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Abstract.  We report the development of a new comparison method 
used to estimate the electron temperature Te of heavy-element plas-
mas and high-temperature iron laser-produced plasmas. To this 
end, two laser-produced plasmas – magnesium plasmas and iron 
plasmas – were studied at identical laser radiation fluxes on the tar-
get. Plasma diagnostics was performed using X-ray spectra of H- 
and He-like Mg ions. VUV spectra of Fe ions were recorded in the 
wavelength range 15 – 150 Å. As a result, the change in the struc-
ture of the VUV spectra of Fe ions as a function of Te in the range 
of 100 – 400 eV was studied. These data are necessary for diagnos-
ing plasma sources containing the iron element.

Keywords: X-ray and VUV spectroscopy and plasma diagnostics, 
laser-produced plasmas, multiply charged ions, X-ray spectrometers.

1. Introduction

Considerable recent interest has been shown in the study of 
plasmas of heavy elements, which  is mainly associated with 
the program of controlled  thermonuclear  fusion (CTF) and 
the development of new high-intensity X-ray sources. Heavy 
elements  (elements  with  a  large  atomic  weight AZ)  are  the 
most  difficult  atomic  systems  for  spectroscopic  study. 
Spectroscopic diagnostics,  the most  informative method for 
studying  high-temperature  plasmas,  is  very  difficult  in  this 
case due  to  the  complex  structure of  the  spectra. However, 
these spectra are especially important for scientific research: 
the case in point are the spectra of W and Bi ions in the plas-
mas  of  high-power Z-pinches  (material  of wire  arrays),  the 
spectra of Au  ions  for a  laser  inertial CTF  (the material of 
hollow cylindrical hohlraum-type targets), the spectra of Mo 
and W ions in tokamak plasmas (divertor materials), Sn ion 
spectra in plasma sources intended for projection nanolithog-
raphy  (see,  for example, Refs  [1 – 6] and references  therein). 
Considerable interest is also shown in the study of iron plas-
mas, the main element of stainless steel, the structural mate-
rial  of  almost  all  laboratory  facilities.  When  carrying  out 
experiments, it is necessary to take into account a variety of 
effects:  the  interaction of plasmas with the walls of vacuum 
chambers,  sputtering  of  wall  material,  closing  of  interelec-
trode gaps, etc. Usually, Fe is not the main element of plasma 
sources;  therefore,  spectroscopic  data  on  iron  plasmas  are 

required  at moderate  electron  temperatures  ( Te  <  500  eV), 
i.e., in the VUV region of the spectrum. Obtaining new exper-
imental and theoretical data on iron plasma assumes consid-
erable significance. 

To study the plasmas of heavy elements, in Refs [7 – 12], we 
came up with a new comparison method, which involved com-
paring  the spectra under study with  the spectra of well-diag-
nosed  laser-produced  plasmas.  Plasma  diagnostics  is  carried 
out using the X-ray spectra of light elements with the structure 
of  hydrogen-  and  helium-like  (H-  and  He-like)  ions.  The 
method has been successfully used to diagnose tungsten [7, 9] 
and molybdenum  [10,  11]  laser-produced  plasmas  as well  as 
iron [8] plasmas. In the present work, this method was further 
developed  and  employed  to  diagnose  high-temperature  iron 
laser-produced plasmas. The aim of this work is to study the 
structure of the VUV spectra of Fe ions as a function of Te in a 
range of 100 – 400 eV. These data are necessary for diagnosing 
plasma sources containing the Fe element, which is part of the 
structural materials of almost all laboratory facilities. 

2. Brief description of the comparison method

X-ray spectroscopy methods are widely used for diagnosing 
laboratory and astrophysical plasmas. To date, methods of 
spectroscopic  diagnostics  based  on  the  spectra  of  H-  and 
He-like multiply charged ions have been elaborated in most 
detail. The spectra of such ions for elements with atomic num-
bers АN = 6 – 30 have been adequately studied and are widely 
used to measure the electron temperature Te in plasmas from 
~100 eV to several keV (see, for example, Refs [13 – 15]). 

The X-ray and VUV spectra of plasmas of heavy elements 
usually have a complex structure, which is different from that 
of H-  and He-like  ions,  and  the  superimposition  of  a  huge 
number of lines in these spectra leads to the appearance of a 
quasi-continuum. This circumstance greatly complicates the 
spectroscopic diagnostics of such plasmas. Nevertheless, the 
structure and intensity distribution in the spectra are highly 
sensitive to Te. It is this circumstance that is used in the new 
comparison method for estimating the Te of  the plasmas of 
heavy elements. 

In the new comparison method [7 – 12] for determining the 
electron temperature Te of the plasmas of heavy elements, it is 
proposed to compare the spectra under study with the spectra 
of a well-diagnosed laser-produced plasmas. Plasma diagnos-
tics is carried out by the spectra of light elements having the 
structure of H- and He-like ions. In this case, the spectra of 
light and heavy elements are  investigated for the same laser 
radiation  intensities  on  the  target.  The  applicability  condi-
tions and limitations of the method are considered in detail in 
Ref. [7]. In particular, the main conditions are the presence of 
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coronal equilibrium and a weak or known dependence of Te 
on  the atomic weight АZ of  the  laser  target material  ( Te ~ 
A /

Z
2 9 , see, for example, Refs [16, 17]). 
Obviously, with an increase in Te in the plasmas of heavy 

elements, the ion charge state increases. This leads both to a 
change  in  the  structure  of  the  spectra  and  to  a  shift  of  the 
spectrum to  the  short wavelength region. Both of  these cir-
cumstances can be used for plasma diagnostics. In this work, 
we study the dependence of the structure of Fe ion spectra on 
the temperature Te. The shift of the centre of gravity  in the 
intensity  distribution of  the  spectra  of Fe  ions was  used  to 
estimate Te in the plasmas generated in the finite anode – cath-
ode  gap  of  a  high-current  pulsed  generator  Z-Machine 
(Sandia National Laboratories) [8]. 

The heart of  the comparison method  is  the study of  the 
Te-dependence of  the  structure and  intensity distribution  in 
the  spectra. This permits  ‘ascribe’  a  specific  temperature  to 
each  spectrum.  Comparison  of  such Te-‘calibrated’  spectra 
with the spectra of the plasma sources under study makes it 
possible  to estimate the Te of  these sources. Note that Te  is 
estimated using only the structural features of the spectra and 
their  intensity  distribution  in  the  experimental  method  of 
comparison. In this case, neither identification of transitions 
nor knowledge of the ion charge state distribution is required. 

3. Experiment

The experiment for studying laser-produced plasmas is sche-
matised  in Fig. 1. The plasmas were produced using a neo-
dymium glass laser whose radiation ( l = 0.53 mm, Elas = 1 J, 
Dt = 2 ns) was focused on a massive iron or magnesium target 
(Fe or Mg target) by a lens with a focal length f = 300 mm. 
Two spectrometers were used simultaneously: an X-ray focus-
ing  crystal  spectrometer  (XRS-1)  and  a  VUV  grazing  inci-
dence spectrometer (GIS-1). 

The electron  temperature of  the  laser-produced plasmas 
was  varied by  changing  the  laser  radiation  intensity  on  the 
targets. To do this, the distance DX between the lens and the 
target was varied at a constant energy of  laser pulses Elas = 
1 J. Under conditions of optimal focusing, the spot diameter 
f  was  ~20  mm,  which  corresponded  to  a  laser  intensity 
~1014 W cm–2 on  the  target.  In  this  case,  the  electron  tem-
perature of the laser-produced plasmas Te could be as high as 
~600 eV [18]. To reduce it,  it was necessary to significantly 

lower the intensity q at the target. This was done by increasing 
the size of the focal spot on the target at a fixed energy of the 
laser pulse Elas = 1 J. The size of the focal spot changed as a 
result of a decrease in the distance between the focusing lens 
and the target and varied from ~50 to ~750 mm when the lens 
displaced from the optimal focusing position by distances DX 
ranging from 0.6 to 7.6 mm. A linear dependence f ~ DX was 
experimentally observed. 

The electron temperature was determined by X-ray spec-
troscopy techniques. X-ray spectra of H- and He-like Mg ions 
were  studied  using  a  focusing  crystal  spectrometer  [19,  20] 
designed  according  to  the  von Hamos  scheme  [21].  In  this 
scheme, the crystal is bent in the shape of a cylinder surface, 
and the X-ray source (laser-produced plasmas) and the detec-
tor  plane  are  located  on  the  axis  of  the  cylinder.  When 
reflected  from  the bent  crystal,  the  radiation at  each wave-
length  is  focused  to a point on  the axis of  the spectrometer 
(Fig. 1). Due to this focusing geometry, the device has a high 
efficiency in a wide spectral range [19, 20]. The dispersing ele-
ment  in the spectrometer was a mica crystal  (2d = 19.84 Å) 
with a bending radius of 20 mm. X-ray spectra were recorded 
using a linear CCD array (Toshiba TCD 1304 AP) consisting 
of 3724 cells with a width of 8 mm and a height of 200 mm. 

X-ray spectra of multiply charged Mg ions were recorded 
in the first order of reflection from a mica crystal in one laser 
shot. Spectral resolving power l/dl = 500 – 1000. By way of 
example, Fig. 2 shows the spectra of magnesium in the vicin-
ity of H- and He-like ion resonance lines (Lya and w, respec-
tively) for different distances DX. 

The VUV spectra of iron ions were studied using a GIS-1 
grazing  incidence spectrometer with a diffraction grating of 
300 lines mm–1 (radius 1 m, grazing incidence angle 4 °, W/Re 
coating)  [22,  23].  The  spectrometer  used  an  off-Rowland 
scheme, when  the  spectrum  is  recorded  on  a  plane  perpen-
dicular to the diffracted rays (see Fig. 1). Accurate focusing 
was realised only for the centre wavelength l0, which corre-
sponded to the intersection point of the recording plane with 
the Rowland circle. However, due to the small angular aper-
ture of  the spectrometer,  it was possible  to record the spec-
trum in a fairly wide spectral range, l0 ± Dl. Due to the use 
of the off-Rowland recording scheme, it was possible to sig-
nificantly simplify the assembly and alignment of the instru-
ment. 

A UV-4 film was used as a radiation detector in the GIS-1 
spectrometer. The  film was  located at  a distance of  90 mm 
from the centre of the diffraction grating, which corresponded 
to  the  central  wavelength  l0 ~  55 Å.  A  1.5-mm wide  dia-
phragm was placed between the entrance slit and the grating. 
The 15-mm wide entrance slit of GIS-1 was located at a dis-
tance of 20 mm from the  laser-produced plasmas generated 
on the surface of the Fe target. 

The densitometric  characteristics of  the UV-4  film were 
determined  for  the  spectral  range  50 – 200 Å  using  a  VUV 
source based on capillary discharge plasmas  [24]. The VUV 
spectra recorded on the photographic film were scanned using 
a pre-calibrated scanner (Epson Perfection 4990 Photo) and 
digitised  using  a  special  8-bit  program  (Scion  Image  for 
Windows) [25]. The conversion of the optical density scale D 
into the relative intensity scale was carried out according to 
the UV-4 film calibration data for l = 49 Å. The wavelength 
scale  was  reconstructed  from  the  reference  lines  of H-  and 
He-like carbon ions (in this case, a polyethylene CH2 target 
was used). The digitised VUV spectra of Fe ions at different 
positions DX of the focusing lens are shown in Fig. 3. 
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Figure 1. Schematic of the experiment: 
( 1 ) focusing lens; (DХ ) lens displacement relative to the position of op-
timal  focusing;  ( 2 )  laser-produced plasmas;  ( 3 ) Mg or Fe target;  ( 4 ) 
cylindrical mica crystal with a bending radius of 20 mm; ( 5 ) radiation 
detector  (CCD  line array);  ( 6 )  entrance  slit;  ( 7 )  spherical diffraction 
grating; ( 8 ) radiation detector (UF-4 photographic film). 
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Figure 2. Examples of the X-ray spectra of Mg ions at different temperatures Te: (a) in the vicinity of the Lya resonance line of H-like Mg ions for 
DX = 0.8 mm; (b, c) in the vicinity of the resonance line w of He-like Mg ions for DX = 1.6 and 5.6 mm, respectively. 
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Figure 3. VUV spectra of iron laser-produced plasmas at various positions of the focusing lens DX and various electron temperatures Te. Positions 
of the zero order (l = 0) are indicated with vertical arrows. 
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4. Results and their discussion

The X-ray spectra of Mg ions were used to measure the elec-
tron  temperature  (see  Fig.  2).  The  electron  temperature  of 
He-like ions Те He was measured from the ratio of the intensi-
ties of the dielectronic satellites j + k and the resonance line w 
(the notation is borrowed from Refs [13 – 15]). The tempera-
ture Те H of H-like  ions was measured from the ratio of  the 
intensities of the dielectronic satellite J and the resonance line 
Lya. In both cases, Те was found using data from theoretical 
calculations  [15].  The  electron  density  Ne  was  determined 
from the  ratio of  the  intensities of  the  intercombination  (y) 
and resonance (w) lines of the He-like Mg ion [26]. The mea-
sured dependences of 1/Те H and 1/Те He on the position DX of 
the focusing lens are shown in Fig. 4. They are nicely approx-
imated by the linear function 

1/Te = a + b(DX ),  (1)

where a = 1.92 ± 0.13, b = 0.87 ± 0.05 (Fig. 4); Те is mea-
sured  in keV and DX  in mm. The error  in determining the 
coefficients  a  and  b  (~6 %  in  terms  of  root-mean-square 
spread)  underlies  the  temperature  Те  measurement  accu-
racy, which  is approximately 6 %. The electron density Ne, 
measured from the ratio of the intensities of the resonance 
and  intercombination  lines  of  He-like  Mg  ions  [26]  (see 
Fig. 2), was (1 – 2) ́  1020 cm–3 for all values of DX. 

The method of changing the intensity q of laser radiation 
on  the  target by  its defocusing at a  fixed  laser pulse energy 
(Elas = 1 J) offers a number of advantages. The linear approx-
imation by  formula  (1) at  large values of DX  is  in  excellent 
agreement with the canonical dependence Te ~ q4/9 [16]: 

1/Te ~ 1/q4/9 ~ f8/9 ~ DX 8/9.  (2)

This  suggests  that  this  method  of  changing  the  intensity  q 
makes  it  possible  to  minimise  the  effect  of  laser  radiation 
divergence  and plasma  expansion on q,  as was observed  in 

Refs  [12,  19]. Measurement of  the dependence Te(DX )  in a 
broad range of DX  makes it possible, ultimately, to improve 
the accuracy of the experimental data. 

The VUV spectra of iron were recorded at different posi-
tions DX  of the focusing lens and, consequently, at different 
temperatures Te. For each DX  value, the electron temperature 
was determined from measurements in the X-ray range of the 
spectrum (Fig. 4, formula (1)). The VUV spectra of iron laser-
produced plasmas in a broad range of wavelengths and for Te 
= 120 – 380 eV are shown in Fig. 3. With an increase in Te, we 
observed a structural change of  the spectrum and a shift of 
the highest  intensity region to the short-wavelength domain 
of the spectrum. As was pointed out in Section 2, in the exper-
imental  method  of  comparison, Te  can  be  estimated  using 
only the structural features and intensity distribution of the 
spectra. In this case, neither identification of transitions nor 
knowledge  of  the  ion  charge  state  distribution  is  required. 
Nevertheless,  in  order  to  determine  the  limitations  of  the 
method  in the case of studying  iron plasmas,  the  identifica-
tion of spectral lines in the spectrum was carried out. In this 
case, advantage was taken of the data of Refs [8, 27]. 

The spectral lines observed in the range l = 35 – 85 Å were 
identified as 4 ® 3 and 5 ® 3 transitions with a change in the 
principal  quantum  numbers  in  FeXIV – FeXVII  ions  (see 
Fig. 3). With an increase in temperature, the iron ion charge 
state increases, which leads to a shift of the experimental spec-
tra to the short-wavelength domain. The wavelength lmax cor-
responding  to  the  highest  intensity  of  the  spectrum  is  also 
sensitive  to  the  electron  temperature Te.  This  circumstance 
was used to estimate Te in iron plasmas generated in the final 
anode-cathode  gap  of  the  high-current  pulsed  generator 
Z-Machine (Sandia National Laboratories) [8]. Another dis-
tinctive  feature  of  the VUV  spectra  of  Fe  ions  is  the  zero-
order  diffraction  structure.  At  low  temperatures,  the  zero 
order is a smooth peak. At Te ³ 250 eV, a feature appears in 
the zero-order structure near l ~ 15 Å. This wavelength may 
correspond to a resonance transition in the Ne-like FeXVII 
ion. The presence of radiation from these ions imposes a limi-
tation on the comparison method in the VUV region of the 
spectrum: the use of this method for VUV plasma diagnostics 
is probably limited by the temperature Te £ 300 eV. At higher 
temperatures,  a  sharp  increase  in  the  soft  X-ray  yield  was 
observed in the region l = 10 Å. This spectral region corre-
sponds to the L spectra of iron ions. The spectral lines of the 
principal series of these ions fill the range of 6 – 15 Å. In this 
case,  the  spectrum  is  a  superposition  of  a  huge  number  of 
lines.  A  more  effective  diagnostics  can  be  based  on  X-ray 
spectroscopy methods. 

As a result of experimental studies of iron laser-produced 
plasmas, three features of the spectrum that are sensitive to 
temperature Te  (Fig.  5)  can  therefore  be  distinguished:  the 
structure of the spectrum (spectral range l ~ 30 – 90 Å), the 
wavelength lmax of the intensity distribution maximum, and 
the structure of the zero order. The latter is used to find high-
temperature  limitations  on  the  application  of  the  method. 
The structure of the spectrum (this work) and the wavelength 
lmax [8] can be used to diagnose iron plasmas. 

5. Conclusions

The  comparison method was  used  to  estimate  the  electron 
temperature  of  high-temperature  Fe  plasmas.  The  experi-
ments included the study of two laser-produced plasmas cre-
ated at the same laser radiation fluxes on Mg and Fe targets. 
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H-like Mg ions as a function of the focusing lens DX. The straight line 
stands for the approximation by formula 1/Te = a + b(DX ).
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X-ray spectra of H- and He-like Mg ions were used to mea-
sure Te. Spectra in the range l = 8 – 10 Å were recorded using 
an X-ray focusing crystal spectrometer, and the VUV spectra 
of Fe in the region l £ 150 Å were recorded using a grazing 
incidence spectrometer. As a result, the change in the struc-
ture of the VUV spectra of Fe ions was studied as a function 
of Te, which made  it  possible  to  estimate  the  electron  tem-
perature for each spectrum in the range of 100 – 400 eV. 
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Figure 5. Temperature-sensitive  features  of  the  VUV  spectrum  of 
Fe ions.


