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Spectroscopic signature of strong dielectronic recombination in highly ionized xenon produced
by irradiating a gas puff with laser
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Highly stripped xenon is produced by irradiating a gas-puff target with a laser pulse of 1-ns duration at an
intensity of 1013 W/cm2. The spectrum in the 16.5–19.5-Å wavelength range is measured using a grazing
incidence diffractive spectrograph. Spectral lines of Fe-, Co-, Ni-, and Cu-like xenon arising from 3d-4p
radiative transitions are identified. A collisional-radiative model that includes dielectronic capture processes
and radiation trapping is used to achieve the line identification and to describe the relative line intensities. The
results of the model clearly show that the relatively strong intensities of the 3d94l -3d84p4l Ni-like quasi-
continuum emission between 17.8 and 18.4 Å arise from dielectronic recombination processes, which probably
take place during the cooling phase of the plasma. The resonant nature of the dielectronic recombination
processes enables us to diagnose the average electron temperature of the plasma during the recombination
phase, and it is found to be about 150 eV.@S1050-2947~99!01101-4#

PACS number~s!: 32.30.Rj, 32.70.2n, 52.70.2m
en
i

br
l

ge
d
a

ce
at
nc
i

-

3

st
e
a
i-

se

op

t
nc

R

ic
r in-

a
e
di-
res
m-

to-
ted
h-
a

s
o a

the

e is
ole
is

und
ld
ent

a-
d at
I. INTRODUCTION

It has already been demonstrated that a hot and d
plasma can be produced by irradiating a gas-puff target w
a nanosecond high-power laser pulse@1,2#. Plasmas pro-
duced in gas-puff targets have the advantage of being de
less x-ray sources, which makes them suitable for x-ray
thography and microscopy applications. Also, gas tar
plasmas have relatively small density gradients compare
solid target plasmas, which is important for creating x-r
lasing conditions. In Ref.@3# a soft-x-ray spectrum in the
80–120-Å wavelength range emitted from a laser-produ
xenon plasma was obtained, and lasing was demonstr
The laser-produced Xe plasma is of particular interest si
the conversion efficiency of laser energy into x-ray energy
Xe was shown to be relatively high~5.4%!, comparable to
the efficiency in solid iron and tellurium@4#. Indeed, Xe in
ionization states around NiI emits strong x rays in the vicin
ity of 14 and 18 Å, corresponding to 3d-4 f and 3d-4p
radiative transitions, respectively. A Xe spectrum in the 1
22-Å wavelength range emitted from the French TFR~Toka-
mak Fontenay-aux Roses! tokamak was published in the pa
@5#, but that spectrum is significantly different from th
present one, and among other differences does not show
spectral lines directly originating from dielectronic recomb
nation ~DR!.

In contrast to tokamak plasmas, several solid-target la
produced-plasma experiments for low-Z elements in the LiI
to NaI isoelectronic sequences have shown spectrosc
traces of DR originated line emission~e.g., Ref.@6#!. How-
ever, to the best of our knowledge, there have been almos
such investigations on heavy ions isoelectronic to seque
around NiI, except for a work on tantalum@7#, and a recent
PRA 591050-2947/99/59~1!/188~7!/$15.00
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work on barium@8#. The experiment described in Ref.@7#
was not modeled level by level, and the importance of D
was not assessed quantitatively. In Ref.@8# a two-step level-
by-level collisional-radiative model, including dielectron
capture and autoionization processes, was developed fo
terpreting the experimental x-ray spectrum emitted by
laser-irradiated solid BaF2 target. In the present work, th
soft-x-ray spectrum emitted from a Xe gas-puff target irra
ated by a powerful laser is investigated. The spectral featu
are identified, and the line intensities are analyzed by e
ploying the collisional-radiative model described in Ref.@8#,
which is extended here to include radiation trapping.

II. EXPERIMENTAL SETUP

The experiment was performed at the Institute of Op
electronics in Warsaw, Poland. The gas-puff target is crea
by pulsed injection of small amounts of Xe gas from a hig
pressure~10 atm! solenoid valve through a nozzle into
vacuum chamber. A Nd:glass laser of wavelength 1.06mm
with a pulse energy of about 5 J and a pulse duration of 1 n
is focused with an aspherical lens of 10-cm focal length t
spot with a diameter of approximately 150mm. The laser
beam irradiates the gas perpendicularly to the direction of
gas flow about 200mm away from the nozzle. The time
delay between the opening of the valve and the laser puls
set to be 0.3 ms to give maximum gas density in the wh
laser interaction region. The density of the Xe gas puff
measured using the x-ray backlighting method to be aro
the maximal density of 10 mg/cc. Although the valve cou
be used at a repetition rate of 10 Hz, the present experim
is carried out in a single laser shot mode.

The soft-x-ray radiation emitted by the plasma is me
sured using a calibrated compact spectrograph develope
188 ©1999 The American Physical Society
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the University of Go¨ttingen@9#. The radiation is dispersed b
a Ni-covered flat glass-substrateoff-axis reflection zone plate
~ORZ! @10# and is focused onto a soft-x-ray-sensitive char
coupled-device~CCD! detector. The recorded spectrum
calibrated to account for the wavelength dependence of b
the reflection efficiency of the ORZ element and the quant
efficiency of the CCD array. The absorption of an Al filt
used to suppress infrared, visible, and UV radiation is a
taken into account. The instrumental line broadening of
spectrograph in the wavelength region investigated in
work is about 50 mÅ. A detailed description of the spe
trograph, including the calibration procedures, can be fo
elsewhere@9,11#.

III. THEORETICAL METHOD

In a previous work@8#, a two-step collisional-radiative
~CR! model was developed for simulating the spectra em
ted from autoionizing levels. Here this model is employed
describe the level populations and the spectral line intens
of the Fe-, Co-, Ni-, and Cu-like Xe ions. Each pair of ad
cent ionization states~FeI and CoI, or CoI and NiI, or Ni I

and CuI! is considered in the model at once. For the dou
~or inner-shell! excited levels, the following atomic pro
cesses are included: radiative decays and collisional tra
tions between the doubly excited levels, radiative decay
singly excited levels, excitation and deexcitation from and
singly excited levels, autoionization, dielectronic captu
collisional ionization, and three-body recombination. All t
significant configurations have been included in the mod
3d8 and 3d74l for the Fe-like Xe ion, 3d9 and 3d8nl (n
54 and 5! for the Co-like ion, 3d10, 3d9nl (n54 and 5!,
3d84l4l 8 ~excluding 3d84d4 f and 3d84 f 2), and 3d84p5l 8
for the Ni-like ion, and 3d104l and 3d94l4l 8 for the Cu-like
ion. All these add up to 531, 508, 3492, and 692 levels
the Fe-, Co-, Ni, and Cu-like Xe ions, respectively. The de
sity ratio of adjacent ionization states, which is a parame
in the model, is deduced from the measured intensity ratio
the strong resonant lines of the two ionization states.
instance, thenCo I /nNi I ratio is found here to be approx
mately 0.3. Since the spectrum is time integrated and
time evolution of the plasma is not well known, a stead
state model is used. More information about the detailed p
cedure carried out in the model can be found in Ref.@8#.

In the present work, radiation trapping effects have be
included in the collisional-radiative rate equations by c
recting the Einstein coefficients using themean escape facto
« i j approximation, developed by Breton and Schwob@12#. In
this approximation the line intensitiesI j i are given by intro-
ducing amean transmission factor Ti j :

I j i }njAji Ti j , ~1!

wherenj is the number density of ions in levelj obtained
from the model andAji is the Einstein coefficient for radia
tive decay from levelj to level i. Ti j is found by averaging
the photon transmission probability over the whole f
quency profile of the spectral line and by integrating alo
the line of sight in the plasma@12#:
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Ti j 5
1

t i jAp
E

2`

`

$12exp@2t i j exp~2y2!#%dy. ~2!

Herey is a reduced frequency defined by

y52
n2n0

DnD~Ti !
Aln 2 ~3!

and t i j is the optical depth of the plasma for the transiti
j→ i at the central spectral line frequencyn0 , defined by

t i j 5
2Ap ln 2

DnD~Ti !

e2

mec
ni f i j L. ~4!

DnD(Ti) is the Doppler width of the line at the ion temper
ture Ti taken in this work to be equal to the electron tem
peratureTe . ni is the number density of ions in the absor
ing statei , f i j is the absorption oscillator strength for th
transition, andL is the dimension of the plasma along th
line of sight taken here to be about 150mm. It has been
shown@12# for a cylindric plasma that the mean escape fa
tor « i j for the whole plasma, which is a obtained by integr
tion in all directions, is very close to the mean transmiss
factor Ti j along a transversal direction through the center
the plasma. Therefore,« i j can be replaced byTi j in the rate
equations to make calculations easier. The number densini
of the absorbing leveli @Eq. ~4!# is computed self-
consistently by solving the CR rate-equation system thro
successive iterations. It should be noted that for the tra
tions involving the doubly excited levels, the radiation tra
ping effects are negligible at the ion density considered
the present experiment. Therefore, in order to save consi
able computing time, the transmission coefficients are in
duced in the rate equations in the first step of the model o
for transitions involving the ground and the singly excit
levels. The atomic quantities~energy levels, autoionization
coefficients, radiative and collisional rate coefficien!
needed for the model are calculated using the multiconfi
ration relativistic HULLAC ~Hebrew University Lawrence
Livermore Atomic Code! computer package@13#.

IV. RESULTS AND DISCUSSION

A. Comparison between theoretical and experimental spectra

The experimental Xe spectrum in the 16.5–19.5-Å wa
length range is shown in Fig. 1~thick trace!. Below it, the
synthetic spectrum calculated by using the CR model~with
the electron temperature and density as discussed late
Sec. IV C! is presented~thin trace!. The theoretical lines are
given a uniform Gaussian profile which is chosen to
slightly narrower than the narrowest experimental li
widths ~'50-mÅ full width at half maximum!. The relative
line intensities emittedwithin each ionization state are d
rectly obtained from the model, whereas the intensity rat
of lines from different ionization states are set to fit the e
perimental spectrum. In order to clearly show the contrib
tions of each of the Fe-, Co-, Ni-, and Cu-like ionizatio
states to the spectrum, the partial theoretical spectrum ca
lated for each ion species separately~with an arbitrary very
small linewidth! is given in Fig. 1 below the synthetic spec
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190 PRA 59R. DORONet al.
trum trace. It can be seen from the partial plots in Fig. 1 t
the Ni- and Cu-like Xe ions give the dominant x-ray em
sion, while there is only one observable Co-like peak in
experimental spectrum and one very weak Fe-like feat
Also, in most places the model predicts no overlap betw
strong lines of different ionization states. It is important
note that calculations of line wavelengths alone give th
sands of Co-, Ni-, and Cu-like Xe lines arising from 3d-4p
transitions with different electron spectators in the wa
length region given in Fig. 1. Hence, in order to identify t
11 resolved peaks observed in the experimental spect
and in order to interpret the quasicontinuum structure
noted in Fig. 1 by the label 3, a straightforward comparis
between computed and measured line wavelengths is in
ficient. Therefore, it is also necessary to model the line
tensities using the CR model described above. It is found
self-absorption effects@Eqs.~1!–~4!# must also be taken into
account to explain the relatively low intensities of the Ni-lik
3d10-3d94p resonant lines, especially the peak labeled 5
Fig. 1. For all the other lines, originating from doubly e
cited levels, self-absorption was also calculated, but is fo
to be almost negligible.

The comparison between the experimental and theore
spectra allows the identification of all the observed pe
labeled in Fig. 1. The line identifications are presented
Table I. The line labels are given in the first column. T
second column shows the line wavelengths in Ångstro¨ms
lexp(Å) as measured in the present work. Where availa
the wavelengths previously measured in Ref.@5# are given
for comparison. Actually, the wavelengths of lines 4 and
were taken from the low-density plasma spectrum in Ref.@5#
and used here for the wavelength calibration. The wa
length of the Co-like peak~labeled 2! could not have been
measured correctly in Ref.@5#, due to blending with an oxy-
gen line in the tokamak spectrum. The fourth column giv
the ionization state and the isoelectronic sequence of
emitting Xe ion. The theoretical wavelengthsl th(Å) calcu-
lated here are given in the next column, followed by t
calculated Einstein coefficient for spontaneous emissionAji

FIG. 1. Experimental spectrum of 3d-4p transitions in highly
ionized Xe in the 16.5–19.5-Å wavelength range compared to
theoretical spectrum. Labels correspond to the transition identifi
tions in Table I. The four plots below the full trace give the calc
lated partial spectrum of each Xe ionization state separately~with
an arbitrary very narrow linewidth!.
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of the transition considered. The next column displays
identified radiative transition. For the upper level of the tra
sition, only the most important components of the eigenv
tor are given, preceded by the square of their coefficie
The last two columns show the total angular momentum
the lower (JL) and upper (JU) levels of the transition.

The wide quasicontinuum feature labeled as 3 which
pears in the 17.8–18.4-Å range of the spectrum is identi
to essentially be the superposition of many coales
3d94l -3d84p4l lines and some weak 3d95l -3d84p5l lines.
In fact, except for the three resonant 3d10-3d94p lines ~la-
beled 4, 5, and 6! all the Ni-like lines which are plotted in the
theoretical narrow-line NiI spectrum at the bottom of Fig. 1
are 3d9nl-3d84pnl (n54 and 5! lines. The emission from
high 3d84pnl(n.5) configurations has also been calculat
and found to be much weaker than that from 3d84p5l ,
which in turn is already much weaker than that of 3d84p4l .
There are many differences between the present Xe la
produced plasma spectrum and the Xe spectrum from
low-density and much hotter plasma in the TFR tokamak@5#.
For example, as expected, the Ni-like 3d-4s electric quad-
rupole lines observed in the tokamak spectrum do not app
in the present spectrum. Also, lines from higher ionizati
states such as Mn- and Cr-like states are observed only in
tokamak plasma. However, most interesting for the pres
work is the fact that the strong 3d94l -3d84p4l quasicon-
tinuum feature~label 3! described above is completely ab
sent in the tokamak spectrum.

B. 3d84p4l populating processes

There are two main mechanisms by which the Ni-li
doubly excited 3d84p4l levels can be populated: Inner-she
excitation~ISE! from the singly excited 3d94l Ni-like levels,
or dielectronic capture~DC! from the Co-like ground states
Three-body recombination is included in the calculations
well, but is found to be still negligible at the present mode
ate electron density. Since the 3d84p4l levels are not di-
rectly accessible from the Ni-like ground state, the excitat
mechanism from the ground state is possible only by at le
two consecutive excitations. The two-step mechanism can
schematically described as:

3d101e2→3d94l 1e2 ~5!

followed by inner-shell excitation

3d94l 1e2→3d84p4l 1e2. ~58!

The DC mechanism can be schematically represented a

3d91e2→3d84p4l . ~6!

Both the inner-shell excitation and the dielectronic capt
can be followed by a radiative decay through a 3d-4p tran-
sition,

3d84p4l→3d94l 1hn, ~7!

with the emission of a soft-x-ray photon~hv!. Since this
emission is the same whether originating from ISE or fro
DC, a more detailed analysis is needed in order to determ
the relative importance of each mechanism.
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TABLE I. Experimental and theoretical line wavelengths in the 16.9–19.3-Å range and the corresponding 3d-4p transitions identified in
Fe-, Co-, Ni-, and Cu-like Xe ions. Labels refer to the peaks of the experimental spectrum in Fig. 1. Only theoretical wavelength
strongest lines are given. A few wavelengths measured in the TFR tokamak~Ref. @5#! are also given.Aji represents the Einstein coefficien
for spontaneous emission:X(Y) stands forX310Y. For the upper level of the transitions the most important component of the eigenv
is given, preceded by the square of its coefficient.JL andJU are the total angular momenta of the lower and upper levels, respective

Label lexpt ~Å!
lexpt ~Å!
Ref. @5# Ion ~sequence! l th ~Å! Aji (s21)

Line transition or
unresolved transition array JL JU

1 16.9–17.1 17.0 Xe281 (Fe I) 16.960 3d8 - 3d7 4p
2 17.735 17.8 Xe271 (Co I) 17.665 9.4~11! 3d9 - 76%(3d3/2

3 3d5/2
5 )44p3/2

3
2

5
2

Xe271 (Co I) 17.688 1.4~12! 3d9 - 73%(3d3/2
4 3d5/2

4 )24p3/2
5
2

3
2

Xe271 (Co I) 17.729 1.2~12! 3d9 - 75%(3d3/2
3 3d5/2

5 )24p3/2
3
2

3
2

Xe271 (Co I) 17.731 1.1~12! 3d9 - 91%(3d3/2
4 3d5/2

4 )24p3/2
5
2

5
2

Xe271 (Co I) 17.786 1.4~12! 3d9 - 71%(3d3/2
3 3d5/2

5 )44p1/2
5
2

7
2

3 17.8–18.4 Xe261 (Ni I) 17.8–18.4 3d94l - 3d84l4p
4 18.326 18.326 Xe261 (Ni I) 18.322 3.0~11! 3d10 - 96% 3d3/2

9 4p3/2 0 1
5 18.667 18.667 Xe261 (Ni I) 18.661 2.0~12! 3d10 - 88% 3d5/2

9 4p3/2 0 1
6 18.826 18.826 Xe261 (Ni I) 18.822 3.9~11! 3d10 - 90% 3d3/2

9 4p1/2 0 1
7 18.870 Xe251 (Cu I) 18.860 5.0~11! 3d104s - 60% (3d5/2

9 4s)34p3/2
1
2

3
2

Xe251 (Cu I) 18.866 3.6~11! 3d104d - 32%(3d5/2
9 4p3/2)14d5/2

5
2

7
2

123%(3d5/2
9 4p3/2)44d5/2

Xe251 (Cu I) 18.879 8.8~11! 3d104d - 40%(3d5/2
9 4p3/2)14d5/2

5
2

5
2

116%(3d5/2
9 4p3/2)34d5/2

8 19.000 Xe251 (Cu I) 18.998 1.4~12! 3d104p - 81% 3d5/2
9 (4p3/2

2 )2
3
2

3
2

Xe251 (Cu I) 19.012 1.5~12! 3d104p - 81% 3d5/2
9 (4p3/2

2 )2
3
2

5
2

Xe251 (Cu I) 19.018 1.9~12! 3d104p - 71%(3d5/2
9 4p1/2)34p3/2

1
2

3
2

9 19.055 Xe251 (Cu I) 19.048 3.1~11! 3d104d - 35%(3d5/2
9 4p3/2)44d5/2

5
2

7
2

121%(3d5/2
9 4p3/2)44d3/2

Xe251 (Cu I) 19.062 1.1~12! 3d104p - 89%(3d5/2
9 4p1/2)24p3/2

1
2

1
2

10 19.124 Xe251 (Cu I) 19.138 6.4~11! 3d104 f - 62%(3d3/2
9 4p1/2)14 f 7/2

7
2

9
2

Xe251 (Cu I) 19.138 6.2~11! 3d104d - 39%(3d3/2
9 4p1/2)14d5/2

5
2

7
2

115%(3d5/2
9 4p3/2)24d3/2

Xe251 (Cu I) 19.139 6.2~11! 3d104d - 51%(3d3/2
9 4p1/2)14d5/2

5
2

5
2

Xe251 (Cu I) 19.148 1.9~12! 3d104s - 76% (3d5/2
9 4s)24p3/2

1
2

1
2

Xe251 (Cu I) 19.163 9.1~11! 3d104s - 75% (3d5/2
9 4s)24p3/2

1
2

3
2

11 19.185 Xe251 (Cu I) 19.195 5.3~11! 3d104p - 80%(3d3/2
9 4p1/2)14p3/2

3
2

1
2

Xe251 (Cu I) 19.199 1.6~11! 3d104p - 65%(3d3/2
9 4p1/2)24p3/2

3
2

5
2

12 19.268 Xe251 (Cu I) 19.277 3.2~11! 3d104s - 62% (3d3/2
9 4s)24p1/2

1
2

3
2

Xe251 (Cu I) 19.285 3.5~11! 3d104d - 53%(3d3/2
9 4p1/2)24d3/2

3
2

5
2
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The contribution of each of these two main mechanis
responsible for populating the 3d84p4l levels has been thor
oughly investigated here. Figure 2 shows the theoret
spectra for three different electron temperatures:kTe5100,
140, and 250 eV~at ne51021 cm23 andnCo I /nNi I50.3) in
the spectrum portion comprising the 3d-4p Ni-like Xe emis-
sion. The temperature of 140 eV seems to give the bes
between theoretical and experimental spectra. For each
perature, the contribution of the DC processes~dashed
curves! and that of the ISE processes~dotted curves! are
given separately for comparison. It can be seen that at
eV @Fig. 2~A!# and at 140 eV@Fig. 2~B!# the 3d94l -3d84p4l
transitions originate predominantly from DC process
while the contribution of the ISE processes is very small.
250 eV@Fig. 2~C!#, the emission of the 3d94l -3d84p4l tran-
sitions is relatively weak, but still one can notice that, co
trary to the low-temperature cases, the ISE processes d
nate over the DC processes.
s

al

fit
m-

00

,
t

-
i-

In order to extend the analysis of Fig. 2 to temperatu
beyond 250 eV, and in order to more accurately define
electron temperature range in which the DC mechan
dominates, in Fig. 3 we have plotted the ratio of the cal
lated populating rate for the doubly excited levels by DC
that by ISE in the wide temperature range 100 eV<kTe

<1000 eV. These calculations are performed assuming
present plasma conditions, i.e.,ne51021 cm23 and
nCo I/nNi I50.3, and the absorption parameters indicated
Sec. III. It can be seen that, for temperatures lower than
eV, DC is the dominant populating mechanism, whereas
temperatures above 250 eV ISE dominates. In Sec. IV C
will show, however, that this dominance of ISE at high te
peratures does not give rise to a strong quasicontinuum e
sion ~label 3! with respect to the resonant lines@see Fig.
2~C!#, and therefore cannot explain the present experime
results.



m
l

ou

e
l
tr
b

-

a
ri
uc

of

-

and
ant

s a
cal-

um

ine
k 4,
he
m-
s
opu-
se

e the
ls.
elf-

em-
the
ase

res

ely
ri-

low
s to
ow-
rly
in-

of

0

th

ck
th

n

192 PRA 59R. DORONet al.
C. Electron temperature estimate

The electron density in the present experiment is assu
to be 1021 cm23. This density, which is just about the critica
density of the plasma for still absorbing the 1.06-mm laser
radiation, has been directly measured in a similar previ
experiment with an argon gas-puff target@14#. The density
ratios of adjacent ionization states~e.g.,nCo I/nNi I) are de-
duced from the experimental spectrum as mentioned in S
III. Hence the sole remaining free parameter of the mode
the electron temperature. It is found that most of the spec
features within each ionization state can be reproduced
the model with an electron temperature of about 250 eV~this
is the temperature introduced for calculating the spectrum
Fig. 1, except for the feature 3!. However, the quasicon
tinuum emission arising from the 3d94l -3d84p4l Ni-like
transitions~labeled 3! cannot be adequately reproduced
such a high temperature, indicating that these lines a
from dielectronic captures which occur at temperatures m
lower than 250 eV.

FIG. 2. Theoretical spectra~thin solid curves! of the 3d-4p
Ni-like Xe transitions for three different electron temperatures: 1
eV ~A!, 140 eV ~B!, and 250 eV~C! calculated atne51021 cm23

and nCo I /nNi I50.3. The dashed and dotted curves indicate
spectral components originating from dielectronic capture~DC!
only and from collisional excitation only, respectively. The thi
trace in~B! is the experimental spectrum. Labels correspond to
transition identifications in Table I.
ed
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The fact that a low electron temperature, of the order
150 eV or less, can account for the strong 3d94l -3d84p4l
quasicontinuum emission~labeled 3! observed in the experi
ment has already been shown in Fig. 2~B!. At these tempera-
tures the quasicontinuum emission is significantly strong
almost comparable to the intensity of the reson
3d10-3d94p lines ~labeled 4, 5, and 6!. In order to show that
this effect cannot also occur at very high temperatures a
result of the ISE processes, synthetic spectra have been
culated for both the quasicontinuum 3d94l -3d84p4l emis-
sion and the resonant 3d10-3d94p lines in a wide range of
temperatures. The intensity ratios of the quasicontinu
peak~labeled 3! to the resonant line peaks~labeled 5 and 6!
as a function of the temperature are shown in Fig. 4. L
intensity calculations have also been carried out for pea
giving ratios which are very similar to those for peak 6. T
high intensity ratios observed in Fig. 4 at low electron te
peratures are attributed to the steep rise of the DC rates aTe
decreases. At high electron temperatures the dominant p
lation mechanism is collisional excitation. However, at the
temperatures the collisional excitation processes enhanc
populations of both the singly and the doubly excited leve
In addition, the resonant lines are less attenuated by s
absorption at high temperatures due to the higher ion t
peratures and due to the relatively lower population of
absorbing ground state. Therefore, only a moderate incre
of the intensity ratio is observed at very high temperatu
~Fig. 4!. It is clear from the figure that even atkTe
51000 eV the line intensity ratios do not reach the relativ
high experimental values indicated in the figure by the ho
zontal bars. The experimental values rather indicate a
electron temperature of about 150 eV which correspond
the recombining plasma phase. It should be stressed, h
ever, that the radiation emitted from the hot plasma at ea
times of the laser interaction contributes to the observed
tensities of the lines 4, 5, and 6, as well, and thereforekTe
>150 eV is actually the temporally averaged temperature

0

e

e

FIG. 3. Calculated ratio of the DC populating contributio
(nDC) to the ISE populating contribution (nISE) for the 3d84p4l
levels as a function of the electron temperature.
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the plasma. The temperature during the recombination ph
is, thus, somewhat lower than 150 eV. It can be seen fr
Fig. 4 that the experimentalI 3 /I 5 ratio indicates a slightly
higher average temperature than theI 3 /I 6 ratio. This can be
explained by the fact that as the temperature of the pla
decreases, absorption increases, and line 5~which is particu-
larly highly absorbed at low temperatures due to its h
oscillator strength value! is more attenuated than line 6~and
4!. The difference in average temperature indication is, th
a result of the early emission from the hot plasma havin
larger influence on the time integrated intensity of line 5.

One notices in the experimental spectrum that the Ni-l
transition array originating from DC is even slightly mo
intense than the Co-like resonant lines. This can be expla
by the fact that the observed spectrum mostly reflects
relatively low-temperature recombination phase. At this lo
temperature collisional excitation from the Co-like grou
levels becomes less important than the DC mechanism f
those levels. In addition, the Co-like resonant lines are
tenuated by self absorption.

At electron temperatures lower than 150 eV, the Ni-li
3d94l -3d84p4l quasicontinuum emission can become ev
more intense than the Ni-like 3d10-3d94p transitions@as can

FIG. 4. Calculated intensity ratio of the quasicontinuum pe
(I 3) to the peaks of the resonant lines (I 5 and I 6) of the 3d-4p
Ni-like Xe emission as a function of the electron temperature. T
experimental ratios are indicated by the horizontal bars, which s
the experimental error range.
pl.
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be seen in Fig. 2~A!#. Thus in this temperature range th
theoretical spectrum could be fitted to the experimental
by significantly decreasing the value of thenCo I/nNi I param-
eter in the model. For instance, atkTe5100 eV, the required
value for thenCo I/nNi I ratio is about 0.04. However such
low value should be ruled out since it is in total disagreem
with the ratio experimentally deduced from other emiss
features in the spectrum, which indicates a value of ab
0.3. On the other hand, at higher temperatures (kTe
>250 eV) the theoretical intensity ratios of the lines orig
nating from doubly excited levels to those originating fro
singly excited levels are independent of thenCo I/nNi I pa-
rameter, since the spectrum almost purely originates fo
collisional excitations.

One may ask why the analogous DR processes for
neighboring Cu- or Zn-like ionization states do not give ri
to strong broad spectral features as for the Ni-like ions. T
reason is that almost all the Cu-like 3d94p4l levels lie be-
low the ionization limit ~and thus cannot be directly popu
lated by DC!, except for the 3d94p4 f configuration. But, the
3d94p4 f levels have a much stronger tendency for 3d-4 f
radiative decays than for 3d-4p radiative transitions, which
could be observed in the present recorded spectral range
same explanation holds for the Zn-like 3d94s4p4l configu-
rations.

V. CONCLUSIONS

To summarize, the present collisional-radiative model
lows the identification of the spectral lines emitted by high
ionized Xe produced by irradiating a gas puff with a powe
ful laser. The spectrum is quite different from the Xe spe
trum measured from the TFR tokamak. The remarkable sp
tral feature observed in the present experiment is the str
quasicontinuum emission between 17.8 and 18.4 Å, whic
identified as originating from 3d94l -3d84p4l radiative de-
cays. The strong 3d94l -3d84p4l emission is interpreted as
clear signature of dielectronic captures which take place d
ing the cooling phase of the recombining plasma.
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