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ABSTRACT

In this thesis a study of molybdenum sources and screening in Alcator C-Mod is
presented. This work contributes in characterizing the performance of molybdenum, a
high Z material, as a tokamak first wall surface.

Understanding the molybdenum production mechanism is crucial if one wants to
minimize it. A simple physical sputtering model has been developed that calculates the
molybdenum source at the divertor, providing satisfactory agreement with the
spectroscopic results. The effect of deuterons, boron ions, and redeposited molybdenum
incident on the target is included in the calculation which shows that the boron ions
dominate the sputtering. It is also found that the probability of molybdenum being
“promptly” redeposited (within a gyration after having been sputtered) can be as high as
80%. High probability of redeposition is favorable because it reduces the net erosion.
Specifically, it has been found that although the molybdenum gross erosion peaks close
to the separatrix, the net erosion peaks further away in the target plate.

Three surfaces have been identified spectroscopically in C-Mod to be significant
sources of molybdenum: the inner wall, the outer divertor and the antenna protection
tiles. The inner wall is the only important source during limited plasma operation, while,
in diverted discharges, the molybdenum generated there is very well screened by the
plasma. In RF-heated diverted plasmas, it is believed that the antenna protection tiles are
the source of most of the molybdenum that ends up in the core. The outer divertor can not
be excluded as a contributor to the core molybdenum density but there are indications
that it is often not the dominant source during RF heating. This result is significant since
it is expected that the divertor target in the next generation fusion devices will be made
primarily with a high-Z material. ,

The study of boronization as a surface conditioning method which reduces the
molybdenum source rates and core concentration has shown a varying effectiveness
dependent on first wall surface location. The beneficial effects of boronization disappear
rather fast for the outer divertor, last longer for the inner wall, with the antennas and



plasma core benefiting the most.
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Chapter 1

Introduction

1.1 Plasma-Wall Interaction

Plasma at the edge of the vessel in which it is contained, can interact with the
surrounding surfaces through a variety of processes. The type of the interaction and its
severity depend on a combination of a number of plasma parameters and wall surface
properties. This “plasma-wall” interaction is unavoidable even in the case of magnetically
confined plasmas, due to diffusion of energetic particles across the magnetic field. The
result of this interaction can be the release of wall material (“impurities”) into the plasma,
which can potentially lead to either one, or all, of the following three significant

problems:

a) impurity radiation, which can lead to plasma cooling, confinement degradation and
possibly even to plasma termination,

b) dilution of the working fuel (typically hydrogen isotopes), which will make the
attainability of ignition (self-sustained steady burn) in the next generation fusion
devices extremely difficult, and

c) short lifetime of vessel components.

It is therefore extremely important for the scientific community to understand and
control this interaction. Experimentally, two major approaches have been pursued in the

various fusion devices, and in particular in tokamaks, which currently represent the most
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promising concept in achicving ignition. In both approaches the main contact area
between the plasma and wall is just a small fraction of the total vessel area. There is
however a conceptual difference. When a “limiter” is used, the last closed flux surface is
defined by physical contact with a part of the wall. On the other hand, in the “divertor”
concept, external magnetic fields are used to divert magnetic flux lines away from the
main plasma, therefore guiding escaping ions onto material targets that are spatially
removed from the plasma core. The two configurations are shown in Fig. 1-1. While the
limiter approach makes more efficient use of the magnetic volume, it is now widely
accepted that any future magnetic reactor device will use the divertor concept. Its main
advantages over the limiter are based on its remoteness from the core plasma, which
implies that it is harder for impurities produced at the divertor target to enter the confined
plasma. It is also believed that ultimately an appropriately designed divertor will be able
to handle the enormous heat flux densities that are expected to be present in fusion
reactors. A recent review of experimental divertor physics can be found in Ref. [1].

There are a number of impurity source generation mechanisms, a thorough review of
which is given by McCracken [2]. The most important are “sputtering”, “evaporation”,
and “arcing” [3]. Sputtering, which will be described in detail in Chapter 5, is a
momentum transfer process in which atoms from a surface of a solid are removed as a
result of impact by ions or atoms. In evaporation, surface erosion occurs as a result of a
surface material having a high vapor pressure due to high surface temperature. Finally, a
unipolar arc can be produced between the plasma and the wall. The required potential for
the formation of the arc, is produced by the plasma “sheath”. The sheath is a narrow non-
neutral region, of the order of a few Debye lengths, formed in front of the surface as a
consequence of the electron thermal velocity being larger than that of the ions [4,5]. The
sheath formation aggravates also the problem of sputtering, since plasma ions are
accelerated to the target by the sheath's electric field.

An important aspect of the plasma-wall interactions problem is the choice of the first
wall materials. Apart from having to satisfy a number of thermodynamic and mechanical
properties, the plasma facing materials should be optimized to minimize impurity
production, neutron activation, and hydrogen isotope retention. Of course the final choice

has to be a compromise of the above criteria. Two classes of materials are used in
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a) Limiter operation

Last closed
flux surface

Limiter Scrape-off layer

b) Single null divertor operation

< Wall —
/

"~ Last closed
Divertor \ flux surface

Target

Scrape-off layer
- \
VAWAYAVAYA

Fig. 1-1: Schematic poloidal diagram of a tokamak a) with a limiter and b) with a divertor
[3]. The toroidal field is normal to the page.
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present-day tokamaks. In terms of impurity generation, low-Z materials, such as
beryllium and carbon, have the advantage of being fully stripped of electrons in the core,
thus minimizing radiation losses. The majority of tokamaks use these materials in an
attempt to minimize such power losses. On the other hand, the use of a high-Z material,
such as molybdenum or tungsten, leads to a reduction of the source generation owing to
their low sputtering yields compared to low-Z materials. High-Z materials have typically
fewer problems with radiation damage and tritium retention as well. However, the
transport of such high-Z impurities from the plasma interaction surface into the main
plasma needs to be minimized, since only low concentrations of these highly efficient
radiators can be tolerated in the core.

Finally, much effort has been put into developing methods for “conditioning” the
plasma facing materials [3]. These methods aim at minimizing both the adsorption of
impurities and hydrogen isotopes, other than the plasma species, in the walls and the
sputtering of high-Z impurities. They include baking of the vessel, typically to 200-350°
C, using a variety of plasma discharges to remove adsorbed gases from the wall, and
covering the wall with layers of low-Z materials such as boron and carbon, known as
“boronization” and “carbonization”.

———Meater—%d:—as—is—tme—fer—almest all tokamaks currently operating, has devoted a
large part of its physics program to plasma-surface interactions and more generally to
plasma edge research. The interested reader can find a comprehensive review of the

subject in Refs. [3, 6, 7].

1.2 Alcator C-Mod Tokamak

Alcator C-Mod, located at the Plasma Science and Fusion Center at MIT, is a compact,
high magnetic field, diverted tokamak [8]. It is the third in a series of compact, high-field
tokamaks built at MIT, following Alcator A (1974-1981) and Alcator C (1978-1986). Its
predecessors, being traditional in design, operated with circular cross-section limited
plasmas. In contrast, Alcator C-Mod can operate with highly elongated single or double
null diverted plasmas.

The major parameters of Alcator C-Mod are listed in Table 1-1. The working fuel is
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typically deuterium gas, although helium plasmas have also been run. All the magnets are
made of copper. To reduce resistive heating the magnets are cooled down to liquid
nitrogen temperatures. This permits higher current densities in the magnet and hence the
generation of stronger magnetic fields. In a standard plasma discharge the magnetic field
is 5.4 T, although C-Mod has operated occasionally with a magnetic field as high as 7.9
T. The strong magnetic field, combined with the compact design, allows the production
of plasmas with high densities. As in all tokamaks, the plasma current, which is necessary
for equilibrium, is also a source of plasma heating through the resistance to the current
caused by electron-ion collisions. However, since the resistivity of the plasma drops as
the temperature increases, auxiliary heating power is supplied in the form of ion
cyclotron range-of frequency (ICRF) waves. Until the beginning of the 1999 run
campaign the maximum RF power launched into the plasma was a total of 3.5 MW
introduced via two antennas located at the D and E horizontal ports (two out of the ten
horizontal access ports used for various plasma diagnostics). Since then, another antenna
has been added in J port that is designed to introduce up to an extra 4 MW of RF power
into the plasma. Although this represents a significant extension of capabilities for C-
Mod, it brings up the question of what effect such high auxiliary powers will have on

impurity source rates.

Parameter Achieved Designed
Major Radius (m) - 0.67
Minor Radius (m) - 0.21
Toroidal B-Field (m) 8.0 9.0
Plasma Current (MA) 1.5 3.0
Elongation 1.8 1.8
RF Power (MW) 5. 8.0
Core Electron Temperature (keV) 5. -—
Core Electron Density (10" m™) 1.5

Table 1-1: Major machine parameters of Alcator C-Mod. The achieved parameters (by
November 1999) are compared with the design values.
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A poloidal cross-section of the vessel is shown in Fig. 1-2. There is an “open” divertor
at the top and a “closed” one at the bottom of the machine. Under typical conditions the
plasma is diverted towards the lower target plate, as illustrated in the figure. The
separatrix defines two different magnetic topologies: a region of closed magnetic field
lines inside it and one of open magnetic field lines outside it that are intended to guide
ions that escape the core plasma to the divertor target plates. In the following, unless
mentioned otherwise, the term “divertor” will be a reference to the lower divertor.
Whenever required by the experiments, plasma configurations are also produced in which
the inner wall acts as a limiter. Actually, during the first 200 to 300 ms of every
discharge, the plasma is always limited at the inner wall, as the plasma current ramps up
to the requested value.

Alcator C-Mod has another prominent feature. All of the plasma facing surfaces,
covering the stainless steel vessel walls near the plasma, consist of molybdenum (Z=42)
tiles. It is the only tokamak of this size and performance that has experimented with high
Z tiles at this level of coverage. The molybdenum wall combined with the high magnetic
field and plasma density represents a unique environment for the study of the plasma
interaction with a high-Z material and its effects to the plasma performance. Even more
so because the divertor densities and target heat fluxes obtained in Alcator C-Mod are

comparable to those expected in the next generation fusion reactors.

1.3 Thesis Goals

Since most of the present-day tokamaks do not use high-Z materials as plasma-facing
components, there is a lack of an adequate experimental database on their effect on edge
conditions and plasma performance and their ability to structurally withstand the rather
harsh plasma environment encountered in tokamaks. This lack of information becomes
even more critical when it has been widely accepted by the plasma physics community
that the divertor target in the next generation fusion reactors should be constructed with a
high-Z material, due to their fewer problems with radiation damage and lower tritium
retention and sputtering yields compared to low-Z materials. Specifically, in the design of

the plasma-facing components of the International Thermonuclear Experimental Reactor
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(ITER), which is envisioned to be the next major step in the world’s tokamak fusion
program, tungsten was chosen as the main divertor target material’ [9]. Hence, Alcator
C-Mod, with its molybdenum walls, presents an opportunity to evaluate a high-Z material
under reactor relevant conditions, as is the case at least in the C-Mod divertor. It should
be noted that molybdenum itself is not a reactor candidate material because, unlike
tungsten, is susceptible to long term activation. However, molybdenum can be considered
as prototypical of tungsten as far as erosion and deuterium retention are concerned.

This thesis is devoted to spectroscopic study and identification of all important
molybdenum sources in Alcator C-Mod and of the plasma parameters that enhance
molybdenum production and subsequently of conditions under which production is
minimum. It also aims to understand the molybdenum generation mechanisms and
investigate the effectiveness of the plasma screening of produced molybdenum from the
core plasma. Differences in source rates and screening between diverted and limited
discharges are also investigated.

In Chapter 2 the visible spectroscopy system, which is the basis of the molybdenum
source measurements, is described, together with some of the C-Mod diagnostic systems
that are relevant to the thesis. The spectroscopic method used for the determination of
impurity sources is presented.

Chapter 3 reports the experimental findings on molybdenum source rates from various
Alcator C-Mod surfaces. The dependence of source levels on plasma parameters and on
RF power as well as correlations with core molybdenum levels are investigated. The
relative contribution of the various molybdenum sources to the plasma core molybdenum
content is discussed. The mechanisms believed to contribute the most to the molybdenum
generation are described.

Chapter 4 discusses the effectiveness of boronization as a surface conditioning method
which reduces the molybdenum source rates and core concentration. Differences in the

rate of removal of the boron layer from the various surfaces are inferred from

! CEC will also be used in the ITER divertor mainly due to its capability to handle very high thermal loads.
The majority of the first-wall will be clad with beryllium, primarily due to its low-Z atomic number, its
good oxygen gettering properties, and its ability to protect underlying first-wall structures from off-normal
thermal loads [9].

30



measurements in the molybdenum source rates.

In Chapter 5 measured molybdenum source rates from the outer divertor are compared
to rates calculated from a standard physical sputtering model utilizing divertor Langmuir
probe data. The model is described in detail and it is used to obtain information on the
type of plasma discharges that contribute the most to the divertor erosion. Net erosion
measurements, made during the 1995-1996 run campaign with a set of appropriately
modified molybdenum tiles, are compared with a campaign-integrated net erosion
prediction, based on the model.

Finally, in Chapter 6 the major findings of this thesis are summarized and measures

that could reduce the observed molybdenum source rates are discussed.
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Chapter 2

Experiment and Plasma Diagnostics

There are many diagnostics used to observe tokamak plasmas and they vary according to
the nature of the quantity being diagnosed. In general, all diagnostics fall into three major
categories of measuring either radiation, or electromagnetic fields, or particles. The
diagnosis of molybdenum is realized via measurements of radiation. However, correct
interpretation of the data requires the use of a number of other diagnostic systems. In this
chapter, an extensive presentation of the visible spectroscopy system, used for the
acquisition of the majority of the data presented in this thesis, is followed by a brief
presentation of all other principal C-Mod diagnostics of interest, and a description of the

spectroscopic technique used for the determination of impurity sources.

2.1 Visible Spectrometer

2.1.1 The instrument

Most of the deuterium and impurity emission in the plasma edge and scrape-off layer
(SOL) occurs in the visible region of the spectrum. It is therefore important to have
spectroscopic diagnostics capable of monitoring and quantifying this emission. In Alcator
C-Mod, a multiple-spatial-input, absolutely calibrated spectrometer is used to monitor the
wavelength region from about 250 nm to 1200 nm. This device, referred to as the
Chromex spectrometer, after the company supplying the basic instrument, is used as the

baseline diagnostic for the characterization of impurities in the edge. This is the
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instrument used for the measurement of the molybdenum source levels that are presented
in this thesis.

The Chromex spectrometer, of the asymmetrical Czerny-Turner configuration [10], has
a focal length of 250 mm. One of three available diffraction gratings is used, depending
on the wavelength resolution, or equivalently on the spectral band width, desired. The
basic characteristics of the three gratings (600 mm™, 1200 mm™, 1800 mm™) are shown
in Table 2-1 [11, 12]. All molybdenum data have been obtained with the 1200 mm’
'grating. The system has a straight entrance slit with a height of 9.8 mm and a width
adjustable from 10 um to 2 mm. Light from 16 optical fibers (14 until the summer of
1997) is focused onto the entrance slit and then imaged through the system onto a CCD at
the exit plane. The system has a nominal f number of “f/4.0”. The f number for circular
entrance apertures is defined as the ratio of the focal length to the diameter of the
aperture. For an f /4.0 system this ratio is 4.0 and it corresponds to a tan'(0.125) = 7.13°
acceptance angle. This definition is extended to geometries like the one found in the
Chromex spectrometer. The f number is then defined as [10]

f=(F*/4A)"? 2-1)

where, for the specific case, F is the focal length and A the area of the square grating. The
knowledge of the f number is important for the design of the collection optics. The angle
of acceptance is the practical variable of interest. The spectrometer’s light transmission as
a function of the angle has been measured for Chromex [13] and the result is shown in
Fig. 2-1. The FWHM of the curve gives an acceptance angle of - +7° which is what is
expected for an f /4.0 system.

The CCD is an 1152x1242-pixel thermo-electrically cooled array operating in a frame

Grating (mm™) | Blaze wavelength (nm) | Band width (nm) | Unbinned
Resolution (nm)

600 500 141.0 0.27
1200 330 72.8 0.13
1800 250 45.5 0.08

Table 2-1: Blaze wavelength, spectral band width, and nominal resolution at 546 nm for
the three gratings using a 20 pum slit width [11, 12].
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Fig. 2-1: Spectrometer’s light transmission as a function of the angle from the normal to
the entrance slit [13].

transfer mode with a 16 bit/430 kHz ADC. Cooling of the CCD to -32 degrees centigrade
reduces the thermally induced charge to approximately 0.2 % of the dynamic range, for
the standard data acquisition settings (56 ms exposure time). Under the frame transfer
mode only the top half frame (576x1242) of the detector is illuminated and the data are
subsequently shifted to the lower frame to be read out and digitized while illumination of
the top frame continues. Of these pixels, the 1242 pikels row dimension is parallel to the
spectrally resolving dimension of the instrument. The 576 pixels column direction is
hardware-accumulated into 16 channels-bins corresponding to the 16 input fibers viewing
various plasma edge locations, thus providing spatial resolution. The binning
configuration was chosen based on the notion of minimization of the interchannel cross-
talk without considerable reduction on the signal level. With the same logic in mind, 4
pixels in between bins were discarded. The above selections came as a result of
illuminating all 16 fibers simultaneously with a continuous source. The result, together

with the selected bin configuration, is shown in Fig. 2-2. (In the original 14-input fiber
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configuration all bins were comprised of 41 rows while the two last rows were
discarded). The solid line between bins in Fig. 2-2 represents the 4 pixels wide zone that
is not processed. In Fig. 2-3 a close-up of the region between two of the bins (4 and 5) is
shown. The signal in the discarded region is at or below the 0.5 % level compared to the
peak signal in the adjacent bins. Further investigation of the effect using more of the
dynamic range of the spectrometer and actual data during plasma operation, in which one
of the bins was not connected intentionally to any of the optical fibers, have shown the
interchannel cross-talk in our measurements to be at the 0.5 % level. For the molybdenum
data acquisition, the cross-talk level was typically comparable with the thermally induced
background and therefore did not constitute a significant source of error. The
spectrometer’s time resolution, which is mainly limited by the data readout time [10,12],
was 45 ms with the 14-input fiber system and increased to 56 ms with the 16-input fiber
configuration.

The spectrometer is physically located in the Alcator C-Mod cell, next to where the
tokamak is. It is therefore inaccessible during plasma operation. However, it is
continuously monitored and controlled with a computer located in the Alcator C-Mod
control room. The system has been fully automated in a way that the spectrometer can be
run unattended as long as a grating, a central Chromex wavelength, and a slit width have
been chosen. Changes in the above three parameters can be made easily in between shots,

and hence all the operational regimes of the spectrometer are accessible at any time.

2.1.2 System Calibration

Wavelength calibration

The absolute wavelength calibration of the system was described analytically by Lumma
[12] and only its basic features will be reproduced here. The extent of the spectral region
in which each of the three gratings is operational depends on the resolution of each one of
them. The 600 mm grating, with the lowest resolution, was calibrated from
approximately 250 nm up to 1310 nm. The other two were also calibrated down to 250
nm but up to different wavelengths: the 1200 mm'' grating up to 1090 nm while the 1800
mm’ up to the Hy line at 656 nm. For the calibration, low-pressure mercury and

hydrogen lamps were used. For the long wavelength calibration of both the 600 mm™' and
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Fig. 2-2: Binning of the 576 CCD pixels in the spectrometer’s spatially resolving
dimension. The solid line between bins represents the 4 pixels wide zone that is
not processed.
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Fig. 2-3: A close-up of the CCD region between two of the bins (4 and 5). During plasma
operation, any signal measured in the shaded region is discarded.
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1200 mm™' gratings, second and third diffraction orders of known lines were utilized.

The calibration was performed at one of the central CCD bins with the assumption that
the calibration is independent of bins. It basically involves two steps for each of the
gratings. In the first step, the actual spectral wavelength mapped onto the detector center
was determined, for a given setting of the spectrometer center wavelength. This was
accomplished by placing the peaks of known spectral lines from the calibration lamps at
the center of the CCD and recording the corresponding spectrometer settings. In the
second step, the dispersion (nm/pixel) of the different gratings was measured at the center
of the detector as a function of wavelength. The combination of the information obtained
from the two steps produces a mapping between detector pixels and spectral wavelengths

for a given spectrometer center wavelength setting.

Intensity calibration

A 150-Watt light source (made by Labsphere, Inc, model URS-600) which emits
continuous radiation, through a circular opening, has been used for the intensity
calibration of the spectrometer and the associated collecting optics. The source has a
spatially uniform output radiance. Its spectral radiance is known between 300 nm and
2400 nm (Fig. 2-4) which practically covers all the wavelength range of interest for the
Chromex spectrometer. For a given grating, the calibration of the spectrometer is
performed at specific Chromex setting of central wavelengths. To increase the accuracy
of the calibration measurements it is important to use the whole dynamic range of the
system. This in return requires that each of the 16 input fibers be calibrated separately
since otherwise there would be significant errors due to interchannel cross-talk. For each
of the fibers, or equivalently for each of the CCD bins, a measurement is taken with the
lamp switched on and one with the lamp turned off, in order to subtract the dark current
rate. The above procedure leads to a calculation of the inverse spectral sensitivity as a
function of wavelength for each of the 16 bins. This is given as the ratio of the spectral
radiance (mW/cmzlum/sterad) of the continuum light source to the measured count rate.
Fig. 2-5 shows the inverse sensitivity for bin 8 as a function of pixel (or equivalently
wavelength), for the 1200 mm™ grating and a central wavelength of 405 nm, ‘which are

the typical spectrometer settings when molybdenum emissions are monitored (see Section
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Fig. 2-4: Spectral radiance of the lamp used for the absolute intensity calibrations.

2-3). A 20 um slit was used for these experiments. The shape of the inverse sensitivity
curve is not constant as a function of Chromex wavelength setting and from the one
grating to the other, which is why a separate calibration is used whenever the
spectrometer is used in a different spectral region. In Fig. 2-6 the inverse sensitivity data
from the same calibration are now plotted as a function of bin for the central pixel. It can
be seen that the spectrometer’s sensitivity is, in general, higher at the center of the CCD
and decreases towards the edges.

Only first order diffraction was included in the calibration. Higher order diffraction
would, at most, increase the value of the inverse sensitivity by a few percent in certain
wavelength regions [12]. However, around 400 nm, where the molybdenum lines of
interest are observed (see Section 2-3), there is no such concern since the lamp radiance
decreases fast below 300 nm.

The intensity calibration is not necessarily performed with the same entrance slit as the
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1200 mm™ grating, at 405 nm, and with a 20 pm entrance slit. The wavelength
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and the 1200 mm'' grating.
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one used during data acquisition experiments. This is prompted by the frequent need to
increase the count rate without simultaneously increasing the dark current, as would be
the case if the exposure time during calibration would increase too much. This effect has
to be calculated since the slit width is also occasionally varied even in between shots,
depending on the strength of the signal of interest (typical slit width values during
molybdenum data acquisition range from 20 um to 80 pm). For this reason, the system’s
response to changes in the slit width was investigated. The result for bin 8 and pixel 621
for a central wavelength of 405 nm and the 1200 mm grating is shown in Figs. 2-7 and
2-8. In Fig. 2-7, the intensity normalized to the signal for the 20 pm slit is plotted versus
the slit width for slit widths up to 500 um. Figure 2-8 shows a subset of these data for slit
widths in the range 10 to 25 pm. As seen in the two figures the signal is linear with the
slit width from 10 pum up to about 100 pm. Above about 300 um, further opening of the
slit has no effect on the measured signal due to the fact that the slit opening is larger than
the fiber diameter (400 um). Below 10 pm, the signal is practically zero. For most of the
slit widths, for which the data are plotted in Figs. 2-7 and 2-8, only the intensity at the
central region (bin 8 and pixel 621) of the CCD was measured. However, for the 12 and
20 pm slits, the intensity was measured at every pixel on the CCD. Taking the ratio of the
two signals for all pixels, normalized by their ratio for bin 8 and pixel 621, it allowed
calculating the slit effect as a function of the location on the CCD.

To complete the intensity calibration, the same lamp is used to measure the light
transmission of the collection optics (lenses and periscopes), and of the relay fibers used
to connect certain views with the spectrometer, at the Chromex central wavelengths of
interest.

After data acquisition, the information on the optics transmission is used to determine
the inverse sensitivity for that optical system by dividing the inverse sensitivity of the
input fiber by the transmission of the periscope Mg, the transmission of the relay fiber
MNeel, and the slit factor Mg (intensity normalized to the signal for the 20 um slit, see Fig.
2-7):

Inv. Sensitivity (system) = Inv. Sensitivity (input fiber) / T\per / Trel / Nsiit 2.1

The signal intensity is extracted by simply multiplying the inverse sensitivity of the
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system with the measured count rate. The spectrometer’s central wavelength is chosen to
be the same as the one chosen during the intensity calibration. Data collection starts at
about 100 ms before the beginning of the plasma discharge, thus providing information
on the thermal background, which is subtracted before applying the intensity calibration

information.

2.1.3 Available spectroscopic views

A number of collection optics systems are available which enables coverage of most of
the surfaces expected to produce measurable amounts of molybdenum. Surfaces
systematically monitored include the outer divertor, the inner wall, and, during the 1999
run campaign, the antenna protection tiles. Other available views covered the inner
divertor, the antennas, and the outer limiters. Figure 2-9 shows a poloidal cross-section of
the tokamak with sketches of all the major views, with the exception of the ones
monitoring the antenna protection tiles which are sketched in Fig. 2-10. To have exact
knowledge of where the radiation is originating from, the spatial coverage of all fiber
views is calibrated by manned entry into the vacuum vessel. The fibers are back-
illuminated and the location of the projected spot is recorded. This procedure is repeated

before every experimental campaign to ensure proper alignment of the optics.

2.1.4 Detector shielding

During plasma discharges a considerable amount of neutrons is produced. These neutrons
interact with the surrounding structure producing a number of highly energetic gamma
rays (typically up to 10 MeV). Both neutrons and gamma rays, upon reaching the CCD
can interact with it, depositing a considerable amount of energy, and thus producing a
charge that will be read from the system just like any other charge produced from real
data. This noise appears in the form of spikes in the spectra that can be generally
distinguished from real spectral lines. The spikes are thinner than real lines and typically
do not appear at the same detector position for two consecutive frames. The noise results
from the random form of interaction of neutrons and gamma rays with the detector.
However, it was observed that whenever the plasma neutron rate reached values 10" s’

or higher, the number of spikes present in the spectra increased so much that they
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Fig. 2-10: Top view of Alcator C-Mod showing sketches of the D-port antenna view
(shaded) and the E-port antenna view (dashed lines).
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represented a significant source of error and made correct interpretation of the data
extremely difficult. The problem is portrayed in Fig. 2-11 which shows two spectra, of
the same spectral region, one taken during low neutron rate and one during high neutron
rate.

This situation necessitated the use of shielding material around the CCD that would
minimize the interaction of the detector with neutrons and gamma rays. This is in general
not a simple problem, especially due to the complicated nature of the interaction of
neutrons with matter. A combination of a low Z and a high Z material has to be used
since the former are effective against neutrons and the latter against photons. For this
reason, the detector was placed inside a rectangular housing, open from the one end,
made with blocks of lead borated polyethylene (lead 80 % by mass, boron 1 %). The
choice of the specific shielding material was a combination of availability and material
properties. Lead, with its high Z atomic number, is always the first choice for shielding
against gamma rays. Polyethylene and boron are very effective in slowing down
energetic neutrons. Boron has the additional advantage of having a very high (n,o)"
neutron absorption cross-section but at the same time is an emitter of a 0.48 MeV gamma
ray which could possibly contribute to the problem. In principle, one could use a
combination of °Li-enriched lithium doped polyethylene and lead, instead of borated
material, due to the absence of any capture gamma rays in the n-°Li interactions.

The “box” enclosing the spectrometer is 16" wide, 14" high, 20" long, and 4" thick.
The CCD is placed towards the closed end of the housing to minimize interaction with
neutrons and photons. The decision to leave the other side open was taken after observing
that stopping the flow of air resulted in an increase in the CCD temperature. The
dimensions of the housing were decided after running a number of cases with the Monte
Carlo Neutron Photon transport code (MCNP) [14], taking into account the constraints
imposed by the size of the spectrometer. The MCNP input file with the Alcator C-Mod
geometry was provided by Fiore [15]. For each case 10’ particle histories were run to
ensure that the uncertainty in the results was low. Figures 2-12 and 2-13 give the MCNP-
calculated neutron and photon fluxes per starting neutron respectively, with and without

shielding, at the location of the CCD and as a function of the corresponding particles'

1108 4 n = "Li + o + 7(0.48 MeV)
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Fig. 2-11: Fusion neutron rate for plasma discharge 960130032 (top panel). Typical
spectra, of the same spectral region, taken with the Chromex spectrometer
(bottom panel) during the time slices indicated in the neutron rate time history.
There is only one spike (around pixel 300) when the neutron rate is low but
a significant number of them appear during the high neutron rate period.
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Fig 2-13: Photon flux per starting neutron at the CCD, with and without shielding, as
calculated by MCNP.
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energy. For neutrons, the total flux per starting neutron decreased from 1.2 x 107 cm™ to
5.x 10° cm™ or, if a 10'3_ s”! fusion neutron rate is assumed, from 1.2 x 108 cm™ s to 5.
x 10* cm? s™. The decrease in the photon flux per starting neutron was smaller: from 3.8
x 108 0111"2 to 5.6 x 10? cm®. Thus the MCNP code predicted a reduction in the neutron
and photon fluxes of 24 and 6.8 respectively. However, the addition of shielding was
found to reduce the total (i.e. for all bins) number of spikes by a factor of two or three, in
discharges with comparable neutron rates (1.7 x 10" s). The smaller than expected
reduction in the number of spikes should be mainly attributed to the differences in the
shielding structure between the model and the experiment. In the model the housing was
assumed to be uniform. In reality a hole in the shielding was necessary for a cable to
connect the CCD with the spectrometer’s controller. Smaller openings in the structure
resulting from the not perfect alignment of bricks could also contribute to the difference
between the two results. Overall, and despite its smaller than initially estimated

effectiveness, the presence of the shielding facilitates considerably the analysis of data.

2.2 Plasma Diagnostics

In this section, all C-Mod diagnostics that are important in the analysis of the data
presented in this thesis will be briefly described. Diagnostics that are not used will not be
included in the presentation even if they are measuring the same physical properties as

the systems described.

2.2.1 Electron Temperature and Density Core and Edge Diagnostics

The electron temperature and density measurements at the inner and outer divertor region
are performed with a set of domed Langmuir probes [16] that are embedded in the tiles
(see Fig 5-3 f