Lab-course Experiment

Plasma Spectroscopy

Version 01.07.2024

MAX PLANCK INSTITUTE
FOR PLASMA PHYSICS



Contents

1__Informationl
0.1 Introductionl. . . . . . . . . . . e
1 COTY[. v v v o o e e e e e e e e e e e e e e
[1.2.1  Spectroscopy| . . . . . o o o o i e e e
[1.2.2  Laboratory plasmas| . . . . ... .. .. ... ... ... ..
[1.2.3  Plasma spectroscopy| . . . . . . . . . L
[1.3  Experiment| . . . . . . . .. e e
[1.3.1 Spectrometer system| . . . . . . . . ... Lo
[1.3.2  Cadmium-mercury spectral lamp| . . . . . .. . .. ... ... ...
[1.3.3  Setup of the plasma chamber| . . . . . . . . ... ... ... 000,
[1.3.4 Diagnostics of the electron temperature] . . . . . . . .. ... ... ... ....
[2_Tasksl
2.1 Preparation at home| . . . . . . . . ...
2.2 Preparation on site| . . . . . . ... Lo
2.3 Exploring the spectrometer system| . . . . . . .. . ... 0oL

[2.4  Spectroscopy of a He/Ar mixed plasmal

|3 Instructions for writing the protocol|

IBibliography|

w W w W

15
15
17
17
20

23
23
23
23
24

25

26



1 Information

1.1 Introduction

This lab experiment is intended to provide a first insight into spectroscopic plasma diagnostics. In the
first part of the experiment, basic parameters of a grating spectrometer system are investigated using
spectroscopy of a cadmium-mercury spectral lamp. The interpretation of different spectra shows the
effect of the width of the entrance slit, the aperture of the iris diaphragm and the grating constant.
Furthermore, the choice of the CCD camera as detector system is discussed. Basic knowledge of the
spectral decomposition of light in spectral devices and of grating spectrometers in particular is ex-
pected for this task.

In the second part of the experiment, an inductively coupled high-frequency plasma (ICP) is studied.
The laboratory plasma is ignited at vacuum pressure in a water-cooled vessel. For this purpose, with
the aid of various pressure measurements, the pumping station with backing pump and turbo pump
as well as the He-Ar gas supply must be well adjusted. In addition, the coupling of the high-frequency
heating must be optimized by means of its matchbox.

The plasma under investigation is a “cold”, non-thermal plasma, i. e. the temperatures of electrons and
heavy particles (ions and neutrals) differ considerably. The excitation of the heavy particles leads to
the emission of characteristic spectra consisting of lines, molecular bands and possibly continua, which
are studied with the spectrometer. Since the degree of ionization of the plasma is low, electron impact
excitation and spontaneous emission are the dominant processes of excitation and de-excitation. The
equilibrium of these processes is called corona equilibrium and allows the electron temperature to be
determined from the intensity ratio of two spectral lines.

1.2 Theory

1.2.1 Spectroscopy

Spectroscopy means the examination of samples by analyzing the wavelength-dependent intensity
spectrum of electromagnetic waves using a spectral apparatus. A spectrometer consists of a dispersive
element (e.g., a prism or diffraction grating), a detector (e.g., a photomultiplier or CCD camera), and
further optical elements such as entrance slit, mirrors, lenses and diaphragms, with which the optical
beam path can be controlled.

Diffraction gratings

The diffraction of light at a grating can be used for dispersion. The spherical wavelets generated at
each grating slit according to the Huygens principle interfere, which leads to different light intensities
at different exit angles depending on the angle of incidence, grating type and constant and wave-
length. There are different types of diffraction gratings, the choice of which should be made according
to requirements and intended use so that the intensity of the signal on the detector and the spectral
resolution are as advantageous as possible for the analysis. Generally, a distinction is made between
transmission and reflection gratings and between these in turn according to the grating surface and
groove or slit shape. In transmission gratings, the light looses some intensity when diffracted at the
slit, reflection gratings therefore produce a brighter spectrum. Fig. shows an animation of a
diffraction grating with the well-known splitting into spectral colors.



Figure 1.1: Animation of a diffraction grating. (9))
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Figure 1.2: Diffraction at an echelette grating. (8g])

A special form of reflection gratings are so-called echelette gratings (also called blazed gratings),
which have a sawtooth-shaped surface. The angle between the mean grating surface and the surface
of the individual grooves can then be selected such that the reflection direction of a desired diffraction
order and a desired wavelength coincides with the geometric reflection direction. Under these con-
ditions, the diffraction efficiency and resolving power are particularly high. Fig. shows a sketch
with the geometrical considerations for the derivation of the diffraction pattern of an echelette grating.
Maxima of nth order arise by constructive interference when the difference of the path lengths is n
times the wavelength. If one regards the reflected beam paths as parallel due to the very small grating
constant in relation to the distance between grating and detector, this difference corresponds to the
distance BA + AC and for diffraction primary maxima of nth order results

n\ = d (sin(a) +sin(f)), n € Z, (1.1)

with the wavelength of interest A, the distance between adjacent grooves of the grating d, and the
angles of incidence and reflection o and S.

Due to the dependency of the reflection angle § on d and A, gratings with different grating con-
stants are sometimes used for different wavelength ranges. The lower the grating constant, i.e. the
number of grooves per millimeter (also l/mm for lines/mm), and the lower the interference order of
interest, the larger is the wavelength range that can be imaged. On the other hand, the resolution
then decreases. These relationships are described by the dispersion, i.e. the change of the wavelength
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Figure 1.4: Sketch of the beam path in a Czerny-Turner spectrograph. After (4).

with the observation or reflection angle: %2 = @.

Between two primary maxima of adjacent diffraction orders of one wavelength there are N — 2 side
maxima and correspondingly N — 1 minima in case of N groves. The side maxima arise from interfer-
ence of waves diffracted at not directly adjacent grooves, and their intensity decreases with N while
the acuteness of the primary maxima increases. According to the Rayleigh criterion, primary maxima
of two wavelengths A and A + A\ can be clearly distinguished if the considered primary maximum
of wavelength A + A\ is at least as far away from the considered primary maximum of wavelength
A as the first minimum of wavelength A. Because of the finite width of the grating grooves or slits
in reality, the theoretical diffraction pattern of a grating is in real optical instruments is in addition
superimposed by the diffraction pattern of a single slit as envelope. This causes a lower intensity of
higher diffraction orders. In Fig. [I.3] a complete realistic diffraction pattern for one wavelength is
sketched.
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Figure 1.3: Example of a diffraction pattern for one wavelength using a grating with N = 8 grooves.
The x-axis corresponds to sin(f) (without absolute values due to dependence on grating constant and
angle of incidence). The order of the primary maxima is given and the envelope due to single slit
diffraction in real optical systems is shown. According to (Il), page 325.

Czerny-Turner Spectrograph

A Czerny-Turner setup consists of an entrance slit, two concave mirrors and an (often rotatable)
diffraction grating. The two mirrors serve as collimator and focusing element, respectively. The beam
path is sketched in Fig. (1.4



The linear dispersion of a spectrograph over the position in the image plane x can be approximated
as the quotient of the angle-dependent dispersion of the grating and the focal length f of the spec-
trograph: % = %. By rotating the grating, the angles of incidence and reflection and thus the
imaged wavelength range or even the observed diffraction order, as well as the dispersion, can be
varied. Moreover, gratings of different groove densities can often be used for optimal adjustment of
the spectrograph, affecting the acuteness of the spectral lines in addition to the dispersion. Together
with an output slit that filters out a narrow wavelength range, the spectrograph would become a

monochromator.

The instrument function of the spectrograph, i.e., the shape of the real image as a function of the
theoretical image, is determined by the finite width of the entrance slit, aberrations, and inaccuracies
in the manufacturing and positioning of the optical elements. A particularly relevant aberration is the
astigmatism of the concave mirrors. For light not incident along their optical axis, the focal length
is different along the meridional and sagittal planes, as illustrated in Fig. In many spectro-
graphs, astigmatism is corrected by using aspherical optical elements. In addition, problems can arise
from stray light, reflections in the setup, unfavorable coatings on the optical elements, or at very low
wavelengths, air in the spectrometer.

Figure 1.5: Ilustration of the effect of astigmatism of a concave mirror. (&)

Detectors

Together with a detector, a spectrograph becomes a spectrometer. The usable photoelectric detectors
can be divided into different categories. If only the light intensity at one point in space can be mea-
sured, as e.g. with a photomultiplier or a photodiode, a spectrum can still be scanned in combination
with a rotatable grating and possibly an exit slit for monochromatization. In contrast, with linear
detectors consisting of a one-dimensional array of photosensors (pixels), e.g. 1D CCD chips, a certain
wavelength range of a spectrum can be acquired simultaneously and thus usually faster (even though
the single acquisition with a photomultiplier is more sensitive and thus usually faster) and, most im-
portantly, time-synchronously. Detectors with multiple rows of pixels, e.g. 2D CCD chips offer the
advantage over 1D CCD chips that at low light intensity multiple rows onto which the spectrum is
imaged can be combined by binning and therefore the exposure time can be reduced. In addition, it
is possible to map light from different sources onto different rows (channels). The main disadvantage
of linear or multidimensional detectors is that so far they are only available for UV, visible and near-
infrared wavelength ranges cheaply and with good sensitivity. Especially spectrometers in the X-ray
or gamma range are therefore often based on photomultipliers.

The pixel size of the detector determines, together with the linear dispersion of the spectrograph,



the spectral resolution of the spectrometer. Moreover, the readout error of the detector determines,
together with the Poisson statistics of the photon incidence, the accuracy of the intensity measurement.

Spectral lamps

Spectral lamps are gas discharge lamps whose light is produced by the excitation of metal vapors or
noble gases by collisions with electrons. They consist of a gas-filled tube to which a voltage is applied.
Their line spectrum has a large spectral purity, which makes them well suited for the investigation
and calibration of spectrometer systems.

1.2.2 Laboratory plasmas

Plasmas occur in many forms in space (e. g., as the main constituents of stars) and in nature (e.g., in
lightning), but they are also generated by humans and used industrially (e.g., for coating processes)
or studied in physics laboratories (e.g., in the context of fusion research). Artificially generated
plasmas can be distinguished based on their pressure into low-pressure and atmospheric-pressure
or high-pressure plasmas, and based on their thermal properties into thermal (hot, equilibrium or
high-temperature) plasmas and non-thermal (cold, non-equilibrium or low-temperature) plasmas. In
contrast to thermal plasmas, such as those produced in tokamaks and stellarators, in cold plasmas
the ion and neutral particle temperature is significantly below the electron temperature. This has
the advantage that no magnetic confinement is needed to shield the vessel walls. Cold plasmas are
particularly easy to realize at pressures well below atmospheric. In laboratories and industry, cold
low-pressure plasmas are therefore a frequently used scenario.

Cold low pressure plasmas

At reduced pressure in a gas, the mean free path of the particles is longer than under atmospheric
conditions, such that energy-transferring collision processes become less frequent and the emergence
of thermal equilibrium is hindered. By external energy supply which accelerates charged particles,
the electrons can be separated from the atomic nuclei and selectively heated due to their significantly
lower mass. A plasma forms with high kinetic energy of the electrons, while the heavy particles (ions
and neutrals) remain approximately at room temperature.

Whereas thermal fusion plasmas are almost completely ionized, the degree of ionization of a cold
low-pressure plasma is in the per mil range, since hardly any impact ionization takes place. Conse-
quently, the electron and radiation density is much lower. Moreover, an external energy supply is
invariably required to maintain the plasma, whereas a burning fusion plasma heats itself through the
fusion processes.

There are various methods for ionizing and heating the electrons in a cold low-pressure plasma. These
include, in particular, capacitive and inductive radio frequency coupling. Capacitively coupled plas-
mas are generated between two electrodes to which a high-frequency alternating voltage is applied.
In inductive coupling, the acceleration of the electrons is achieved inductively, i.e. by a time-varying
magnetic field which causes a ring voltage.

Inductive coupling

An ICP (Inductively Coupled Plasma) consists of a coil with an alternating radio frequency current
flowing through it and a suitably oriented plasma chamber. The oscillating magnetic field of the coil
in turn induces an alternating voltage in the plasma, which accelerates the electrons, i.e., initiates



an alternating current flow. The plasma can be regarded as the secondary winding of a transformer.
Usually, either a cylindrical or a planar configuration of coil and plasma chamber is used. In the
planar configuration, the light emitted from the plasma can be observed through a window without
the induction coil being in the field of view. It is therefore suitable for spectroscopic investigations.

The planar configuration for generating an ICP consists of a planar coil, which rests on the plasma
chamber separated by a dielectric. The dielectric, usually quartz glass (SiOz), ensures that the mag-
netic field can couple into the plasma without prior shielding by induced currents. A sketch of the
basic setup with magnetic field and induced electric field is shown in Fig. (1.6
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Figure 1.6: Sketch of the planar ICP configuration. After (6l).

Even though the setup is designed for inductive operation (H-mode), an ICP can also be operated
in capacitive coupling mode (E-mode). As in the capacitive coupling of a CCP (capacitively coupled
plasma) between parallel electrodes, the currents through the plasma are divergent in the E-mode.
The electrons are accelerated by the radial and axial electric fields that exist between the feed and
ground of the coil, and between the feed of the coil and the grounded plasma chamber. At low charge
carrier density, the inductive coupling is ineffective since only a small fraction of the power is absorbed
as induced current in the plasma. The inductive power absorption can be described by the skin depth,
at which the damping factor of the ring-shaped electric field entering the plasma is 1/e. Attenuation
of the E-field or induction of a ring current in the plasma occurs when the coupled RF frequency is
smaller than the plasma frequency. The efficiency of the damping increases with the plasma frequency,
i.e. with the electron density, since wp; o< y/ne. Correspondingly, the skin depth becomes smaller as
the electron density increases. If it is smaller than the dimensions of the plasma chamber, the coil
current is almost completely induced into the plasma and the inductive coupling is dominant.

The possible operating points of the plasma are determined by the balance of absorbed power and
dissipated power, cf. fig. Capacitive coupling is often used to ignite the plasma at low electron
density. As the electron density increases, which can be achieved, e. g., by increasing the power input,
a phase jump occurs at a certain point where the plasma enters the inductively coupled mode. The
luminosity then increases abruptly. In reality, however, there is always a mixture of E- and H-mode
to a certain extent and the phase transition is also subject to a hysteresis.
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Figure 1.7: Example for the dependence of capacitive (CCP) or inductive (ICP) coupling of the plasma
in an ICP setup on the electron density. Linear increase of power dissipation Pyerust With electron
density, dependence of absorbed power P,p¢ on electron density and plasma current. Possible operating
points at low electron density n and low current I,y (CCP) or high electron density and high current

(ICP). (7).

To actively suppress the capacitive mode, the electric field between the coil poles can be shielded with
a Faraday shield. This consists of wires short circuiting along the potential drop between the coil
turns, but interrupted in such a way that the induced current is not shielded. The resulting star-
shaped arrangement is sketched in Fig. As long as a mounted Faraday shield is not grounded, a
potential is applied to it by the coil current. Due to the potential difference to the plasma vessel, the
plasma can then be operated capacitively. When the Faraday shield is grounded, e.g. after ignition of
the plasma by means of capacitive coupling, the divergent electric fields are shielded and the plasma
is thus intentionally operated inductively.
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Figure 1.8: Sketch of a Faraday shield between coil and dielectric. (7))

For the best possible coupling of the RF power into the resonant circuit with coil and plasma, the
impedance of the source Zg must be equal to the complex conjugate impedance of the load Z, (see (1),
page 160). Assuming a combined inductance L¢, and ohmic resistance R¢, of coil and plasma, i.e.,
an impedance Z¢, = Rc, + iwLc,, this would be impossible without a matching network, because
Zg equals only the real ohmic resistance Rg. With a matching network consisting of two variable
capacitances connected in parallel and in series, a so-called “matching network” or else “match box”,



as shown in Fig. the impedance of the load is calculated as:

1 1 1 1 1

71 Zo, | ZowtZop  —io | —ie + Rop + il (1.2)

If this is to be equal to the impedance of the source, the imaginary part must disappear and the real
part must be equal to Rg. This means:

&) L 1/w
wLop — \/RsRcp — REp
(1.3)
1 1 1
oLl 1 1
w\l RsRcp RY
RF Source Matching Network Coil+Plasma

Figure 1.9: Schematic circuit diagram to illustrate the concept of a match box. After (3)), page 533.

Vacuum technology

To generate the low pressures required for ignition of a cold low-pressure plasma, a leak-proof, robust
plasma chamber is needed, to which vacuum pumps are connected. A commonly used setup is the
combined use of a backing pump with a turbomolecular pump. If a turbomolecular pump were used
without a backing pump, its motor power would be too low and its heating due to friction with the
air would be too high.

The backing pump is usually a positive displacement pump that compresses and exhausts intake
air. It generates pressures at which the mean free path of the gas particles is significantly larger than
the flow diameter. Collisions with the wall are then more likely than interactions between the gas
particles, i.e. the flow is no longer viscous but molecular. Starting from this pre-vacuum, the turbo-
molecular pump can generate a high or ultra-high vacuum. It consists of several stages of compressing,
circularly arranged rotor and stator blades, as shown in the photo in Fig. [I.10} The spinning rotor
blades transfer momentum in the pumping direction when they collide with the gas particles, and the
fixed stator blades guide those gas particles that have a suitable flow direction to the rotor blades of
the next pumping stage. For good pumping performance, the speed of the rotor blades at the outer
edge must reach at least the order of magnitude of the mean thermal velocity of the particles, which
often corresponds to very high speeds in the range of tens of thousands of revolutions per minute. One
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of the factors influencing the mean particle velocity is the mass of the particles, which is why light
molecules are more difficult to pump.

Figure 1.10: Photo of a cut-open 10-stage turbomolecular pump. The suction side is at the top. (10])

1.2.3 Plasma spectroscopy

In a plasma, charged particles (ions and electrons) and neutrals are in action. They interact with each
other in a variety of physical processes. In addition to ionization and recombination processes, these
also include various mechanisms that cause electronic transitions in atoms and molecules. Among
others, a distinction is made in excitation or ionization by photons or electron collisions, spontaneous
and stimulated emission, electron collision de-excitation, radiation recombination, dielectronic recom-
bination and charge exchange processes. Some of these processes are accompanied by emission or
absorption of electromagnetic radiation.

Radiation processes in a plasma

Due to its individual electronic configuration, for each neutral or ion of a chemical element only elec-
tronic transitions between specific quantum mechanical energy levels according to the selection rules
are possible, i.e. only line emission at specific wavelengths. The transition between two energy levels
with different principal quantum numbers n is subdivided into several transitions with small energy
differences by the quantum mechanical fine structure (angular momentum quantum number [ and
magnetic quantum number m) and, in the case of external electric or magnetic fields, additionally by
the Stark or Zeeman effect. An exemplary scheme of the energy levels of the neutral He atom taking
into account the fine structure is shown in Fig. The relation between the energy Ep; emitted
by the electron as a photon and the wavelength of the light A\ is Epp = %, where c is the speed of
light and A is Planck constant.

Line radiation in the visible range usually originates from transitions between two excited energy
levels, since the energy difference of the decay to the ground state is usually large enough that the
emitted radiation is in the ultraviolet range (VUV for vacuum ultra violet). Continua in emission spec-
tra arise, for example, as recombination continua in recombination processes. Electrons with arbitrary
energies can transition into a discrete energy level of the then neutral or ion at a lower ionization state.
In addition, there is the continuum of charge- and temperature-dependent bremsstrahlung, as well as
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under certain circumstances molecular bands. The latter consist of many single emission lines due to
different vibrational and rotational states of the molecule, which show only small energy differences.
The shape or fine structure of a molecular band is determined by the distribution over the vibrational
and rotational states. In a collision-dominated plasma, i.e., in complete thermodynamic equilibrium,
the plasma radiates with blackbody radiation according to its temperature.
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Figure 1.11: Energy level scheme of the neutral He atom with energy differences from the ground
state (arbitrarily chosen energy zero point), term labeling according to n 25+1 1, i.e., the first number
indicates the principal quantum number n, the large letter the quantum number of the total orbital
angular momentum, and the small superscript number the multiplicity of the state (singlet vs. triplet),
i.e., how many possibilities there are for the total spin. After (2)), page 183.

Corona equilibrium

In a cold low-pressure plasma, the degree of ionization and accordingly the electron and radiation den-
sity are low. Among the possible excitation processes, collisions with free electrons are then dominant
over photon absorption, whereas deexcitation happens predominantly through spontaneous emission
instead of stimulated emission or electron collision de-excitation. Thus, there is a predominant process
for both excitation and de-excitation. In the stationary case, an equilibrium is established in which the
particles are almost all in the ground state due to the low electron density. Since similar conditions are
found in the thin, hot solar corona (n. ~ 102 m=3, T, ~ 100 eV), it is called corona equilibrium. The
corona equilibrium also applies to ionization processes: Ionization occurs mainly by electron impact
ionization, recombination by radiation recombination.

The radiative equilibrium condition of the corona equilibrium is:

electron impact excitation from ground state = spontaneous emission

Nl,m - nlneXl,m(Te) - Nmyk = Ny Z Am,k- (14)
k<m
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Here, Nch denotes the rate of electron transitions from the state m to the state k per volume (in
[ﬁ]), N, the density of electrons in the state m, n. the density of free electrons, X1 ,, the rate coef-
ficient for electron impact excitation from ground state (with index 1) to state m (in [%3]), and Ay, i
the transition rate (Einstein coefficients) (in [1]) for spontaneous emission from state m to state k.
X1,m depends on the electron temperature 7,, because the rate coefficient is calculated by integrating
the velocity-specific effective cross section o(v) over the relative velocity v weighted by the velocity
distribution f(v): X = fv()tireshold o(v)f(v)dv with [° f(v)dv = 1 and Vhreshold the minimum relative

velocity necessary for excitation.

Observing the spectral line of a transition m — j, the number of emitted photons per volume and

time (in [8313]) in the total solid angle is given by
- Am,j
€phm,j = NPhm,j = nlneXl,miA = n1NeX1,mbm,;- (1.5)
Zk<m m,k
bm,j = % is called branching ratio. The combination Xi ,,by, ; is also referred to as the
k<m “*m,

“emission rate coefficient”. Ideally, it is purely a function of the electron temperature T,. The power

emitted per volume and solid angle, termed “emission coefficient”, (in [—2—]) is then with v = § given
m®© sr
as:

hv
€Lm,j = EnlneXl,mbm,j (16)

The corona equilibrium differs significantly from the Boltzmann occupation of the excited states in a
hot, dense plasma, which is dominated by collisions and is thus in full thermodynamic equilibrium.
The electron temperature is then equal to the heavy particle temperature (here T') and it holds that

n _Em—Ej

mo_ gﬂe FET (1'7)
nj 9j

where g,,, and g; are the statistical weights of the states m and j, E,, and Ej; are their energies, and kp

is the Boltzmann constant. Thus, the population of states depends only on the general temperature

and the radiation equals the blackbody radiation. The occupation of excited states is much higher

than in corona equilibrium.

If a plasma is not in thermodynamic equilibrium, but nevertheless more processes than in the corona
model should be included in the radiative equilibrium, a so-called , collisional-radiative model“ must
be set up. This calculates the population of atomic states on the basis of rate coefficients for all
relevant processes and interactions between the plasma constituents (photons, electrons, neutrals, and
ions in different ionization states). The quality of such a model depends strongly on the available
cross section data.

Spectroscopic diagnostics

Knowledge of atomic physics and the physics involved in the interactions between different plasma
particles allows to draw conclusions about parameters such as the elements contained and their per-
centages, electron density and temperature, the heavy particle temperature or the plasma motion, etc.
based on the emission spectrum (or absorption spectrum). The admixture of additional elements can
often even be recognized directly by the color of the plasma, for example by an orange glow when
nitrogen is added. In addition to the physical understanding, information about the diagnostic setup
is also required for the evaluation of a spectrum, depending on the objective. For example, for the
determination of the temperature of the heavy particles from the Gaussian Doppler broadening of

13



a spectral line, the knowledge of the line broadening in the spectral apparatus, i.e. the instrument
function, is required.

Generally, a distinction is made between passive emission spectroscopy and active emission or ab-
sorption spectroscopy. Whereas the former observes the uninfluenced radiation emerging from the
plasma, the latter involves the excitation of radiation by active intervention or the observation of the
absorption or intensity change of irradiated light. Passive emission spectroscopy is non-invasive, but
the signal is always line-of-sight integrated. By means of active spectroscopy (e.g. charge exchange
recombination spectroscopy in fusion research), spatially resolved measurements are possible.

14



1.3 Experiment

1.3.1 Spectrometer system

An astigmatism-corrected Echelette grating spectrograph in Czerny-Turner arrangement and a 2D
CCD camera as detector are available for the experiment. The focal length of the focusing concave
mirror used to image the spectrum onto the camera is 350 mm.

Fig. shows a dimensional sketch of the spectrograph. It is possible to choose between 4 dif-
ferent reflection gratings of 300, 600, 1200 and 18001/mm, each with a size of 70 x 70 x 10 mm. They
are mounted on a rotating turret and can be rotated into the beam path. Since the rotation is perpen-
dicular to the dispersion direction, the wavelength setting of each grating is well reproducible. The
entrance slit can be varied in width from 0 to 2.0 mm and in height using a diaphragm built into the
slit mechanism from 0 to 10mm. Another diaphragm is mounted behind the entrance slit for dark
current measurements and to protect the detector from high intensities during certain operations. The
settings of the spectrograph are controlled by the software “DevCtrl”, where various system parame-
ters can also be read out. A screenshot of the GUI is shown in Fig.

The camera is connected to the “axial output port” of the spectrograph. With a pixel size of 6.45 pm,
the camera’s CCD panel has a total of 1392 x 1040 pixels. Within the camera software “WinSIS”, the
exposure time and acquisition rate (“cycle time”) as well as the “binning” of the 2D chip can be set.
Moreover, an initial analysis of the spectra is possible using horizontal and vertical sections through
the acquired image. Fig. shows how to find the most important settings.

In addition, a mirror, a lens and an iris diaphragm on an optical bench are available as optical
elements for imaging the spectral lamp or plasma onto the entrance slit of the spectrograph.
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Figure 1.12: Dimensional sketch of the SOL Instruments MS3504i Solar TII spectrograph available
for the experiment. (9)
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1.3.2 Cadmium-mercury spectral lamp

The spectrometer settings can be investigated by examining the line spectrum of a cadmium-mercury
(Cd-Hg) spectral lamp. In the first part of the experiment, the effects of different settings of the
spectrometer system (lenses, apertures, entrance slit, grating, camera settings) are investigated using
the lamp. For comparison, the spectrum of a Hg-Zn-Cd lamp with lines and continua is shown in Fig.

(L. 19

intensity

VW b

400 600 800 1000
wavelength [nm]

Figure 1.15: Spectrum of a Hg-Zn-Cd lamp.

1.3.3 Setup of the plasma chamber

Fig. shows a schematic sketch of the ICP experimental setup. The RF frequency of 27.1 MHz
generated in the RF generator couples up to 250 W via the serially connected coil through the quartz
glass dielectric into the water-cooled, vacuumed plasma chamber. To filter out the capacitive com-
ponents of the power coupling, a Faraday shield can be grounded, which is installed between the coil
and the dielectric. In addition, one tail of the coil and the vessel are grounded. A matchbox is used
to tune the high frequency coupling. The pressure in the plasma chamber can be read from the corre-
sponding gauges. To set the desired operating pressure, the pumping unit consisting of backing pump
and turbomolecular pump must be throttled and the gas flow regulator must be set appropriately. A
photo of the overall setup with plasma chamber, matchbox, gas supply, pumping unit, water cooling,
RF generator and pressure gauges is shown in Fig. more detailed photos of the interior of the
matchbox as well as the plasma chamber are shown Fig. and
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Figure 1.17: Photo of the overall plasma setup.
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Figure 1.18: Photo of the interior of the matchbox. You can see the two variable rotary capacitors
and a capacitance due to the gap between the wires.

Figure 1.19: Photo of the inside of the plasma chamber. You can see the coil and below it the Faraday
screen.
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1.3.4 Diagnostics of the electron temperature

If the density of the ions in the ground state and the electron density are known, one can calculate the
electron temperature from the total radiated power of a spectral line per solid angle using equations
or However, a determination of T, is also possible from the intensity ratio of two spectral
lines if the associated emission rate coeflicients for excitation from the ground state have different
temperature dependencies. Then it holds:

€Phopfo] _ Mfo)"e [X1001bopal] (Te) _ 110) {Xl,o,[albo,p,m] T (1.8)

Pharls) e [ X1gaben@] (Te) 11 L X1q.800m 09

The electron density cuts out as well as further factors which would be necessary to convert the de-
tected intensity of the spectral line by the spectrometer into the photon emission per volume and time
(e.g. the volume of the gas, the projection through used optical elements like apertures and lenses, or
the absolute calibration of the spectrometer). Only the wavelength dependent relative calibration of
the spectrometer has to be taken into account.

[a] and [B] are used as indices to distinguish possibly different elements or ions with different ground
states. However, since the degree of ionization is low, it is recommended that neutrals be considered.
When using line emissions from different elements (e.g., He and Ar) to determine the electron tem-
perature, i.e., [a] # [3], the gas mixing ratio must be known in order to calculate the ratio of ground
state densities.

In this experiment, spectral lines of helium and argon at about 728 and 729nm are used to de-
termine the electron temperature in the plasma. The entries in the NIST Atomic Spectra Database
for spectral lines of He and Ar at the corresponding wavelengths are shown in Fig. and
Fig. and show the dependence of the emission rate coefficients associated with the domi-
nant spectral lines and of their quotient on electron temperature, calculated assuming a Maxwellian
electron energy distribution function (EEDF).

He I 728.1349 728.135074 | 0.000004 | 50 |1.829%e+87 AAA| [171 134.896946] - [184 864.82932] 1s2p  P° 1 1s3s 15 0 T8636C73| L366

Figure 1.20: Information in the NIST Atomic Spectra Database on He-I lines at about 728 nm. ()

726.5172 726.517 15 |1.7e+05 D |106 ©87.2598 = 119 847.77 3523p5(%P°32)4p  2[3/5) 1| 3s23p5(2Pe35)4d  2[35]0 1 T1218n| L2634
727.0664 727.067 7 |1.1e+05 D 185 462.7596 = 119 212.87 3523p3(%P°3)4p  2[5/2] 3| 3s523p5(P35)ad 2710 3 T1218n| L2634
727.2936 727.2935 | 2000 | 1.83e+06 B+ | 93 750.5978 = 107 496.4166 | 3s523p3(2P°3,)ds  2[3/51° 1| 3s533pP(2Pt0)4p VY] 1 15223 | L2634

Figure 1.21: Information in the NIST Atomic Spectra Database on Ar-I lines at about 727 nm. (5)
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Figure 1.23: Ratio of the emission rate coefficients of the spectral lines of Ar at 727 nm and of He at
728 nm as a function of electron temperature.
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2 Tasks

2.1

2.2

2.3

Preparation at home

Work through the theoretical background of the experiment described in the instructions. Re-
search any unclear points. In particular, you should be able to explain the interference maxima
and dispersion of a diffraction grating, as well as the corona model. The recommended literature,
in particular the article by U. Fantz, can provide good help.

Read the information about the experiment and the tasks and understand the planned experi-
mental procedure.

Preparation on site

Ask your supervisors to explain the safety aspects of the experiment (especially the grounding
of the plasma chamber and the UV light of the cadmium-mercury lamp).

Try to identify all the elements from the experimental instructions in the setup (especially
spectrometer, optical bench, plasma chamber, matchbox, gas supply, pumping station, water
cooling, RF generator and pressure gauges). Recall the steps of the experiment and feel free to
take a look into the spectrograph.

Get an overview over the operation of the spectrograph and camera with their respective software
on the computer.

Clarify open questions with your supervisors.
Exploring the spectrometer system

Image the Cd-Hg lamp with the mirror and the other elements on the optical bench onto the
entrance slit of the spectrometer.

Select the grating with 12001/mm, close the iris diaphragm to a diameter of 2mm and the
entrance slit to a width of 100 pm.

Now select appropriate camera settings (exposure time, binning) for imaging. In doing so, famil-
iarize yourself with the possibilities of the camera software (e.g. horizontal section). Compare
the spectra you have taken with the spectrum of the Hg-Zn-Cd lamp in Fig. [1.15}

Image the left pair of lines (actually 3 lines) at about 365nm and identify the lines using the
NIST Atomic Spectra Database (https://www.nist.gov/pml/atomic-spectra-database).

Investigate the effect of the entrance slit width on the recorded spectrum. For this purpose,
vary the slit width from 30 pm to 500 pum. At what slit width can you no longer detect a local
minimum between the two lines due to the increasing imaging error? At which slit setting are
the lines optimally imaged, i.e. smaller slit widths only lead to further signal loss, but do not
make the lines any narrower, since the broadening due to the slit is less than the broadening due
to other influences? Explain the reason for the broadening of the spectral lines due to high slit
widths. Also consider what causes the additional broadening of the lines that is not caused by
the slit. Use the optimal slit width in the following.
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2.4

Now, determine the dispersion of the spectrometer in nm/mm with the 12001/mm grating using
the pair of lines at 467.82nm and 479.99nm. The pixel width of the CCD chip is 6.54 pm.
Compare your result with the specification in the spectrometer software.

Next, use also other gratings with lower groove number for imaging (e.g. the one with 3001/mm).
Investigate and discuss the advantages and disadvantages of gratings with different groove num-
bers (especially in terms of resolving power/dispersion and spectral range covered).

Vary the aperture of the iris diaphragm and describe and explain the effect on the measured line
shape. This effect is best visible at wavelengths above 700 nm (e.g., the double line at 709 nm)
and the grating at 18001/mm, as this is when dispersion is highest (explain why!). Then adjust
the iris diaphragm optimally and switch back to the 12001/mm grating.

Spectroscopy of a He/Ar mixed plasma

Ignition of the plasma with He-Ar mixture (gas bottle: 95%He/5%Ar) with the following steps:
(is done by supervisors!)

— Switching on the pumps (backing pump and turbomolecular pump) and opening the valve.

— Switching on the pressure gauge and the baratron/membrane difference gauge

— Switching on the water cooling

— Turning the angle valve almost closed (to the second mark)
— Familiarize yourself with the pumping station and the valve for setting the pressure (longer
setting times!). Set an initial pressure of 15 Pa.

— Disconnecting the Faraday shield from the grounding

— Starting the RF heating

— Grounding of the Faraday shield

— Possibly readjusting the capacities in the match box for optimal coupling
Find the 6 strongest lines between 350 nm and 750 nm and identify them, in particular whether
they are from helium or argon. Again, use the NIST Atomic Spectra Database to do this. Are

there additional spectral lines and bands? Discuss possible causes for these (e.g., impurities,
recombination continua).

Open the slit to 300 pm and take a vertical section through a spectral line. Why does the height
dependence not match the brightness impression of the bare eye?

Measure the relative intensities of the two lines at 727 nm and 728 nm, whose atomic data you can
see in Fig. and The sensitivity of the CCD chip within the spectrum is approximately
constant.

Determine the electron temperature for 3 different pressures (e.g., 5, 20, 80 Pa) assuming corona
equilibrium and using the diagram in Fig. which shows the ratio of the excitation coeffi-
cients of the two lines. What trend can be observed? Discuss the available heating energy per
electron as a function of electron density/pressure and use it to explain your observation.

Change the power and explain the observed changes in the line ratio, i.e., in the electron tem-
perature.
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3 Instructions for writing the protocol

Please submit a lab-course protocol to your supervisors that includes the following parts:

Motivation/introduction

Theory

e Experimental setup and procedure

Analysis

Results

e Discussion/summary

Explain the theoretical context in your own words, present the experimental procedure with clarity
such that it could be easily repeated by an independent person, and please include error estimates in
your analysis.
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