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Preface

This book is based on lectures given at the Ruhr-University of Bochum for
graduate and postgraduates students starting their studies on plasma physics,
but it is as well directed at established researchers who are newcomers to spec-
troscopy and need quick access to the diagnostics of plasmas ranging from
low to high density technical systems at low temperatures as well from low to
high density hot plasmas. Basic ideas and fundamental concepts are briefly
introduced as is typical instrumentation from the X-ray to the infrared spec-
tral regions. Examples, techniques, and methods illustrate the possibilities.
The list of cited references is certainly not complete. Preference is given to
either more recent publications since they usually refer to previous work or
to reviews. I am grateful to Hans R. Griem and Andreas Dinklage for reading
the manuscript and suggestions for improvement.

Bochum, Hans-Joachim Kunze
July 2009

There is no lift to success,
you have to climb the stairs.
Emil Oesch
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1

Introduction

Spectroscopic methods offer a large variety of possibilities to diagnose plasmas
in the laboratory and in space, the apparatus required being one of the least
complicated in many cases. Astronomical objects are the sun, the stars, and
the interstellar matter. Plasmas in the laboratory range at low temperatures
from low-density plasmas as nowadays mostly used for plasma processing to
high density arcs and plasma torches at atmospheric pressure; at high tem-
peratures pulsed but long-lived low density plasmas in magnetically confined
fusion devices such as tokamaks and stellarators are at one end, short-lived
inertially confined pellets having densities up to 100 times solid-state density
represent the other end.

Specifically we talk of plasma emission spectroscopy if electromagnetic
radiation emitted by the plasma is recorded, spectrally resolved, analyzed
and interpreted in terms of either parameters of the plasma or characteristic
parameters of the radiating atoms, ions or molecules. It is the most straight-
forward approach since only one port in otherwise closed systems is needed for
radiation to escape. An inherent drawback is certainly the fact that the radi-
ation detected and hence all information obtainable is integrated along the
line of sight. This also holds for the supplementary approach of absorption
spectroscopy. There radiation — in the most general case continuum radia-
tion — is directed through the plasma, and the modification of the spectrum
of the transmitted radiation by absorption and also by scattering contains the
information on the plasma and its constituents. The application of fixed wave-
length and tunable lasers as radiation sources utilizing both absorption and
various scattering processes in the plasma is widespread and has developed
into a field of its own described as laser spectroscopy. It is not a subject of
this book and we refer to the relevant literature, for example to [1], or specif-
ically with respect to the diagnostics of plasmas to [2]. Scattering by plasma
electrons known as incoherent and collective Thomson scattering, one of the
most powerful plasma diagnostic techniques [3-6] is also only mentioned here.

Most spectroscopic methods utilize the radiation emitted by atoms, ions,
or molecules being present in the specific plasma either as impurities or being
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Particle
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Fig. 1.1. Injection of a particle beam into a plasma

intentionally added to the plasma for specific purposes such as radiation cool-
ing or diagnostics. In recent years, the injection of atomic beams has been
advanced: they enter the plasma more or less on a straight path till they
are ionized. As Fig.1.1 reveals, observation of the emission from the beam
particles now yields local information from the hatched region, background
radiation naturally still being collected along the line of sight.

The present monograph intends to give an introduction to plasma spec-
troscopy, and the two books by Griem [7,8] remain the standard references
for this field. The monograph by Fujimoto [9] emphasizes the theoretical
framework for the population density distribution in plasmas. For a gen-
eral introduction to spectroscopic principles and techniques, the monograph
[10] may be consulted. Spectroscopic methods are also discussed in books on
plasmas diagnostics [11,12].

Spectral Regions

With increasing temperature of a plasma the maximum of the continuum radi-
ation and the strong lines emitted occur at shorter wavelengths, and typically
plasma spectroscopy has to cover the spectral range from the infra-red down
to X-rays. Although the physical concepts underlying the emission of radia-
tion are more or less the same over this spectral range, different experimental
techniques have to be employed, resulting in a corresponding partition into
several spectral ranges.

380-750 nm is the visible. This spectral region is well defined by the sensi-
tivity curve of the eye. Radiation is transmitted through air with practically
no losses; this also holds for the adjacent regions toward shorter and longer
wavelengths. The infra-red IR extends from the near infra-red to the far
infra-red FIR adjacent to the microwave region, which starts around wave-
lengths of 1 mm, but transmission through air can be influented by absorption
within molecular bands of water vapor, carbon dioxide and other molecu-
lar constituents or pollutants. In addition, absorption by windows has to be
considered, which also occurs when going to wavelengths below the visible.
Flint glass, for example, starts to absorb already around 380nm, and for



1 Introduction 3

shorter wavelengths windows of quartz are advised; ordinary quartz cuts off
at around 210nm, but best quartz is satisfactory down to just below 180 nm.
The spectral range 200-380nm is known as the ultraviolet UV.

Below 200nm electromagnetic radiation is absorbed by air, first by oxygen
starting at around 195 nm and then by nitrogen at 145 nm, and transmission
through air occurs again only below 0.15nm, where 30% of the radiation
starts to be transmitted through 1 m of air at atmospheric pressure. To avoid
this absorption in air, the spectrographic system and path of the radiation
from the plasma have to be evacuated. For that reason, the spectral range
200-0.15nm has been named the wvacuum-ultraviolet or vacuum-UV VUV.
Traditionally, this range is subdivided according to the optics which has to
be employed. Vacuum~UYV is thus specifically used for the range 200-105 nm,
where transparent window materials (LiF cuts off at 105nm) and hence also
lens optics exist.

The range 105-0.15nm is customarily named eztreme-ultraviolet EUV or
XUV, and it includes the soft X-rays from 30 to 0.15nm.

Below 0.15 nm the region of the hard X-rays starts, where it is more practical
to use the photon-energy unit in kilo electron volts instead of the wavelength.
Hard x-rays overlap with the broad range of v-rays from about 10keV to
250 MeV; y-quanta are typically emitted by nuclei.

Spectroscopic Units

The electromagnetic radiation flux from a surface element plotted as function
of frequency v or wavelength A is known as spectrum. Both are related to each
other by

Avac = /v, (1.1)

where ¢ and Ay, are velocity of light and wavelength in vacuum, respectively,
and v is in Hertz (1Hz = 1s~!). The most common wavelength units are the
nanometer (nm), the Angstrom (1A= 10~!nm) and the micrometer (um).
The wavenumber o defined by

0 =1/ ac =V/c (1.2)

is more commonly used at long wavelengths, especially when dealing with
molecular transitions. Its unit is the inverse meter, but in practice wavenum-
bers are usually expressed in inverse centimeters (cm™!). This unit has been
named Kayser (K), 1K = 1cm™!.

At short wavelengths the photon energy E = hv is preferred in the unit
electron volt (eV). Wavelength in vacuum — we omit the subscript “vacuum”
from hereon — and energy are thus related by

Y Avac
eV nm

=1239.842. (1.3)



