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Abstract

Space resolved high resolution spectroscopic methods have shown that dielectronic
satellite emission in high energy laser produced plasmas is confined to the area of highest
density and temperature. Employing satellite transitions near Lya. we demonstrate, that
opacity free temperature and density diagnostic can be based solely on the satellite
transitions 2/nl’ — 1snl’ + hv, The exclusion of the resonance line transition in the-analysis
provides an opacity free diagnostic method with limited need for spatial deconvolution.

For the interpretation of the experimental data we have developed a collisional-radiative
model involving autoionising states with high n spectator electrons. The atomic data for
dielectronic satellite transitions are calculated with different methods and compared also in
view for diagnostic applications. For n = 2 satellite transitions we find in general good
agreement, however, for higher quanfum numbers n, the agreement of data is found to be

not satisfactory.
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1. Introduction

In high temperature and high density plasmas, satellite lines emitted through doubly

excited states are important for plasma diagnostics. The dielectronic rcombination is
related to ion abundances and satellite line emissions in plasma. Satellite lines have been
widely used for plasma diagnostics of solar flares [1, 2], Tokamak plasmas [3, 4] and laser
produced plasmas [5, 6], especially for dielectronic satellite lines of Li-like ions. For
temperature diagnostics the intensity ratios of the satellite lines to the resonance line have
been used because these ratios have a strong temperature dependence. The intensity
ratios of the intercombination line 15 'Sg - 1s2p 3P],2 or forbidden line 1s® 'Sy — 1s2s 3Slto
the resonance line 1s? 'Sy — 1s2p 'P), have been used for density diagnostics for He-like
ions [7, 8). However in high density plasmas such as laser produced plasmas, the
resonance line is easily affected by opacity. Electron density of microplasma by
vacuum-spark discharge has been measured using the density effect by inner shell
excitation on the intensity of satellite lines [9] or by collisional transition 2s — 2p on the
intensity ratio of Lyo; to Lyot, lines for high-Z ions [10] to be 10?'cm™ ~ 10%cm™,
The large number of wavelength, transition probability, and intensity factor of satellite
lines from H-, He-, and Li-like ions on various elements are calculated by Vinshtein and
Safronova [11]. Satellite lines of various ions in laser-produced plasrha are identified [12,
13] using these data.

In this paper we study the satellite lines of He-like ions in detail. We have made a
collisional-radiative model (CRM) for H-like and He-like ions including the doubly
excited states. X-ray spectra of H-like Mg tons were measured from a laser produced
plasma with a high resolution spectrometer by F. B. Rosmej [14, 15]. We identify
satellite lines for 1su/ lines (n = 2 ~ 4) and analyzed the spectra using our CRM. We
compare three kinds of atomic data for spectral analysis. We derived temperatures of 180,
200, 210 eV at three points imaged by the spectrometer. The derived electron density is 5
x 102 ¢m?, |

We present in this paper a new method for diagnostics based on satellite lines only — this

has great advantages: no opacity, limited need for spatial deconvolution and the similar set



of lines provides density, temperature and possibly even some indication of transient
processes. The temperature sensitive intensity ratio of satellite lines is mainly used as the
intensity ratios of n = 3 to » = 2 line ratios such as Iy (1s3d IF, - 2p3d 1F3) /1 I;(1s2p p, -
2p® 'Dy). The depsity sensitive intensity ratio of satellite lines is the ratio of singlet and
triplet lines such as Iy (1s2p Py —2p2 *P) / I (1s2p 'Py 2p* 'D,). The intensity ratio I7
(1s2s 'S — 2s2p 'Py) / I, (1s2p 'P; - 2p® 'Dy) is found to have no temperature and density
dependence. This ratio is used to decide the background level. We have investigated the
accuracy of atomic data by fitting the experimental data comparing the atomic data
obtained by different methods especially for these intensity ratios.

We found that the higher order satellites are very important to obtain temperature
sensitivity. The data of intensity factor for higher order satellites are investigated by
comparing the different atomic data and measurement. It is found, that the data agreement

is not completely satisfactory.

2. Experimental setup and line identification

X-ray line spectra with high spectral resolution ( A /AL ~ 5000 ) were measured at the
nhelix-laser facility at GSI-Darmstadt {14, 15]. The laser is a 100 J Nd-Glass Laser (A =
1.046 um ), with a pulse width of 15 ns and energy of 17 J. A massive Mg target is
irradiated at normal incidence. Focal spot diameter onto the target is 500 pm. X-rays
generated at the target are observed with spherically bent mica crystals in the second order
of refraction providing simultaneous high spatial and spectral resolution. The angle |
between the direction of the observation and the target surface ( z’-dire(;tion ) is 45° and
the spatial resolution through the direction is 14 pm. In this paper, we analyze spectra
from three different directions: “center”, “+170 um” and “~170 wm”, as shown in Figure 1.
“Center” corresponds to the crossing points of the laser beam and the surface of the target.
“+170 pm” corresponds to a position separated by 170 pm from “center” in the z-direction.
“_~170 um” corresponds to a position below the “center” point.

The spectra measured from the center are sown in Figs. 2(a) and (b). These spectra

include Lya (Is 281 — 2p *Pip: 8.4192A and 1s *Syz — 2p *Psp: 8.4246A) lines and many



dielectronic satellite lines (1sn{ — 2/'nl). We identified the observed satellite lines using
the atomic data (wavelength, radiative transition rates, autoionization rates) calculated by
Vainshtein and Safronova [11, 16]. Among the numerous satellite lines the strongest is the
line J (1s2p 'P) - 2p* 'Dy) at A = 8.5513A and most of the resolved lines are from 272/’
states. As shown in Figure 2(b), 2/3/" satellite lines are also identified for H-like Mg ions.
Most of the lines from 2/4/’ and 2/5!’ states are blended in Lya lines. The line 1s4d Ds ~
2p4d °F,4 at 8.4326A is the strongest as n = 4 lines. In Table 1 the wavelengths used for
identification are listed. In this paper, we will use the following symbols [17] to identify

the satellite lines as shown in Table 1 and Figure 2(b).

3. Atomic Data

In order to interpret the observed spectra, atomic data are very important. We compare
here with the three different theoretical data calculated using i) MZ code by Vainshtein and
Safronova (MZ) [11, 16], ii) a code based on relétivistic many-body perturbation theory
combined with complex rotation by Lindroth (MBL) [18] and iii) a code based on
relativistic many-body perturbation theory by Safronova (MBS) [1 9].l

We compare the atomic data for satellite lines 152/ — 27°2/, 1531 - 2131, 154/ - 2I'4l, and
1851 — 21’51, Three atomic data sets by MZ, MBS, and MBL are compared in Table 2 for

the wavelengths, radiative transitions, autoionization rates, and intensity factors Qd,

d_ gA A4’
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where g; is the statistical weight of the upper state [, 4" is the radiative transition rate from
level i to j, A% is the autoionization rate of level i, The data by MZ are designated assuming
LS coupling and those by MBS and MBL assume jj coupling scheme. In Table 2 we list the
configuration in LS coupling. The correspondences of jj coupling for MBS and MBL to LS
coupling are given by authors. The atomic data for transitions with large Q¢ which are

mainly > 10" s are listed in Table 2. Generally for 2/2!" and 2/3!’ lines, agreements are



good. Large differences are found for 2/4/” and 2/5/’ lines between MZ and many-body
theory (MBS and MBL). In the following, the differences of atomic data are represented by
percentages, which are one hundred times of MBS/MZ — 1 and MBL/MZ — 1, respectively.

In order to get insight in the diagnostic stability employing different set of atomic data
MZ, MBS, and MBL, we present in figure 3 simplified spectral distributions; for (a) n =2,
(b) n =3, (¢) n = 4 and (d) n =5 transitions are convoluted with an intensity factor, 07 x
P(L) , where P (A) is the Voigt line profile, more detailed of P(A) are discussed in eq.(7) in
Sec. 5.

Most of the data for 152/ — 2/°2] transitions, the 4° and A" values agree within = 20%.
The difference in intensity factor O for these transitions are about 10%. The largest
difference for 4% value is 30% for the 2p” °P; state, which is the upper state of line A. The
disagreement in Q7 for A line is also 30% for both MBS and MBL data. This difference
results in a great error for the density diagnostics which will be discussed in Sec. 4; the
difference could be enormous, e.g., instead of a density 2 x 10?® one could diagnose 7 x
10° ¢m®. For J line (1s2p 'Py — 2p® 'Dy), which has the largest A% in satellite lines,
wavelength of MBS is 1.6mA shorter than MZ and MBL. Concerning to the wavelength
relations among J, T and Lya, MBL is better than those by MZ and MBS

The difference for 153/ — 2/'3/ transitions are larger than those for 152/ - 2772/ transitidns.
The differences of 4% for 2p3d 'Fs, the upper level of line f, are 40% for MBS and 5% for
MBL, and the differences of Qd are 13% for MBS and —7% for MBL, respectively. This
line is diagnostically important because it strongly influence the temperature parameter.
Comparing to the measurement, we have an impression' MZ data is better than MBS and
MBL as will be discussed later. In the wavelength range of 8.43 ~ 8.44A, there are. three
main lines, 1s3p>P; — 2p3p 'Dy, 283d °Dy, and 2p3p°P,, by MZ representation. These three
lines have two 7 with 1 ~ 2 x 10*%s” and one Q7 with order of 10''s™". We find differences
between MZ and MBS ‘for O values for these three lines. It is considered that this
difference is due to the identification of the lines by different LS and jj scheme. As shown
in Figure 3(b) the overall spectral distribution is not much different with three data sets.

The spectrum in 8.44 ~ 8.46A consists of several relatively strong lines. These lines also



have disagreement in-identifications. However the convoluted spectra agrees well with
each other. The strongest line in this wavelength range is 1s3d D3 — 2p3d °F; and the
atomic data for this transition agree well.

Data for 1s4] — 27’41 transitions have much larger discrepancy than those for n =2 and 3.
Especially, 4° values by MZ for 2p4f°D, , 3, which are the upper states of satellite lines in
the wavelength range of 8.4157 ~ 8.4158A, are larger by 1 ~ 4 order of magnitude than
those by MBS and MBL. Therefore, O values of these transitions by MZ are also larger by
1 ~ 3 order of magnitude than MBS and MBL.

For n = 5 transitions, Q° values of transitions from the upper states 2s5f°F and 2p5f°D
by MBL are smaller by factor 10 ~ 10? than those by MZ, because the autoionization rate
by MBL is smaller than MZ by factor 102 ~ 10*, Therefore the large difference is found at
around 8.417A as shown in Figure3 (d). The Qd value for 1s5d°Ds — 2p5d°F4 (8.4260A)
transition by MBL is 20% of that by MZ since the autoionization rate is about 20% and the

radiative transition rate is 30% of those by MZ.

4, Collisional-radiative Model for satellite lines

Usual collisonal-radiative models { CRM ) include only singly excited states and the
doubly excited states, which lie under a singly excited state, are not explicitly included.
However, we observe many satellite lines which are emitted through the doubly excited
sates in X-ray spectra from laser produced plasmas, solar flares, magnetic confined
plasmas such as tokamak. In order to obtain temperature and density sensitivity on the
solely basis of satellite transitions it is necessary to calculate their population densities
explicitly by means of a CRM. We have constructed a CRM of H-like and He-like system
including the He-like doubly excited states, including the.n = 2 (2s and 2p) levels for
H:like ions [20] and the levels up to n = 3 (3s, 3p and 3d) for H-like levels [21]. In this
paper we have developed this model including 2/n!’ levels with fine structure resolved

levels forn=2, 3, 4 and 5.

4.1 Energy Level



In our CRM the ground state 1s” and singly excited states 1sn/, doubly excited states
20’nl and 3!’nl for He-like ions, and 1s, 2/, and 3/ states for H-like ions are included. The
total number of levels is 367: 1snl/ (60 states), 2/°n/ (230 states), and 3/°n/ (70 states). For
- singly excited states 1snl, n = 2 states are resolved in fine structure levels, for the states
with 3 <n < 7 are averaged with total angular moment J, for the levels with 8 <n < 10 are
averaged with angular moment L separating by spin, and for the levels with 11 < n <20 are
averaged into the principal gquantum number n [22]. For doubly excited states 2/°'nl, with 2
< n <5 are resolved into fine structure levels, and the levels with 6 < n < 20 are combined
into the averaged excited states as 1sn/ states in He-like CRM. For doubly excited states
3'nl, n =13 levels ére averaged with total angular moment J, and 4 < »# < 20 are averaged
with orbital quantum number /. In Figure 4 the schematic energy level diagram for our
CRM is shown.

For 2/°nl states with 2 < n < 5 we used the detailed atomic data for radiative decay and
autoionization rates calculated by MZ, MBS and MBL. For the levels with 6 < n < 20, the
data scaled following Ref. {22] are used. For 3/'nl states with n = 3, 4 and 5, the data
calculated by Hullac code [23] are used. For the levels with 6 < n < 20, the data for
autoionization rate are scaled using n” formula and for the transition probabilities for 3/°n/
— 1snl and 3/°ni — 2/”’nl are used to be H-like ion values of 3/’ — 1s and 3/’ — 2/” transitions,

respectively.

4.2 Rate equation
An Emission line intensity is calculated using a population density of an upper level
multiplied by a radiative transition rate. Population densities are obtained by solving the

following equations,

aN,
?=—ZW,}.N;+;%,NJ., - 2)

J

where W); is a total transition rate from / state to / state.



Atomic processes considered in our model are excitation / de-excitation, ionization /
three-body recombination, radiative recombination and dielecronic capture by electron
impact, radiative transition and autoionization. Collisional atomic data (excitation and
ionization) for singly excited states 1snl and for doubly excited states 2/°n/ are the same as
used in ref. [21]. Collisional excitation rate coefficients between doubly excited states 2/27°
are taken from Goett et al. [24] and from 1s2/ to 2/°2/” are taken from ref. [25]. The
transition rates between doubly excited states 3/’n/ are calculated using HULLAC code-
[23].

Eq.(2) are solved assuming quasi-steady state for doubly and singly excited states.
Under this assumption we can write the steady state population densities N; of excited
states as a linear combination of the population densities of 152, 1s, 2s, 2p, 3s, 3p and 3d as

follows,

N,=L#NN,, | €);
y

whefe r” and N, are the population density coefficient and the electron density, respectively.
Suffix y indicates the ground states of He-like ions 1s* and H-like ions 1s, and excited
states on H-like ions (2s, 2p, 3s, 3p and 3d).

Line intensities are then obtained by multipling the population density ¥;, and radiative

transition rate A” as follows,
I =NA. @

4.3 T~ and Ndependence of satellite line intensity ratios

Since satellite line intensities depend on electron temperature 7, and density N, the
satellite line intensity ratios depend on 7, and N,. The intensities in this section are
calculated in equilibrium condition in eq. (3).

Density dependence is mainly caused by the collisional process through / changing with



the same n.  Electron density dependence for several line intensity ratios of satellite lines
at T, = 200eV are shown in Figure 5 by two different atomic data, MZ and MBL. Among
intensity ratios, 7, (1s2p °P; - 2p**P) / I; (1s2p 'P, - 2p? 'Dy) has the strong dependence as
shown in Figure 5. Since dielectronic capture rate to 2s2p P, is larger than that of 2p?°P,
by factor 5, and total depopulating rates from these states are almost the same, the
population densities of these states are N (2s2p *Py) > N (2p**P3) at low-densities. With
increasing electron density, population density of 2p’ °P, increases by /-changing
collisional-excitation from 2s2p °P; state. On the contrary the population density 2s2p P is
decreased by /-changing collisions. Therefore the ratio I, (1s2p°P; — 2p*°P;) / ;(1s2p 'P,
— 2p* 'D,) increases with increasing density for N, = 10”’cm™. Ratio of Ip (1s2s S, -
252p °Py) / I; (1s2p 'Py — 2p® 'Dy) gradually decrease over N, = 10°*%'¢m™. The ratio I
(1s3d 'D; - 2p3d 'Fs) / I; (1s2p 'Py — 2p® 'D,) also decreases at higher densities than
10¥'em™. The ratio Ir (1525 'So — 2s2p 'Py) / Iy (1s2p 'P; - 2p® 'D,) has no dependence on
electron density. On the other hand, intensity ratio I, / I; can be used for electron density
diagnostics in the electron density range N, = 10°%m™. Electron density derived from I, /
I;by MBL gives larger values than that by MZ.

Electron temperature dependence of several line intensity ratios at N, = 10°%cm™ are
shown in Figure 6. The ratio I; / I1,, drastically decreases with increase of temperature.
This intensity ratio has been often used to estimate electron temperature in high
temperature plasmas. However in our case we do not use this ratio because Lya might be
affected by opacity as mentioned in Sec.2. The intensity ratios, which have the same »
quantum number as an upper state, have no temperature dependence. The line intensity
ratios with different quantum numbers n as upper states such as, I/ I, can be used to
estimate temperature, although dependence on temperature of intensity ratio Ir/ I; is much

- weaker than I/ Ir,,. The intensity ratio I;/ I; is written as

v ol E,-E, ,
—’5~—£exp( : fJ, )
O kT, :

€



where I’ is a line intensity at low density limit and E is the energy of the doubly excited
state measured from the threshold (1s state). On the contrary independence on temperature
and density for the ratio I7/ I; can be used to define a reference line ratio in the measured
spectra. The atomic data for two transitions by different method agree very well as seen in

Table 2. Therefore this line ratio can be used as reference of line ratios.

4.4 Effect of inner shell excitation from He-like ions

In the previous 4.3 section, we considered a dielectronic capture populates the doubly
excited states; 1s + e — 2pn/ as a population mechanism. However there is a possibility to
populate the doubly excited states by inner shell excitation from the singly excited states
1snl, 1s* — 1snl — 2pnl by electrons or photons. Another possible process is cascade
processes from other doubly excited states, 1s +e” — 2/'nl(n=3) — ...— 2121

Ion abundances and population densities of H-like and He-like ions in ionization
equilibrium are shown in Figure 7 as a function of electron temperature for N, = 10%° cm?,
In the temperature region T, < 300eV, the population density of 1s? state is largest among
other states. Therefore in this temperature range, the contribution of the inner shell
excitation processes to the intensities of satellite lines 1s2/ — 2/°2/ has importance. Cascade
effects are important for the levels whose population densities are small like a 2p” *P state.

We have studied the contribution of dielectronic capture, cascade, and inner shell
excitation on the population densities of doubly excited states. Figure 8(a), (b), and (c)
show the fractions of three processes ( dielectronic capture, cascade, and inner shell
excitation ) in populations of 2/27’ states as a function of electron density at 7, = 200eV.
Doubly excited 272!’ states except 2p® P states are produced mainly by dielectronic
capture at N, < 10%cm™. For N, > 1022cm'3, I-changing transitions become dominant and
the population densities are decided only by collisions. Then the population densities are
proportional to statistical weight. On the other hands, density dependence of contributions
on the 2p? *P states is complicated because of autoionization rates of 2p2_3P is smaller than
that of other states by about one order of magnitude. Fractions of population density of 2p*

3P, state, which corresponds to line A, is also populated by dielectronic capture at N, <

10



10%%cm™ and /-changing transitions at N, > 10”%cm™. The contribution of inner shell
excitation from He-like ions is about 10% for a satellite d line (1s2p*P; — 2p*°P;) and less
than 1% for other satellite lines.

Influence of photo absorption excitation 1s2/ — 2/°2/ depends on geometry of real
plasmas. For a satellite line A, 2p> *P, — 1s2p *P,, a mean free path is a few centimeters
where optical depth becomes unity under the condition of N (1s2p°P;) = 1.4 x 10'¢ cm™
with N, =5 x 10 cm?. The size of the plasma, which we measure, is considered less than
1 mm. Therefore effect of opacity for satellite lines is negligible in our experiment.

On the other hands, mean free path of Ly« is several hundred micrometer which is much

smaller that of satellite lines. Therefore the intensity of Ly is affected by opacity very

much which can be seen clearly from the observed spectra in Figure 2(a)..

5. Spectral analysis.

We analysed three kind of spectra measured from “Center”, “~170um”, and *“+170um”
as-discussed in Sec.2. The intensity ratio I;/ I; has a strong temperature dependence and
L4/ I has density dependencé as shown in Section 4.3. We used mainly these two intensity
ratios to derive the electron temperature and density. Among three kind of atomic data
compared in Table 2 in Sec. 2., we used two kinds of atomic data of MZ and MBL for our
spectral analysis and compared the derived plasma parameters. The satellite line intensities
are calculated by our collisionsal radiative model including the dielectronic states.

Ionization equilibrium is assumed in our analysis.
5.1. Line Profile

In order to analyze the observed spectra we have to take into account the line profiles
P()), for a line intensity,

1{(1)=N4P(2) : (6)

Since the wavelength resolution of the spectrometer is very high, it is necessary to find a

11



precise spectral profile in order to fit the observed spectra well. We used a Voigt profile as

follows,

= (y+w)/2x Il A=Y 1.,
P(2)=], (A=2) +(y+w) 14 0T P[[ o ”‘M O

where Ay is the wavelength of the observed line, o is the Doppler width (FWHM = 2.350), y
is the natural width (= FWHM) and w is the instrumental width. The natural width is given
by. the autoionization rate and radiative transition rate. The collisional processes are not
included in the line width. The instrumental width w and Doppler width ¢ are derived from
the observed line profile of J and T in the “Center” spectrum in order to approach closest to
the maximum resolution. Since the intensity ratio Ir/ I; is constant for any plasma
condition, the background level is decided to fit well [r/ I The instrumental width w =
0.5mA and the effective ion temperature 200eV for the Doppler width gare obtained.
Figure 9 shows an observed line profile of J together with calculated ones with the values
of w = 0.5mA assuming T; = T. = 200eV. The autoionzation rate of the upper state of line J
is 4°2p” 'Dy) = 3.7 x 105! which is the strongest in satellite lines of He-like Mg ions.

The natura! width for J is = 1.44mA which can be compared with the observed FWHM =
3.3mA,

5.2 Center

Theoretical spectra using the atomic data by MZ and MBL are shown by dotted lines in
Figures 10(a) and (b), respectively. In MZ case, the electron density N, is obtained
approximately to be 5 x 102°cm'3. If N, < 5 x 10®m>, the intensity of line A is too weak,
while the intensities of lines Q, R and S are too weak for ¥, > 5 x 102°cm'3._ The
temperature 7, = 200eV is derived from the intensity ratio s/ I; with MZ atomic data. This
temperature corresponds to the high temperature limit to fit the wavelength range near the
foot range of Lyc. When we use the atomic data by MBL, the derived temperature 7, =
230eV which is higher than that by MZ because of the difference of atomic data for the f

12



line. Two broad peaks near 8.43 ~ 8.44A and 8.44 ~ 8.46A, consist with many number of
satellite lines not only from 2/3/’ but also 2/4/" and 2/5/". They are in good agreement with
the measured spectra in the case of MZ. In shorter wavelength side of Lyman o the
calculated spectrum exceeds the measured spectrum as seen in Figure 10. This excess
comes from mainly 1s4f — 2p4f lines which are much stronger by MZ than MBL as
discussed in section 3.1. Theoretical spectral feature near Lya foot with MBL atomic data
agrees with the measured spectra better than that by MZ. Although the satellite lines in
8.44 ~ 8.46A are in good agreement, the theoretical spectra in 8.43 ~ 8.44A is too small in
the case of MBL. The line intensity ratio I7/ I; does not depend on temperature and density
and should be constant for any conditions as shown in Figure 5 and 6. This intensity ratio
can be used to determine the background level. We derived the background level
considering the intensity ratio of /7 / I, However as seen in Figure 10, the theoretical
intensity of line T is always smaller than the observed intensity. Since it was used a single
Mg target with a purity of more than 99.9%, it is difficult to consider a blended line. The
ion temperature for Gaussian component is assumed to be 7; = 200 eV for theoretical
spectra. This value is derived from the line width of J and T as described in Sec.5.1.

From spectral fits shown in Figure 10, atomic data by MZ fit better than MBL for the
satellite lines with n < 4. However for the satellite lines with » = 5, MZ data are too large
comparing to the experiment and MBL data fit better. Figure 11 shows theoretical satellite
line spectra separated for 152/ — 21°2/, 1537 — 21'31, 1s4/ — 21’4/ and 1851 - 2/°5! components

with MZ atomic data at T, = 200eV and N, = 5 x 10¥%m™ corresponding to best fit spectra.
p g

5.3 -170um _
Comparison with the measured and theoretical spectra using atomic data for “~170pum”
by MZ are shown in Figure 12. As is showﬁ in Figure 12, the observed intensity of line f is
weaker for the spectrum from “~170 um” than that from “center”. Therefore it is expected
the lower electron temperature than that from “center”. The electron temperature 7, =
180eV and electron density N, = 4 x 10?%cm™ are derived from the intensity ratios of I,/ I

and I / I; respectively with atomic data by MZ. Using the data by MBL T, = 200eV and N,

13



=5 x 10®%m™ are derived. Satellite line spectra in 8.43 ~ 8.44A are in good agreements
for the spectrum by MZ. Higher temperature does not give a good agreement for a line f
and satellite lines in 8.43 ~ 8.44A in the case of MZ.

The calculated intensity for line T is larger than the measured one. 7, = 220eV and N, =
3 x 10%%m™ are good parameters to fit the measured spectra in 8.44 ~ 8.46A with MBL
atomic data. However these temperatures are too high to explain the intensity of line f as
shown in Fig.12. It is difficult to find a temperature to fit both line f and near Lyo lines.

In Figure 12, the calculated spectra with 7, = 150, 180, 220eV and N, = 4 x 10%%m™ are

shown with measurement.

5.4 +170mkm

The spectrum measured from “+170um” is shown in Figure 13. The intensity of f line is
stronger than the case of “center” and “~170pm”. The electron temperature T, = 300eV is
obtained from the intensity ratio Ir/ I;, However the intensities near Lyo are too strong
with T, = 300eV. Considering whole spectrum in all the wavelength range, we derive T, =
210eV, N, =5 x 10 cm™ as a best fit with atomic data by MZ and T, =230eV and N, =5 x
10% ¢m™ with atomic data by MBL. Figure 13 show the comparison with the calculated
spectra and measurement with three different densities.

Generally the intensities between 8.43 ~ 8.44A (mainly » = 4 lines) by MBL are too
small for the measurements, although the results by MZ agree rather well with

measurements.

6. Summary and Discussions

We have constructed CRM including doubly excited states and analyzed X-ray spectra
of H-like Mg ions measured at GSI.  We identified satellite lines for 212/’ 2/3!” and 2/4!"
transitions from the measured spectra.

We study the density and temperature dependences of satellite line intensity ratios. We
proposed the new method for plasma diagnostics using only satellite line intensity ratios

for temperature and density diagnostics. We compared three kinds of atomic data; MZ,

14



MBL and MBS for spectral analysis carefully. We found a better spectral fit with MZ
data than MBL and MBS in 8.43 ~ 8.44A (2/4/’ lines). However MBL is better than MZ
near 8.415 A (2/5/’ lines).

The plasma parameters are derived with the satellite line intensity ratios. The derived
parameters are T, =200+ 10 eVand N, =5% 2 x10?° ¢cm™ for the “center” position, T, =
210 eV and N, = 5 x 10% em™ for “+170um” and 7. = 180 eV and N, = 4 x 10® cm” for

“~170pm”. The different temperatures from different directions are derived.
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(i) center

(iii) ~170pm (i) +170pm

Figure 1. Experimental geometry for the measurement of satellite lines from a
laser-produced Mg ion plasma. The measured spectra are obtained at three distances:
“Center” corresponds to the crossing position with the laser and the surface of the target,
“+170um” corresponds to the position separated by 170um from “center” to normal

direction, “-170um” corresponds to the position separated from “center” to surface

direction.
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Figure 2. (a) The measured spectrum near H-like Mg Lya lines. The spectrum is obtained
from “center”. (b) The measured spectrum near Lya lines with identification for satellite

lines.
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Figure 3. Comparison of intensity factor convoluted by the Voigt profile function for three
different atomic data by MZ (solid line), MBS (dotted line), and MBL (dot-dashed ling),
respectively. Ton temperature T; = 200eV and instrumental width 0.5mA are assumed. (a)
182/ - 2121, (b) 1831 - 21'3/, (c) 1s4] — 21’41 and (d) 1s5/ - 2/’5] transitions.
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Figure 4. The schematic energy level diagram for our CRM.

18



mtensity ratio

W 3 = XD
T

- 41 L] I ||IIII] 1 IIIIIII! 1 ) T TTTTH

J"":- 1 llllll[ 1 L aaanl I N . st
2 4682"2 468212 4 58
¢ )
10 10 : qu 10
electron density (cm )

Figure 5. Density dependence of theoretical line intensity ratio at 7, = 200eV in an

ionization equilibrium. Thin lines are intensity ratios by MZ for Ip / I; (solid line), I7/ I;

(dotted line), I,/ I; (dot-dashed line) and I/ I, (dot-dot-dashed lines). Bold dot dashed line

is for 1,/ I; by MBL,
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Figure 6. Temperature dependence of theoretical line intensity ratio at N, = 10®cm™ in an

ionization equilibrium. Bold solid line is for Iy / Iy, Thin lines are intensity ratios by MZ

for Ip / Iy (solid line), It/ Iy (dotted line), 14 / Iy (dot-dashed line) and I/ I, (dot-dot-dashed

lines). Bold dot dot dashed line is for I;/ I;by MBL.
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Figure 7. Ion abundances of Mg ions at N, = 10¥cm™ in ionization equilibrium plasma.
Thin solid line indicates 1s? state, bold solid line 1s state. The excited states 1s2p °P (solid
lines) and 1s2s 3S (dashed line) for He-like ions and 2s (dashed), 2p (dot-dashed), 3s
(dotted), 3p (dot dashed) and 3d (dot-dot dashed) for H-like ions are also shown.
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and 3inl’ — 2121’ (dotted lines), I-changing transition 22/’ + € — 2/2/” + ¢ (dot-dashed
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equilibrium. (a) 252 'S, 252p 'Py, 2p” 'S, and 2p° 'Da. (b) 252p *Py.12. (¢) 2p* *Po.12.
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Figure 9. Comparison with the measured spectra (thin line) and theoretical spectra (bold
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respectively.
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Figure 10. The observed (thin line) and theoretical spectra (bold lines) from “center”. Solid,
dashed, and dot-dashed lines are the sum of satellite lines and Lyc, the sum of all the
satellite lines 1snl — 20°nl (n = 2, 3, 4, and 5), Lyc. lines. Instrumental width w is 0.5mA. (a)
with atomic data by MZ. T, = 200eV, 7; = 200eV, and N, = 5 x 10?%cm™. (b) with atomic
data by MBL. T. = 230eV, T;= 200eV, and N, = 8 x 10?%m>.
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Figure 12. The observed (thin line) and theoretical spectra (thick lines) with atomic data by
MZ from “~170um”. Solid, dashed, and dot-dashed lines are the sum of satellite lines and
Lya at 7, = 150eV, 180eV, and 220eV and N, = 4 x 102°cm'3, respectively. Instrumental
width w is 0.5mA and 7;=200eV.
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Figure 13. The observed (thin line) spectra from “+170um” and theoretical (Bold lines)
spectra with MZ data for T, = 210eV. Solid, dotted, dot-dashed, and dot-dot-dashed lines

are N, =10", 10%, 3 x 10%, and 3 x 10*'em?, respectively.

Symbol Transition Wavelength (A) [4]
Lya; 15 %814 — 2p *Pap 8.4246
Lya, 15 %810 - 2p P 8.4192

A 1s2p °P, - 2p* °P, 8.5327
B 1s2p °P; - 2p* Py 8.5301
Q 1s2s %S, - 252p °P, 8.5208
R 1525 38, - 2s2p *P; 8.5243
S 1525 %S) — 2s2p *Py 8.5259
T 152s 'Sy — 2s2p 'P, 8.4956
J 1s2p 'P1 - 2p* 'D» 8.5513
f 1s3d 'D; — 2p3d 'Fs 8.4060

Table 1. The wavelengths and configuration for satellite lines with symbols
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