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Wrong results by faulty experimental techniques 
 

Effect of momentum transfer on the Rayleigh 
scattering cross section 

Phys. Rev. A 19, 2260 (1978) 
 

 
Cross section apparently became smaller with 

decreasing pulse duration of incident laser pulse 

 

Puzzle remained for some time although other 

experiments (Phys. Lett. A57 (1978)) showed that 

the results must be wrong 

What did they do wrong? 



Signal from laser monitor and signal of scattered 

radiation were displayed on same oscilloscope with 

the scattered signal delayed by a long cable ! 

Signal from a photodiode recorded with a fast 

oscilloscope with a cable RG 58 C/U 

a) 1 m long  b) 11 m long     c) 79 m long 

 

Puzzle found a simple explanation 



Extreme ultraviolet spectroscopy of helium-
hydrogen plasma 

R. Mills and P. Pay 
J. Phys. D: Appl. Phys. 36, 1535 (2003) 

 
They report observation of novel emission lines 

which they can explain only if they postulate  

 

quantum numbers     n = 1/q       for hydrogen, 

where q is an integer.     Novel physics   ? 

However, normal incidence spectrometers never 

work below about 30 nm, since mirrors and gratings 

do not reflect !!!     Observation is an artifact ! 



Signal current from a photomultiplier is limited 

Several saturation effects ! 

 

Capacitors parallel to the voltage divider must be 

dimensioned according to application 

 

 



1 Introduction

Spectroscopic methods offer a large variety of possibilities to diagnose plas-
mas 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 temperatures pulsed but long-lived low density plasmas in magnet-
ically confined fusion devices such as tokamaks and stellarators are at one
end, short-lived inertially confined pellets having densities up to 10 000 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 character-
istic parameters of the radiating atoms, ions or molecules. It is the most
straightforward approach since only one opening in closed systems is needed
for radiation to emanate. The inherent drawback is certainly the fact that the
radiation detected and hence all information obtainable is integrated along
the line of sight. This also holds for the supplementary approach of absorption

spectroscopy where radiation – in the most general case continuum radiation
– 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 no subject of this
book and we refer to the relevant literature, for example to [1], or specifi-
cally 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], [4], [5], [6] is only mentioned
here as well.

Most spectroscopic methods utilize the radiation emitted by atoms, ions
or molecules being present in the specific plasma either as impurities or being
intentionally added to the plasma for specific purposes such as radiation
cooling or diagnostics. In recent years the injection of atomic beams has been
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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.

Plasma

Particle
beam

Direction of
observation

Fig. 1.1. Injection of a particle beam into a plasma

Spectral regions

With increasing temperature of a plasma the maximum of the continuum
radiation and the strong lines emitted occur at shorter wavelengths, and typ-
ically plasma spectroscopy has to cover the spectral range from the infrared
down to the x-rays. Although the physical concepts underlying the emis-
sion of radiation 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, the ”visible”. This spectral region is well defined by the sen-
sitivity curve of the eye. Radiation is transmitted through air with practi-
cally no losses as it is for the adjacent regions towards shorter and longer
wavelengths. The ”infra-red” IR extends from the ”near infra-red” to he
”far infra-red” FIR adjacent to the microwave region which starts around
wavelengths of 1 mm, but transmission through air can be influenced by ab-
sorption within molecular bands of water vapor, carbon dioxide and other
molecular constituents or pollutants. In addition, absorption by windows has
to be considered, which also holds when going to wavelengths below the visi-
ble. Flint glass, for example, starts to absorb already around 380 nm, and for
shorter wavelengths windows of quartz are advised; ordinary quartz cuts off
at around 210 nm, but best quartz is satisfactory down to just below 180 nm.
The spectral range 200–380 nm is known as the ”ultraviolet” UV.

Below 200 nm 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 0.15 nm, when 30% of the radiation
starts to be is transmitted through 1 m of air at atmospheric pressure. To
avoid this absorption in air, spectrographic system and path of the radiation
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from the plasma have to be evacuated. For that reason the spectral range
200–0.15 nm has been named the ”vacuum-ultraviolet or vacuum-uv” VUV.
Traditionally, this range is subdivided according to the optics which has to
be employed. Vacuum-uv is thus specifically used for the range 105–200 nm,
where transparent window materials (LiF cuts off at 105 nm) and hence also
lens optics are existent.

The range 105–0.15 nm is customarily named ”extreme-ultraviolet” EUV or
XUV and it includes the ”soft x-rays” from 30–0.15 nm.

Below 0.15 nm the region of the ”hard x-rays” starts where it is more practi-
cal to use the photon energy unit in keV instead of the wavelength. Hard x-
rays overlap with the broad range of ”γ-rays” from about 10 keV to 250MeV ;
γ-quanta are typically emitted by nuclei.

Spectroscopic units

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

λvac = c/ν (1.1)

where c and λvac are velocity of light and wavelength in vacuum, respectively,
and ν is in Hertz (1 Hz = 1 s−1). The most common wavelength units are the
nanometer (nm), the Ångström (1 Å = 10−1 nm) and the micrometer (µm).
The wavenumber σ defined by

σ = 1/λvac = ν/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−1. This unit has been
named Kayser (K), 1 K = 1 cm−1.

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

hν

eV

λvac

nm
= 1239.842 . (1.3)

Wavelengths of atoms and their ionization stages may be found in a num-
ber of reference publications as well in data banks: one easily accessible and
extremely useful data bank is that of the National Institute of Standards
and Technology NIST at Gaithersburg, USA [7]: the data have been criti-
cally evaluated and compiled, and energy levels, configurations and transi-
tion probabilities are given as well. Since the energy E of the levels is given
in the unit cm−1 (1 eV⇒ 8065.541 cm−1), the wavenumber of a transition
and thus its vacuum wavelength is simply obtained from the difference of the
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energies of upper Eu and lower level El: σ = Eu − El = 1/λ. It is common
practice that wavelengths above 200 nm (λn) are quoted in dry air containing
0.03% CO2 at 101 325 Pa at a temperature of 288.15 K. Both wavelengths
are related to each other by

λn = λ/n . (1.4)

n is the index of refraction of air at the above conditions and is given by [8]

n = 1 + 6 432.8 × 10−8 +
2949 810

146 × 108 − σ2
+

25 540

41 × 108 − σ2
, (1.5)

where σ is the wavenumber in cm−1.
For molecular spectra the monographs by Herzberg are still the main

source [9], [10]. A molecular database HITRAN, for example, is continuously
being developed at the Harvard-Smithsonian Center for Astrophysics in Cam-
bridge, USA, and may be consulted via internet [11].

The present monograph intends to give an introduction to plasma spec-
troscopy, and the two books by Griem [12] and [13] remain the standard
references for this field. For a general introduction to spectroscopic principles
and techniques the monograph [14] may be consulted.



2 Quantities of Spectroscopy

2.1 Radiometric Quantities

The total energy emitted by a plasma as electromagnetic radiation per unit
time is called its radiative loss and plays a crucial role in all power balance
considerations. As physical quantity it is a radiant flux Φ (through the surface
of the plasma), and its unit is the watt W. It is also called radiant power.
Radiant flux density φ refers to the flux per unit area φ = dΦ/dA with the
unit W/m2, irrespectively of whether the radiation is emitted from an area,
crosses an imaginary surface in space, or falls onto an area A. In this latter
case it is customary to call this flux density at the surface irradiance E. The
energy deposited per unit area during a given time is the fluence H =

∫

Edt,
with the unit J/m2.

The SI quantity radiance L is defined as the radiant flux per unit projected
area per solid angle Ω [15]. Figure 2.1 illustrates the geometry, where θ is the
angle between the normal of the surface element dA and the direction of the
radiation.

Plasma

dAD

DdW

q

Normal

Fig. 2.1. Definition of radiance

L =
d2Φ

dA cosθ dΩ
(2.1)

Its unit is W m−2 sr−1. Again, it also applies to real and imaginary surfaces.
Although the radiance is the correct SI unit, the rather familiar word intensity

is still being used instead in much of the plasma spectroscopy literature.
Confusion is unavoidable when authors use intensity for the radiation flux
density. It is advisable, therefore, to check the unit whenever ’intensity’ is
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encountered. The official SI quantity radiant intensity I is the flux per solid
angle emitted from a source which makes it a property of a source rather
than of a radiating surface: I = dΦ/dΩ, the unit being W/sr. In the field of
physical optics the word ’intensity’ refers to the magnitude of the Poynting
vector.

For completeness the radiant energy density u (unit J/m3) should be
mentioned, which is usually employed in atomic and thermodynamic consid-
erations. In case of isotropic radiation, for example, it is given by relation
(a), and for collimated radiation in the other limit by relation (b):

(a) u =
4π

c
L (b) u =

1

c
L (2.2)

The local emission at the position r in the plasma is characterized by the
emission coefficient ε(r):

ε(r) =
d2Φ(r)

dV dΩ
, (2.3)

where dΦ(r) is the radiant flux from the volume element dV at r. This
assumes that the emission is isotropic. It can be, of course, also non-isotropic,
when a specific direction is given by electric or magnetic fields or by fast
particle beams. The unit of the emission coefficient is Wm−3 sr−1.

With the exception of bolometric measurements usually spectral quan-
tities are measured and they are denoted by the pertinent subscript λ (or
ν or ω). They are derivative quantities and yield the total quantity when
integrated over wavelength or frequency. For example ε(r) =

∫

ελ(r, λ)dλ.

2.2 Measured Quantities

In the most straightforward case adiation from a plasma (for simplicity we
take a plane surface with surface element dAp) falls on a detector with sur-
face element dAd positioned at a distance s, see Fig. 2.2: The quantity thus

Fig. 2.2. Measured radiation

recorded is a flux Φ given according to (2.1) by

Φ =

∫

L cosθ dAp dΩ =

∫

L cosθ dAp

cosβ dAd

s2
. (2.4)
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For small angles Φ reduces to

Φ = L Ap Ωd = L
Ap Ad

s2
. (2.5)

Ωd is the solid angle subtended by the detector area Ad.
For spectrally resolved measurements the radiation flux is limited by the

area As of the entrance slit of a spectrographic instrument and by the size of a
mirror, a lens, a dispersive element or a real or virtual aperture (cross section
Am). Figure 2.3 illustrates this geometry and it is obvious that the cross

pA

sA

Source
Slit Mirror, lens or

dispersive element

mA

Rs ´R s’

Ws
Wm

Fig. 2.3. Measured radiation

section Am determines the area Ap of the source surface from which radiation
is collected through the slit. Neglecting the transition at the boundary

Φ = L Ap Ωs = L Ap

As

s2
= L As

Am

s′2
= L AsΩm . (2.6)

The quantity AsΩm is called the throughput or étendue of the instrument (it
is conserved as we will see below), and the flux Φ is simply obtained as if the
emitting surface were in the plane of the entrance slit.

This is readily exploited in quantitative measurements: a standard radia-
tor of known radiance L0 is placed close to the entrance slit, or in principle
at any distance where its size is still sufficient to fill the solid angle Ωm . The
flux Φλ(λ)∆λ=L0λ(λ)∆λ AsΩm over a spectral interval ∆λ will produce a
signal S0 at the exit of a detector. Keeping all settings constant the respec-
tive flux in the same spectral interval from an unknown radiator may give
the signal Sx, hence

Lxλ(λ) =
Sx

S0

L0λ(λ) . (2.7)

This is an extremely simple relation: the ratio of the signals yields the un-
known spectral radiance Lxλ(λ), and it is this quantity which is obtained in
the measurement.

A plasma, on the other hand, emits throughout its volume, but the above
considerations may also be applied directly if we replace the radiating surface
of Fig. 2.3 by a slice of plasma of thickness ds. Ap(s) just has to be smaller
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than the cross section of the plasma at the distance s. With no absorption
within the plasma (2.3) and (2.6) yield

Φ =

∫

ε(s) dAp(s) ds dΩ =

(
∫

ε(s)ds

)

ApΩs = L AsΩm (2.8)

with L =

∫

ε(s)ds (2.9)

L is the radiance at the surface of the plasma and will also be again the
effective radiance in the plane of the entrance slit.

For a correctly designed optical system, reduced to a lens of diameter D
in Fig. 2.4, we have for object and image size y and y′ with object and image

Yy

Object Image
Rs ´R s’

Wp Wp’D

Y’y’

A ’pAp

Fig. 2.4. Imaging by a lens

distance s and s′, respectively,

y/2

y′/2
=

s

s′
, (2.10)

and hence

y2

s2
D2 =

y′2

s′2
D2 =⇒ ApΩp = Ap

′Ωp
′ . (2.11)

The throughput is conserved. Since also the radiant flux Φ remains constant,
(2.8) and (2.11) yield directly the well known law

L = L′ (2.12)

i.e. the radiance is an invariant of an optical system with no absorption.
In case the cross section of the plasma is smaller than the area Ap at

the position s (Fig. 2.3), the full throughput is not utilized. In this case
the plasma should be imaged onto the entrance slit employing a lens or a
spherical mirror. These considerations also apply when a large plasma is to
be investigated spatially resolved. Figure 2.5 illustrates such an arrangement.
The lens produces a virtual image (area A′

s) of the entrance slit, and only
radiation from the shaded region is collected by the lens and the virtual slit
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Virtual
slit

Entrance
slit

As
A ’s

Ap A ’p

Plasma

Fig. 2.5. Spatially resolved measurements

and hence also by the entrance slit. This geometry corresponds exactly to
that of Fig. 2.3 with a radiance L =

∫

εds at the position of the virtual slit
and according to (2.12) also at the entrance slit: the quantity obtained is
the local radiance at the surface of the plasma, given by the integral of the
emission coefficient ε along the line of sight. One certainly has to select a lens
of sufficient diameter, that the full throughput is used in the spectrographic
instrument.

2.3 Local Quantities

2.3.1 Homogenous Plasmas

The discussions in the preceding sections showed that the quantity measured
is always the local radiance at the surface of the plasma which is given by
integration of the emission coefficient along the line of sight when no ab-
sorption of radiation within the plasma is important. Hence only an average
emission ε can be quoted,

ε =
L

s2 − s1

, (2.13)

where s2 − s1 is the depth of the plasma along the line of sight. For a homo-
geneous plasma this corresponds to the true emission coefficient ε.

2.3.2 Axially and Spherically Symmetric Plasmas

In cases of axially symmetric plasma columns the derivation of local emission
coefficients ε(r) is possible if the radiance of the plasma is measured over the
cross section of the column. Integration along a chord parallel to the x-axis
yields after substituting x2 = r2 − y2 (Fig. 2.6) the one-dimensional profile
of the radiance

L(y) = 2

∫ xmax

0

ε(r) dx = 2

∫

√
R2

−y2

0

ε(r) dx = 2

∫ R

y

ε(r) r dr
√

R2 − y2
. (2.14)
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y

x

y

L y( )
r

R

dx

Fig. 2.6. Radiance parallel to the y-axis of a cylindrically symmetric plasma column

This equation is of the Abel type, and the local emission coefficient ε(r) is
recovered by the Abel inversion which can be written analytically as

ε(r) = − 1

π

∫ R

r

dL(y)

dy

dy
√

y2 − r2
. (2.15)

Since the spatial derivative dL/dy enters the inversion, it is obvious that the
results are very sensitive to noise and errors in the measured radiance L(y).
Unfortunately the errors in the derivative accumulate over the integration
interval [r,R], and the resulting uncertainty is most severe on the axis r = 0.
Hence appropriate smoothing of the data can be essential for the quality of
the inversion. An inversion algorithm without differentiation has been has
been proposed by [16], and other improved inversion methods are mentioned
in [13]. In cases of strongly structured emission profiles the finite solid angle
of the radiation collecting optics has to be taken into account [17].

For spherically symmetric plasmas two-dimensional imaging forms an ar-
ray L(y, z) of the radiance in the y-z plane. Because of the symmetry it
usually suffices to analyze the radiance L(y, 0) in one plane (z = 0) to which
the above cylindrical solution can be applied. Physically it corresponds to
one-dimensional imaging employing a narrow slit in front of the plasma.

In the x-ray region the pinhole camera is the standard imaging system.
It is simple, and the typically arrangement is shown in Fig. 2.7. Integra-
tion of the emission coefficient ε(r) is now along differing tilted chords. The

Plasma Pinhole Detector plane

Pp

Fig. 2.7. Schematic arrangement of a pinhole camera
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chordal heights p, or impact parameters, are calculated from the known geo-
metric dimensions of the system, and the recorded radiances can then readily
be transformed to the respective radiance distribution of parallel recording
needed for the standard Abel inversion.

2.3.3 Plasmas Without Symmetry

One special case of non-axisymmetry exists in tokamaks which employ a
limiter and have a circular poloidal cross-section: the magnetic flux surfaces
and hence the density contour lines are very close to a set of nested eccentric
circles, the shift of the circle centers being known as the Shafranov ∆ shift.
With the transformation r2 = (x + ∆)2 + y2 Abel inversion as discussed in
the previous section can be again executed, and specific methods have been
developed too [18], [19], [20]. In [21] the technique was extended to plasmas
of elliptic shape which is transformed mathematically to a concentric circular
shape for the analysis.

The mathematical problems associated with the general reconstruction
of the local emission ε(r) throughout the plasma are essentially identical to
those encountered in computer-aided tomography, drawing upon the same
mathematical techniques [22]. The radiance of the plasma has to be recorded
in numerous directions, and the Radon transformation and its inverse then
provides the mathematical basis for the reconstruction. We shall consider here
only the two-dimensional Radon transform, the extension to three dimensions
is straightforward. Figure 2.8 illustrates the geometry and the definition of

Fig. 2.8. Coordinate system for the Radon transform

the coordinates. Integration is along straight lines given by (n = {cos φ, sinφ}
is a unit vector perpendicular to these lines)

rn − p = x cos φ + y sinφ − p = 0 (2.16)
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yielding the radiance

L(p, φ) =

∫

∞

−∞

∫

∞

−∞

ε(x, y) δ(x cos φ + y sinφ − p) dxdy (2.17)

where δ(.) is the Dirac delta function. Because of the symmetry L(p, φ) =
L(−p, φ + π) only angles 0 to π are needed. Mathematically L(p, φ) is the
Radon transform of ε(x, y)

L(p, φ) = R2{ε(x, y)} . (2.18)

For the execution of the inverse Radon transformation to obtain the emission
ε(x, y) within the plasma,

ε(x, y) = R−1

2
{L(p, φ)} , (2.19)

a number of algorithms and numerous techniques are available, for example
see [23]. The quality of the obtained reconstruction certainly depends on the
number of views of the plasma, or precisely on the number of L(p, φ) values.
Unfortunately these are usually limited due to experimental constraints as for
example by the plasma vessel and its ports. The reconstruction is facilitated
and improved if information on the plasma shape or its overall structure is
available and can be utilized.
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