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High-resolution x-ray spectrum of a laser-produced barium plasma
in the 9.10–9.36-Å wavelength range

R. Doron, E. Behar, M. Fraenkel, P. Mandelbaum, A. Zigler, and J. L. Schwob
Racah Institute of Physics, The Hebrew University, 91904 Jerusalem, Israel

A. Ya. Faenov and T. A. Pikuz
Multicharged Ion Spectra Data Center, VNIIFTRI, Mendele`evo, Moscow Region 141570, Russia

~Received 7 November 1997!

A highly stripped barium plasma is produced by 120-fs laser pulses irradiating a BaF2 target. The spectrum
emitted by the plasma in the 9.10–9.36-Å wavelength range is recorded using a high-resolution spherically
bent mica crystal. On the basis of theHULLAC atomic code, a level-by-level collisional-radiative model includ-
ing autoionization and dielectronic capture processes is developed to calculate the wavelengths and intensities
of the spectral lines emitted by each of the Cu-, Zn-, and Ga-like barium ions. 3d-n f (n56,7) spectral lines
with different spectator electrons, previously observed only as unresolved transition arrays, are resolved. The
theoretical results agree reasonably well with experiment. Best agreement is obtained for electron density and
temperature of 531021 cm23 and 120 eV, respectively. The intensity ratios of the resolved Cu-like barium
lines are shown to be useful tools for electron density and temperature diagnosis. This diagnostic method was
not possible with low-resolution spectroscopy. It is found that at relatively low temperature and high density as
in the present experiment, therelative intensities of lines within each ionization state are independent of the ion
density ratio of adjacent ionization states.
@S1050-2947~98!01209-8#

PACS number~s!: 32.30.Rj, 32.70.2n, 52.70.2m
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I. INTRODUCTION

The research on plasmas of highly ionized heavy elem
produced by subpicosecond lasers irradiating solid tar
has greatly progressed in the last few years. Recent impr
ment in laser power densities together with the developm
of very high resolution x-ray crystal spectrometers have p
vided new insights into the nature of such plasmas. S
many of the characteristics of these plasmas are believe
be strongly dependent upon the time and space profile o
laser pulse and are yet to be fully understood. Specifically
barium, an experiment with powerful ultrashort laser puls
irradiating on barium compound targets was already p
formed by Zigleret al. @1#, and the emitted x-ray spectrum
was recorded. This spectrum was analyzed by Golds
et al. @2# in the framework of the local thermodynamic equ
librium ~LTE! model. Recently, another experiment for me
suring x-ray emission from a laser-produced barium plas
over a relatively wide wavelength range from 8 to 14 Å h
been carried out@3#. The spectrum was found to consi
mainly of unresolved transition arrays~UTA! emitted by Fe-
to Ge-like barium ions.

In the present work, we present a different measurem
of the same x-ray emission using a spherically bent m
crystal @4# with very high spectral resolution, which enabl
better insight into the unresolved spectral features. The m
crystal technique has already proven to be a powerful tool
spectroscopic investigations@5,6#. The price for the high
resolution is the limited spectral region, which in the pres
case is 9.10–9.36 Å. This wavelength range correspo
mainly to the 3d-6 f transitions of Cu- and Zn-like barium
and to the 3d-7 f transitions of Ga-like barium@3#. In addi-
tion to the precise wavelength measurements, the highly
solved spectrum allows the identification of new lines a
PRA 581050-2947/98/58~3!/1859~8!/$15.00
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opens possibilities for new plasma diagnostic methods.
The plasma investigated in Refs.@1# and@2# was produced

by intense 650-fs laser pulses of power density 1017 W/cm2

at a wavelength of 0.248mm. Transparent BaF2 targets were
used to eliminate the prepulse effect. The x-ray spectrum
recorded and identified as 3d-4 f transitions emitted by Sc
to Ni-like barium. The spectrum showed strong continuu
features and therefore was modeled using the super trans
array ~STA! theory @7# assuming an optically thin LTE
plasma. The STA model indicated near solid density, an
weighted electron temperature distribution of seven differ
temperatures in the 200–350-eV range was assumed in o
to reproduce the space- and time-integrated experime
spectrum.

In the present experiment, although the targets are
BaF2, the laser wavelength is much longer, the pulse du
tion is much shorter, and the laser power density is som
what lower. The analysis of the present spectrum clearly
dicates that at least the part of the plasma emitting the 3d-n f
(n56,7) lines departs from the pure LTE regime. Therefo
here one must construct a detailed collisional-radiat
model. Since the upper levels of the 3d-n f radiative transi-
tions are autoionizing, the model includes autoionization a
dielectronic capture processes.

The intensities of spectral lines arising from autoionizi
levels can strongly depend upon the plasma electron den
ne and temperatureTe . Therefore, these lines are candidat
for plasma diagnostic tools. Particularly, the use of 3d-n f
(n54,5) lines emitted by ions isoelectronic to CuI, ZnI, an
GaI, where the upper levels are autoionizing, has been
gested by Bauche-Arnoultet al. @8# and by Mandelbaum
et al. @9# for diagnostic purposes. In the present work, 3d-6 f
lines, emitted by Cu-like barium with different electron spe
tators, are employed. For fully modeling the plasma and
1859 © 1998 The American Physical Society
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1860 PRA 58R. DORONet al.
spectrum emitted by ions in autoionizing levels it is nec
sary to know the relative abundances of neighboring ion
tion states. However, in transient plasmas with strong te
perature and density gradients such as the present plasm
ion abundance ratios vary as a function of space and ti
Moreover, in the case ofdielectronic recombinationspectra,
the line intensities depend upon the abundance ratio of
ionization states that cannot be easily determined experim
tally. Therefore, these ratios are taken here as free pa
eters in the model.

II. EXPERIMENTAL SETUP

The plasma is generated by the irradiation of intense
trashort laser pulses on solid BaF2 targets. The laser gene
ates 20-mJ, 120-fs pulses at a repetition rate of 10 Hz. T
laser is based on a Ti:sapphire oscillator generating 8
pulses at a wavelength of 0.800mm with a spectral width of
about 10 nm. The 80-fs pulses are amplified by the chir
pulse amplification~CPA! technique@10# in which they are
first stretched temporarily to a width of about 1 ns, sub
quently sent into a regenerative amplifier and a double-p
amplifier, and finally recompressed to a pulse width of 1
fs. The laser pulse is focused on the BaF2 target to a focal
spot of 20 mm, producing a laser power density of
31016 W/cm2.

The x rays are dispersed by a high resolution (l/Dl
510 000) spherical mica crystal@4#, and the spectrum is
recorded on Kodak Direct Exposure film shielded by a v
ible light absorber. The positions of the spectral lines on
photographic films are measured both by means of a G
comparator and also by digitally scanning the films usin
high optical density and high resolution charge-coupled
vice. The Grant comparator has a higher spatial resolut
whereas the scanner gives more reliable line intensities. O
spectra recorded by the scanner are shown in this paper.
accuracy of the wavelength measurement, based on re
high-resolution measurements of He- and Li-like Mg ref
ence lines@5#, is estimated to be about 0.9 mÅ. In additio
the radiation emitted by the plasma is simultaneously d
persed by a flat RAP crystal for which the absolute inten
ties can be derived by introducing accurate corrections
account for film sensitivity@11#, crystal efficiency@12#, filter
transmission, and source to film distance.

III. THEORETICAL MODEL

A collisional-radiative model is constructed to descri
the spectral line intensities based on the level population
the relevant Ba ions. Three separate models are built
describing the Cu-, Zn-, and Ga-like dielectronic recombi
tion emission, including 3955, 4019, and 1803 levels, resp
tively. In each model only two adjacent ionization states
considered taking the density rationNi I /nCu I , nCu I /nZn I , or
nZn I /nGaI as a free parameter. Herenx represents the numbe
density of barium ions in all levels of a given ionization sta
x, excluding the population of doubly excited ions, whi
was found to be relatively small. Since the spectrum is ti
integrated and the time evolution of the plasma is not w
known, a steady-state model is employed. The plasma is
sumed to be optically thin. The procedure carried out is
follows: first, the populations of thesingly excitedlevels are
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found by solving two separate sets of rate equations: one
the emitting ion~e.g., Cu-like 3d10nl) and one for the next
ionized ion~e.g., Ni-like 3d10 and 3d94l ). These equations
can be written as

dni

dt
5ne(

j Þ i
njQji ~Te!1(

j . i
njAji

2ni S ne(
j Þ i

Qi j ~Te!1(
j , i

Ai j D 50. ~1!

ni andnj represent the density of ions in singly excited le
els i and j, respectively, andne represents the electron den
sity. Aji denotes the Einstein coefficient for radiative dec
from j to i, andQi j (Te) denotes the rate coefficient for co
lisional excitation or deexcitation.

In the second step, the populations of thedoubly ~or
inner-shell! excited levels d ~or d8! of the emitting ion are
calculated. The doubly excited configurations that are
evant to the x-ray emission in the wavelength range of
present experiment and that have been included here
3d9nl6 f (n54,5) and 3p53d104l5s for the Cu-like ion,
3d94snl6 f (n54,5) and 3p53d104s4l5s for the Zn-like
ion, and 3d94s24l7 f for the Ga-like ion. The levels of thes
configurations are the upper levels of the main radiative tr
sitions observed in the present spectrum. Other close c
figurations that mix strongly with the above configuratio
are included as well. However, in the ZnI and GaI cases,
some of the configuration mixings are not included due
computation limitations. Therefore, the results for these i
ization states may be slightly less accurate than those
Cu I. In order to further improve the predictions of th
model, the most important radiative decays tolower doubly
excited configurations, for example 3d94l4l 8 and 3d94l5d
in the Cu-like case, are also taken into account. In additi
the model includes transitions from and to the singly exci
levels i of the emitting ion and the singly excited levelsk of
the next ionization state, using the populations of these le
found from solving Eq.~1!. The populations of the levelsk
belonging to the next ionization state are normalized w
respect to those of the levelsi of the emitting ion according
to the ion density ratio parameter~e.g., nNi I /nCu I). The
steady-state collisional-radiative set of rate equations for
els d can be written as follows:

dnd

dt
5ne (

d8Þd

nd8Qd8d~Te!1 (
d8.d

nd8Ad8d

2ndS ne (
d8Þd

Qdd8~Te!1 (
d8,d

Add8D
1neS (

i
niQid~Te!1(

k
nkbkd

c ~Te!

1ne(
k

nkbkd
TB~Te! D

2ndS ne(
i

Qdi~Te!1(
k

Adk
a

1ne(
k

Sdk~Te!1(
i

AdiD 50. ~2!
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PRA 58 1861HIGH-RESOLUTION X-RAY SPECTRUM OF A LASER- . . .
bkd
c (Te) is the rate coefficient for dielectronic capture fromk

to d and Adk
a is the rate coefficient for the reverse proce

i.e., autoionization fromd to k. bkd
TB(Te) is the rate coeffi-

cient for three-body recombination fromk to d andSdk(Te)
is the rate coefficient for the reverse process, i.e., collisio
ionization from d to k. Radiative recombination has bee
neglected. Finally, the populations of the levelsd obtained
by solving Eq.~2! are used for calculating the line intensitie
I di arising from decays from the doubly excited levelsd to
singly excited levelsi:

I di5ndAdi . ~3!

All lines are assumed here to have a uniform Gaussian
file.

The atomic quantities~energy levels, autoionization, ra
diative, and collisional rate coefficients! in the present work
are calculated using the multiconfiguration relativis
HULLAC ~Hebrew University Lawrence Livermore Atomi
Code! computer package@13#.

IV. SPECTROSCOPIC ANALYSIS

Figure 1 shows the whole range of the recorded spectr
which was dispersed by the flat RAP crystal. Most of t
spectral features seen in the figure were identified in Ref.@3#.
The present work focuses on the limited wavelength rang
9.10–9.36 Å indicated in Fig. 1 by the small square. T
x-ray spectrum emitted by the barium plasma in the pres
limited range is shown in Fig. 2 where the high-resoluti
recording obtained using the spherical mica crystal@Fig.
2~a!# is compared to the flat RAP crystal recording@Fig.
2~b!# in the same wavelength region. The spectral featu
observed using the RAP crystal have been recently ident
@3# as 3d-n f (n56,7) UTA’s. These identifications ar
given above the spectrum in Fig. 2~b!. It is clearly seen that
the use of the curved mica crystal spectrometer reveals
details of the spectrum, unobservable with lower resolut
spectroscopy. The features that appear to be single b

FIG. 1. X-ray spectrum of the laser-produced barium plasma
the 8–14-Å wavelength range obtained using a flat RAP crys
The ranges of the transitions of the Cu-like and neighboring ion
tion states are given above the spectrum. The small square in
3d-6 f range indicates the spectral region investigated in the pre
work.
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UTA’s in Fig. 2~b! are actually seen in Fig. 2~a! to be com-
posed of many narrow lines that are coalesced into w
arrays in Fig. 2~b! due only to the instrumental broadening
the flat crystal technique. The high spectral resolution ma
the line identification possible and consequently allo
plasma diagnostics as described below.

It is found that thousands of Cu-, Zn-, and Ga-like co
puted lines arising from 3d-n f (n56,7) transitions with dif-
ferent electron spectators fall in the small wavelength reg
seen in Fig. 2. Thus, in order to identify the resolved pea
~about twenty! of the spectrum in Fig. 2~a!, a straightforward
comparison between computed and measured line w
lengths is insufficient, and it is necessary to model the l
intensities using the collisional-radiative model describ
above. In Fig. 3 the theoretical spectrum obtained by mod
ing the Cu-, Zn-, and Ga-like line wavelengths and inten
ties is compared to the high-resolution experimental sp
trum. All lines are given a uniform Gaussian profile of abo
0.9 mÅ full width at half maximum~FWHM! to match the
narrowest experimental linewidths. These widths are p
tially due to the instrumental resolution of the spectrome
and of the digital scanner. The relative line intensities em
ted within each ionization state are directly obtained from
model, whereas the relative intensities of lines from differe
ionization states are normalized to fit the experimental sp
trum. In order to improve the agreement with experiment a
confirm the line identification, the theoretical wavelengths
all the lines belonging to a given ionization state have be
slightly shifted by a constant value in Fig. 3. These shifts
of about 20 mÅ or less. In fact, using the parametric pot
tial method@14# employed in theHULLAC code, one indeed

n
l.
-
he
nt

FIG. 2. X-ray spectrum of the laser-produced barium plasma
the 9.10–9.36-Å wavelength range. The upper trace~a! is a record-
ing of the spectrum obtained with the spherical mica crystal, and
lower trace~b! is obtained with the flat RAP crystal. The UTA
identifications from Ref.@3# are given in the lower trace above th
spectrum.
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expects the inaccuracy in the theoretical wavelengths to
the same within each ionization state and to vary betw
different ionization states. This is a consequence of the
ergy levels being calculated separately for each ioniza
state. In order to obtain the best results, the calculation
the various ionization states are performed with differ
parametric potentials which are each obtained by a va
tional procedure. The theoretical spectrum fits the exp
mental results fairly well. It should be stressed that for
purpose of identifying the spectrum only features that w
reproducible in several experimental spectra have been t
into account. This is one of the reasons for some of the w
unlabeled peaks in Fig. 3. It is found that the theoreti
spectrum fits the experimental results best when the elec
density and temperature are set to be 531021 cm23 and 120
eV, respectively. These are the plasma parameters use
the theoretical spectrum shown in Fig. 3. A detailed disc
sion of the plasma diagnostic methods that lead to these
rameter values is given in Sec. V.

The comparison of the experimental and theoretical sp
tra has allowed the identification of most of the observ
peaks, which are labeled in Fig. 3. The line identificatio
are presented in Table I. The line labels are given in the
column. The next two columns show the measured wa
lengths in angstroms@lexpt (Å)# and the isoelectronic se
quence of the emitting barium ion. Then, the theoreti
wavelength prior to shifting@l theor(Å) # is given, followed
by the calculated~statistically weighted! Einstein coefficient
for spontaneous emission of the transition (gA), and the to-
tal ~statistically weighted! coefficient for autoionization from
the upper level of the transition ((gAa) obtained by sum-
ming over all possible autoionization channels.g denotes the
statistical weight of the upper level. The next column d
plays the identified radiative transition. For the upper leve
the transition, only the most important components of
eigenvector are given, preceded by the square of their c
ficients. The last two columns show the total angular m
mentum of the lower (JL) and upper (JU) levels of the tran-
sition. Tentative identifications are marked bya. It is worth
noting that, in general, the observed spectral peaks are

FIG. 3. Experimental spectrum of highly ionized barium in t
9.10–9.36-Å wavelength range obtained by the spherical mica c
tal compared to the theoretical spectrum calculated forne55
31021 cm23 andkTe5120 eV. Labels correspond to the transitio
identifications in Table I.
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necessarily individual lines and still may include a fe
blended lines. Some peaks, on the other hand, are foun
be pure single Cu-like lines, e.g., peaks 9 and 11. In
following, these two lines will prove to be suitable for ele
tron density diagnostics.

V. PLASMA DIAGNOSTICS

A. Electron density

One specific pair of lines for which the intensity ratio
sufficiently sensitive to the electron density is found to be
pair of lines 9 and 11~see Fig. 3! emitted by Cu-like barium.
These two lines arise from 3d104l -3d94l6 f transitions; line
9 with a 4p electron spectator, and line 11 with a 4s spec-
tator. Figure 4 gives the calculated intensity ratio for the t
lines as a function of the electron density for a temperat
of 120 eV, which corresponds to the present experimen
indicated in Sec. V B. It can be seen that this intensity ra
significantly varies in the 1019– 1022-cm23 electron density
range from about 40 to 2, and thus can be used for diagn
tics in this range. The reason for the high sensitivity of t
intensity ratio is that there is a large difference between
autoionization rates of the upper levels of the two transitio
while the radiative rates are comparable, as indicated
Table I. Line 11 is already strong at low electron density d
to intense dielectronic capture, which is proportional to t
autoionization coefficient (gAa51.9131013 s21). Line 9, on
the other hand, is weak at low density (gAa57.44
31011 s21) and becomes intense only when collisional pr
cesses between doubly excited levels start being signifi
and strongly populate the upper level of the transition. T
intensity ratio measured in the present experiment is aro
2.2 and is represented in Fig. 4 by the horizontal bars, wh
show the experimental error. It can be seen from the fig
that this measurement indicates a density of at leas
31021 cm23 but not higher than 1023 cm23.

The above diagnosis gives mainly a clear lower limit, b
not a very good upper limit, for the electron density. In ord
to better evaluate the upper density limit, several ot
density-dependent line intensities in the theoretical Cu-l
spectra have been examined. The intensity ratios of th
additional lines are less sensitive to the electron density
ne,1021 cm23, but are somewhat more sensitive in the lim
ited 1021– 1023-cm23 range than the pair of lines used in Fi
4. The overall analysis of these additional results enable
more accurate upper limit estimation for the electron den
found here to be 831021 cm23. To summarize, the electro
density here is estimated to be between 331021 and 8
31021 cm23. For the purpose of the further calculations, t
value of the electron density is henceforth taken to be
31021 cm23. It should be stressed that since the analyz
spectrum is space and time integrated, the value
31021 cm23 actually represents the density spatially av
aged over the Cu-like 3d-6 f emitting region of the plasma
and temporally averaged over the duration of this emissi

B. Electron temperature

One expects difficulties in finding a particular pair of line
of the same ionization state in the limited spectral region
the present experiment for which the intensity ratio is ve

s-
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TABLE I. Experimental and theoretical line wavelengths in the 9.10–9.36-Å range and the corresponding identified Cu-, Z
Ga-like barium transitions. For the upper level of the transitions, the most important components of the eigenvector are given, pre
the square of their coefficients. Labels refer to the peaks of the experimental spectrum in Fig. 3.gA and (gAa represent the statistically
weighted Einstein coefficients for spontaneous emission and the sum of the coefficients for autoionization from the upper level, res
X(Y) stands forX310Y. JL andJU are the total angular momenta of the lower and upper levels, respectively.

Label
lexpt

~Å!
Ion

~sequence!
l theor

~Å!
gA

(s21)
(gAa

(s21) Transition JL JU

1 9.1428 HBa271~Cu I!
Ba271~Cu I!
Ba271~Cu I!

9.156
9.158
9.160

5.84~13!
3.78~13!
7.79~13!

9.42~11!
2.53~11!
3.66~14!

3d104p
3d104p
3d104d

-
-
-

72%(3d3/2
9 4p3/2)16 f 5/2

76%(3d3/2
9 4p3/2)26 f 5/2

59%(3d3/2
9 4d5/2)36 f 5/2

3/2
3/2
5/2

5/2
3/2
7/2

2 9.1491 HBa271~Cu I!
Ba271~Cu I!

9.164
9.165

2.44~13!
3.90~13!

1.19~13!
4.60~11!

3d104s
3d104p

-
-

96%(3d3/2
9 4s)26 f 5/2

69%(3d3/2
9 4p1/2)16 f 5/2

1/2
1/2

1/2
3/2

3 9.1518 Ba271~Cu I! 9.166 4.72~13! 3.43~13! 3d104s - 55%(3d3/2
9 4s)26 f 5/2 1/2 3/2

4 9.1578 Ba271~Cu I! 9.171 2.36~13! 2.98~13! 3d104p - 90%(3d3/2
9 4p1/2)26 f 5/2 1/2 1/2

5 9.1622 Ba271~Cu I!a 9.179 2.55~13! 1.66~14! 3d104d - 44%(3d3/2
9 4d3/2)36 f 5/2

138%(3d3/2
9 4d3/2)16 f 5/2

3/2 5/2

6 9.1749 HBa271~Cu I!
Ba271~Cu I!
Ba271~Cu I!

9.207
9.209
9.209

7.32~12!
5.16~12!
2.64~12!

7.68~12!
2.65~12!
2.86~10!

3p63d104p
3p63d104p
3p63d104s

-
-
-

99%(3p3/2
5 3d104p3/2)35s

95%(3p3/2
5 3d104p1/2)25s

100%(3p3/2
5 3d104s)15s

3/2
1/2
1/2

5/2
3/2
1/2

7 9.1845 Ba251~GaI!a 9.154 2.12~13! 2.97~13! 3d104s24p - 67%(3d5/2
9 4s24p3/2)37 f 7/2 3/2 5/2

8 9.1901 5
Ba251~GaI!

Ba251~GaI!

Ba251~GaI!

Ba251~GaI!

9.163

9.170
9.172
9.174

2.84~13!

1.03~13!
1.98~13!
1.95~13!

1.72~13!

2.30~13!
2.74~13!
2.54~13!

(3d104s4p1/2)14p3/2

3d104s24p
3d104s24p

3d104s4p1/2
2

-

-
-
-

34%„@(3d5/2
9 4s)24p1/2#3/24p3/2…07 f 7/2

119%„@(3d5/2
9 4s)24p1/2#3/24p3/2…17 f 7/2

92%(3d5/2
9 4s24p1/2)37 f 7/2

53%(3d5/2
9 4s24p1/2)37 f 7/2

65%(3d5/2
9 4s)2(4p1/2

2 )07 f 7/2

5/2

1/2
1/2
1/2

7/2

1/2
3/2
3/2

9 9.2472 Ba271~Cu I) 9.261 3.88~13! 7.44~11! 3d104p - 53%(3d5/2
9 4p3/2)36 f 7/2 3/2 5/2

10 9.2554 HBa271~Cu I!a

Ba271~Cu I!a
9.266
9.267

2.08~13!
3.62~13!

1.15~10!
1.70~14!

3d104p
3d104d

-
-

87%(3d5/2
9 4p3/2)36 f 7/2

42%(3d5/2
9 4d5/2)46 f 7/2

133%(3d5/2
9 4d5/2)26 f 7/2

3/2
5/2

3/2
7/2

11 9.2601 Ba271~Cu I) 9.273 3.20~13! 1.91~13! 3d104s - 65%(3d5/2
9 4s)26 f 7/2 1/2 3/2

12 9.2640 HBa271~Cu I!

Ba271~Cu I!

9.277

9.278

3.26~13!

1.62~13!

9.72~12!

1.55~13!

3d104p

3d104s
-

43%(3d5/2
9 4p1/2)26 f 7/2

143%(3d5/2
9 4p1/2)36 f 7/2

88%(3d5/2
9 4s)36 f 7/2

1/2

1/2

3/2

1/2

13 9.3295 Ba261~Zn I! 9.347 3.76~13! 1.51~13! 3d104s4p3/2 - 61%@(3d3/2
9 4s)24p3/2#3/26 f 5/2 1 2

14 9.3345 Ba261~Zn I! 9.353 3.00~13! 1.55~13! 3d104s4p3/2 - 39%@(3d3/2
9 4s)24p3/2#3/26 f 5/2

119%@(3d3/2
9 4s)14p3/2#5/26 f 5/2

1 1

15 9.3428 HBa261~Zn I!

Ba261~ZnI!

9.358

9.358

5.67~13!

5.15~13!

8.12~12!

2.23~13!

3d104p3/2
2

3d104p1/24p3/2

-

-

35%@3d3/2
9 (4p3/2

2 )2#5/26 f 5/2

113%@3d3/2
9 (4p3/2

2 )2#7/26 f 5/2

43%@(3d3/2
9 4p1/2)14p3/2#3/26 f 5/2

113%@(3d3/2
9 4p1/2)24p3/2#5/26 f 5/2

2

2

3

3

16 9.3509 HBa261~Zn I!
Ba261~Zn I!

Ba261~Zn I!

9.361
9.361

9.362

3.25~13!
6.60~13!

4.86~13!

3.72~13!
3.05~13!

1.90~13!

3d104s4p3/2

3d104s4p3/2

3d104s4p3/2

-
-

-

69%@(3d3/2
9 4s)24p3/2#7/26 f 5/2

30%@(3d3/2
9 4s)24p3/2#5/26 f 5/2

129%@(3d3/2
9 4s)14p3/2#5/26 f 5/2

35%@(3d3/2
9 4s)24p3/2#5/26 f 5/2

129%@(3d3/2
9 4s)14p3/2#5/26 f 5/2

2
2

2

1
3

2
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sensitive to the electron temperature. This is due to the
row energy spread of the doubly excited levels from wh
the present spectrum is emitted. Thus, in order to estim
the electron temperature, the temperature dependence o
detailed features in the calculated spectrum are system
cally analyzed. Figure 5 gives the theoretical results of
model ~thin traces! for three different electron temperature
at a fixed electron density of 531021 cm23, each compared
to the experimental spectrum~thick traces!. By closely ex-
amining the theoretical and experimental spectra, and in
r-

te
the
ti-
e

r-

ticular the relative intensities of lines 2 and 3, and those
lines 11 and 12, it can be seen that the theoretical spect
in Fig. 5~b! agrees with the experimental results better th
the other two. A more accurate determination of the tempe
ture is achieved by carefully comparing various calcula
spectra for temperatures closer to 100 eV. Finally, the e
tron temperature for which the best fit to experiment is o
tained is 120 eV. This temperature evaluation is estimate
be accurate to about630 eV. As for the electron density, th
evaluated electron temperature here represents the mean
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perature for the region and duration of the Cu-like 3d-6 f
emission. It should be pointed out that this temperature c
responds to an average energy much below the ioniza
energy of the ions. For instance, the calculated ioniza
energies of Cu- and Zn-like barium are 975 and 935 e
respectively.

It is not unusual to find highly ionized laboratory plasm
at electron temperatures corresponding to energies m
lower than the ionization energies of the ions present in
plasma. This situation was explained in very dense plas
approaching LTE conditions@2# ~opposite to low-density
non-LTE steady-state plasmas where the maximum ab
dance for a given ionization state occurs at a higher elec
temperature than in LTE!. However, in the present exper
ment we are not in this high-density regime. In still oth
experiments, this situation can be explained by the existe
of highly energetic electrons~several keV! that are capable
of ionizing the atoms up to very high ionization stat
@15,16#. In the present case, irrespective of how the hig
ionized atoms are formed, we suggest that the major por
of photons in the recorded spectrum are emitted during
transient expanding phase, while the plasma is cooling
recombination processes dominate. Indeed, atne55
31021 cm23 and kTe5120 eV the present collisional
radiative model predicts that essentially all of the dou
excited levels are populated by dielectronic capture, since
temperature is too low for inner-shell excitation to be e
cient. The effect of multistep excitation to the high doub
excited levels has also been checked and found to be n
gible at the present temperature and density.

The intensity of almost pure dielectronic recombinati
Cu-like lines, such as that of the present spectrum, is
proximately proportional to the abundance of Ni-like ion
From the Saha equation we would expect the abundanc
Ni-like barium ions to be substantial~e.g.,nNi I'nCu I) in a

FIG. 4. Density-sensitive intensity ratio of the Cu-like bariu
lines 11 and 9 calculated forkTe5120 eV. The curve connects th
calculated values~hollow circles!. The horizontal bars define th
experimental intensity ratio measurement.
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of

531021 cm23 LTE plasma only at an electron temperatu
of about 200 eV and higher. Therefore, as has been assu
here, the plasma region emitting Cu-like lines, which
found to be at 120 eV, clearly departs from pure steady-s
LTE conditions. The present spectrum, hence, reflects
transient cooling phase of the recombining and expand
plasma. Fast electrons are assumed to have already d
peared from the plasma at this late stage. In addition, ca
lations show that electrons of a few keV are not expected
influence the general shape of the present spectrum.

C. Dependence on fractional ion abundances

In general, the spectrum emitted by a plasma compose
several ionization states is expected to be dependent on
fractional ion abundances. Moreover, in transient non-L
plasmas with strong temperature and density gradients, t
abundances are space and time dependent and are not
determined. The straightforward approach for estimating
fractional abundances by comparing intensities of spec
lines from adjacent ionization states cannot be used for li
emitted from doubly excited autoionizing levels, since t
intensities of these lines also depend on the abundance o
ions in the next ionization state.

Fortunately, in the case of relatively low electron tem
perature, as in the present plasma (kTe,300 eV), the spec-
trum of ~Cu-like! doubly excited ions almost purely origi
nates from dielectronic capture processes~Sec. V B!, and not
from inner-shell excitations from low levels, which requi
very high incident electron energies. Thus, the doubly
cited ion densitynd is proportional to the ion density of th
next ionization state~Ni-like!. Consequently, therelative in-
tensities of the dielectronic recombination lineswithin each

FIG. 5. Theoretical spectra~thin traces! of the 3d104l -
3d94l6 f Cu-like barium transitions for three different electron tem
peratures: 50 eV~a!, 120 eV ~b!, and 300 eV~c! for an electron
density of 531021 cm23 compared to the experimental spectru
~thick traces!.
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ionization state are independent of the ion density ratio of
adjacent ionization states. This result is illustrated in Fig
where the theoretical spectrum of Cu-like barium in the c
sidered wavelength range is shown for two very differe
values of thenNi I /nCu I ratio at a fixed low temperature o
120 eV and a fixed density of 531021 cm23. The two spec-
tra, for nNi I /nCu I51 @Fig. 6~a!# and fornNi I /nCu I520 @Fig.
6~b!#, are found to be almost identical. The same resul
obtained at this temperature for other densities as well.

The fact that the relative line intensities are not depend
upon thenNi I /nCu I ratio is not necessarily true at high ele
tron temperatures where inner-shell excitations become
nificant. In particular, at low electron density, the relati
line intensities vary drastically as a function of thenNi I /nCu I

ratio. This feature can be seen in Figs. 7~a! and 7~b!, which
present the spectrum emitted by Cu-like barium at a fix
high temperature of 700 eV and a fixed low density
1016 cm23, for nNi I /nCu I51 @Fig. 7~a!# and for nNi I /nCu I

520 @Fig. 7~b!#. In contrast, at higher densities, the col
sional transitions between the doubly excited states bec
efficient and predominantly determine the relative popu
tions of the doubly excited levels, regardless of whether t
were initially populated by dielectronic capture, or by inne
shell excitation. This effect can be seen in Figs. 7~c! and
7~d!, which show similar spectra for the two different abu
dance ratios.

In conclusion, in the relatively low temperature and hi
electron density regime of the present experiment, the r
tive line intensities emitted by each ionization species are
sensitive to the fractional ion abundances; consequently,
cannot be used to derive even the average ionization bal
of the plasma.

VI. CONCLUSION

The x-ray spectrum emitted by a highly stripped las
produced barium plasma has been recorded with very h
spectral resolution using a spherically bent mica crystal.
elaborate level-by-level collisional-radiative model includi
autoionization and dielectronic capture processes has
constructed for identifying the newly resolved spectral fe

FIG. 6. Similar theoretical spectra of the 3d104l -3d94l6 f Cu-
like barium transitions obtained for two different ionization balan
conditions for the Ni- and Cu-like ions:nNi I /nCu I51 ~a! and
nNi I /nCu I520 ~b!, both at an electron temperature of 120 eV and
electron density of 531021 cm23.
e
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tures and for performing new diagnostics of the plasma
rameters. New 3d-n f (n56,7) and 3p-5s spectral lines
have been identified. The measured relative line intensi
are used to deduce the time and space averaged ele
density and temperature of the plasma region emitting th
lines. The best fit between theory and experiment for
Cu-like spectrum is obtained for approximately
31021 cm23 and 120 eV, respectively. This low electro
temperature can be explained by assuming that the spec
is emitted from the expanding plasma during its late ph
when cooling takes place and dielectronic recombinat
dominates.

It has been found that at the low temperature of 120 e
collisional inner-shell excitations are not significant, a
therefore the dielectronic capture processes govern the p
lation distribution among the doubly excited levels. As
result, the relative line intensities in the limited waveleng
region investigated here are independent of the fractional
abundances. Further investigations using time and spac
solved measurement techniques are needed to give de
insight into the mechanisms responsible for the evolution
level populations and ion state abundances in subpicose
laser-produced plasmas.
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FIG. 7. Theoretical spectra of the 3d104l -3d94l6 f Cu-like
barium transitions for an electron temperature of 700 eV. Plots~a!
and ~b! are for an electron density of 1016 cm23 at two different
ionization balance conditions:nNi I /nCu I51 ~a! andnNi I /nCu I520
~b!. Plots ~c! and ~d! are for an electron density of 531021 cm23,
for the two ion abundance ratios.
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