4l, and B5I-2I'5]. Three atomic data
sets by MZ, MBS, and MBL are compared for the wave-
lengths, radiative transitions, autoionization rates, and intenBecause the satellite line intensities depend on electron tem-

5. PLASMA DIAGNOSTICS FOR T.AND Ng
USING SATELLITE LINE
INTENSITY RATIOS

sity factorQy: peraturel, and densityN,, the satellite line intensity ratios
depend orT, andN,. The intensities in this section are cal-
Q, = g A'A® @ culated for anionizing plasmawhere the doubly excited states
¢ A+ A are populated by dielectronic capture from tlsestate only.

The density dependence is mainly caused by the colli-
whereg; is a statistical weight for upper stateA’ is the  sional process througlhichanging with the same quantum
radiative transition rate from level to j, and A% is the  numbern. Electron density dependence for several line
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Fig. 4. Comparison of intensity factor convoluted by the Voigt profile function for three different atomic data sets tsoN¥line),
MBS (dotted ling, and MBL (dot-dashed line lon temperaturel, = 200 eV and instrumental width 1.5 mA are assumed.
a: 1s21-21'2l; b: 1s31-21"3l; c: 1s41-21'4l; and d: ¥5I-2'5I transitions.

intensity ratios of satellite lines @ = 200 eV are shown in  density of 22 3P, increases by-changing collisional exci-
Figure 5 as calculated by two different atomic data sets, Mzation from the 22p 3P, statg/12]. On the contrary, the pop-

and MBL. Among intensity ratiodq (1s2p 3P,—2p? °P,)/I,

ulation density 22p 3Pis decreased Hychanging collisions.

(1s2p P,—2p? 'D,) has a strong dependence as shown inTherefore the ratidg(1s2p 3P—2p? 3P,)/I,(1s2p *P—2p?

Figure 5. Because the dielectronic capture rates2pZP,

1D,) increases with increasing density fdg = 10'° cm™3

is larger than that of @ 3P, by a factor of 5, the population and the ratio ofl,(1s2s 3S,—2s2p 3P,)/I;(1s2p *P;—2p?

densities of these states alg2s2p 3P,) > N (2p? 3P,) at

1D,) gradually decreases ovig = 10°°?*cm™3 The ratio

low densities. With increasing electron density, populationl; (1s3d *D,—2p3d *F;)/1,;(1s2p *P,—2p?'D,) also decreases

.11- T T T T ror T LI L ,I T T T ITITf

intensity ratio

_'-Hr 1 L L L1 11l 1 lIIIIIII Il IIlIIII'I-
2 4 & 8 2 4 0 08 2 4 6 8
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electron density (cm )

Fig. 5. Density dependence of theoretical line intensity ratidat 200
eV in an ionizing plasma. Thin lines are intensity ratios by MZ Ifpfl;
(solid line), 1¢/1; (dotted ling, 14/1; (dot-dashed ling andl; /15 (dot-dot-
dashed lines Bold dot dashed line is fdg /I3 by MTL.

at higher densities than ¥bcm™3 On the other hand, the
ratio I.(1s2s 'S—2s2p *P,)/1;(1s2p P—2p? 'D,) has no
dependence on electron density. The intensity gl can
be used for electron density diagnostics in the electron
density rangeN, = 10%° cm 3. Electron density derived
from l4/1; by MBL gives larger values than that by MZ.
Electron temperature dependence of several line intensity
ratios atN, = 10%° cm™2 are shown in Figure 6. The ratio
13/1Lye Strongly decreases with increase of temperature. The
intensity ratios of the satellite lines to the resonance line
have been often used to estimate electron temperature in
high temperature plasmés.g., Kaokt al,, 1998. However
in our case we do not use this ratio because hyight be
affected by opacity as mentioned in Section 2. The intensity
ratios of lines, which have the samguantum number as an
upper state, have no temperature dependence. The line inten-
sity ratios with different quantum numbarss upper states
such asl¢ /1, can be used to estimate temperature, although
dependence on temperature of intensity ratid; is much
weaker thar; /I, ,,. On the contrary, independence of tem-
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Fig. 6. Temperature dependence of theoretical line intensity ratio a
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perature and density for the ratig/l; can be used to define
a reference line ratio in the measured spectra.

6. SPECTRAL ANALYSIS

We analysed three kind of spectra measured from center,
—170 um, and+170 um. The intensity ratid;/I; has a
strong temperature dependence kyxdl; has density depen-
dence as shown in Section 5. We used mainly these two
intensity ratios to derive the electron temperature and den-
sity. Among three sets of atomic data compared in Section 4,
we used MZ and MBL data for our spectral analysis and
‘compared the derived plasma parameters. The satellite line
intensities are calculated by our collisional radiative model
including the dielectronic states. lonization equilibrium is
assumed in our analysis.

(a)

I, =200eV

N 20 -3
N, =5x10" ¢m

'.'rJllllllllllllllll

Lo v Loy v s bvs v by

T,=230 eV

200 -3
N.=8x10r cm

-

:4.]IIIIIIIIIIIIIIII

Fig. 7. The observedthin line) and theoretical spectra
(bold lines from “center.” Solid, dashed, and dot-
dashed lines are the sum of satellite lines and,lthe
sum of all the satellite linesshi-2I'nl (n = 2, 3, 4,
and 59, Ly lines. Instrumental widthw is 0.5 mA.

=TI BN AT AN T I AN AT AR A

850

wavelength (A)

a: With atomic data by MZT, = 200 eV, T; = 200 eV,
andN, = 5 X 10?° cm3. b: With atomic data by MBL.
To=230¢eV,T; = 220 eV, andN, = 8 X 10%° cm2,
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Theoretical spectra using the atomic data by MZ andatios. We compared three kinds of atomic data, MZ, MBL,
MBL are shown by dotted lines in Figure 7a, b, respectively.and MBS for spectral analysis. We found a better spectral fit
In the MZ case, the electron densNy s obtained approx- with MZ data than MBT in 8.43-8.44 A214l' lines).
imately 5x 10%° cm~2 from the intensity ratio ofy/l,. The ~ However MBT is better than MZ near 8.415AI51' lines).
temperaturd, = 200 eV is derived from the intensity ratio ~ The plasma parameters are derived with the satellite line
I¢/1; with MZ atomic data. This temperature corresponds tantensity ratios. The derived parameters dge= 200 +
the high temperature limit to fit the spectra in the wave-10 eV andN, = 5 = 2 X 10?° cm™2 for the center position,
length range near the foot of Lyman When we use the T.=210eVandN.=5Xx10%°cm™2for +170um, andT, =
atomic data by MBL, the derived temperatie= 230 eV, 180 eV and\, = 4 X 10?° cm™3 for —170 um.
which is higher than that by MZ because of the difference of We are going to analyze the spectra including the inten-
atomic data for théline. Two broad peaks near 8.43-8.44 A sity of Ly« lines with the effect of opacity using Monte
and 8.44-8.46 A are consistent with a large number of wealCarlo simulation. We would like also to study the dynamic
satellite lines, not only fromI3l’ but also 241" and 25I". effect on the observed spectra.

They are in good agreement with the measured spectrain the

case of MZ. On the shorter wavelength side of Lyman
(~8.415 A the calculated spectrum exceeds the measure@EFERE’\lCES

spectrum as seen in Figure 7a. This excess comes mainr-Suarom, A., KLapscH, M. & OREG, J. (1988. Phys. Rev. A
from 1s4f—2p4f lines, which are much stronger by MZ than  381773.

MBL, as discussed in Section 4. Theoretical spectral featurBeLy-Dusau, F., Dusau, J., FAUCHER, P, GaBrIEL, A.H.,
near Lymane foot with MBL atomic data agrees with the ~ LOULERGUE, M., STEENMAN-CLARK, L., VOLONTE, S,
measured spectra better than that by MZ. Although the ANTONUCCL E. & RAPLEY, C.G. (1982. Mom. Not. R. Astron.
satellite lines in 8.44—8.46 A are in good agreement, the S0€201, 1155.

theoretical spectra in 8.43—-8.44 A is too small in the case oP!TTER M. etal (1984. Phys. Rev. 29, 661.

MBL. The line intensity ratiol./l, does not depend on DE“éHE’SAISZZE;TOUN’ P, TALLENTS, G.J. et al. (1997). Phys. Rev.
temp.e.rature and depsny and should be F:o_nstant- for "‘T UBAU,,J.&VOLONTE,S.(198Q. Dielectronic recombination and
condition, as shown |n.F|gures 5 and 6. This intensity ra}tlo its applications in astronomRep. Prog. Physt3, 199—251.
can be used to determine the background level. We derivef;;;yoro. T.. Yamacuchr, N., Mizut, J., Kato, T. & Funra, F.
the background level considering the intensity ratit.gf;. (1981). J. Phys. D14, 439.

However as seen in Figure 7, the theoretical intensity of lineGoerr, S.T., Sampson, D.H. & CLark, R.E.H. (1983. Atomic
cis always smaller than the observed intensity. The atomic and Nuclear Data Tabl&8, 279.

data forc might be wrong or there is some dynamic effectsKato, T., Funiwara, T. & Hanaoka, Y. (1998. Astrophys. J.
in plasma. The ion temperature is assumed t@ k€200 eV 492, 822-832.

for the theoretical spectra. This value is derived from theKaTo, T, MORITA, S., Masal, K. & Hayakawa, S. (1987). Phys.
observed line profile o andc. KATRoeV".FMS;xZAi?A_OigSIN MoReg, R. & Funmoro, T. (2000
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