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BEAM EMISSION SPECTROSCOPY
AS A COMPREHENSIVE PLASMA DIAGNOSTIC TOOL

W.Mandl, R.C.Wolf, M.G. von Hellermann, H.P.Summers

Abstract

A beam of injected fast atomic hydrogen presents a superb
probe for hot fusion plasmas. The neutral particles
experience excitation and iomization by collisions with
electrons and jons as they penetrate into a plasma. The
emitted characteristic line radiation is Doppler shifted
and the spectral lines are split due to motional Stark
fields., Measurements of wavelength, intensity and
polarization =~ of the Balmer-alpha emission reveal
information on the wneutral beam, such as beam
attenuation, beam-geometry, beam-divergence and species
mix. Local pitch-angles and toroidal fields can be
derived from the simultaneous measurement of the
polarization pattern and the wavelength separation of the
Stark multiplet. The implementation and application of
beam emission spectroscopy as a quantitative diagnostic
tool on the Joint European Torus (JET) experiment is
reviewed.

1. Introduction

The potential of active beam emission spectroscopy (BES) has been pointed out
in several papers in the past (Seraydarian et al. 1988, Boileau et al. 1989,
von Hellermann et al. 1990, Summers et al. 1991, Konig et al. 1991). The
polarization pattern of the motional Stark multiplet in the beam spectrum has
been successfully used for the deduction of the pitch-angle of the local
magnetic field (Levinton et al. 1989, Wroblewski et al. 1990), and the first
local ion density fluctuations based on BES were described by Fonck et al.
1990 and Durst 1992.

It is the aim of this paper to give an overview of the the present status of
BES for quantitative plasma diagnostics developed in recent years at JET.
This refers in particular to the simultancous measurement of the magnetic
pitch-angle and the toroidal field strength making wuse both of the
polarization pattern as well as the wavelength splitting of the Stark
multiplet, and secondly, to the quantitative prediction of the beam emission
spectrum and the deduction of local neutral beam densities from absolute
calibrated intensities. The latter aspect is considered to be essential not
only for a consistent analysis of impurity densities derived from charge
exchange spectroscopy measurements (cf. von Hellermann et al. 1992), but also
for the deduction of power deposition profiles in neutral beam heated plasmas
and calculation of the beam-plasma related neutron production (Wolle et. al
1992).

Even with sophisticated numerical neutral beam attenuation codes one is



realistically only able to calculate the absolute neutral beam denmsity and
the beam species mix up to a maximum penetration depth, where the initial
injected beam is attenuated by less than one order of magnitude. This is
because small uncertainties of a few percent in the plasma parameters or in
the atomic cross-section data cause unacceptable accumulation of errors in
the calculated local neutral density in cases of strong beam attenuation.
Therefore for the diagnosis of large and/or dense plasmas, such as in the
future ITER fusion device, it is mecessary to support the attenuation
calculation by determination of the local fast neutral density by BES.
Conversely in a low density plasma or near the plasma edge of a high density
plasma, the beam attenuation will be small. Then the measurement of the beam
emission can be used to determine alternative parameters (assumed in the beam
attenuation code) such as the electron density profile or the Z profile.

In general, with viewing lines inclined to the beam direction, the beam
emission spectrum is Doppler shifted and it is easily distinguished from the
stationary hydrogen spectrum. A local measurement of the component of the
total magnetic field perpendicular to the neutral beam can be obtained from
the spectral shape of the Doppler shifted emission of the Balmer-alpha
(H a’Da) line from Hydrogen or Deuterium atoms in the neutral beam. The line
shows the structure of a linear Stark multiplet due to the electric Lorentz
field @L::?beamx]% (motional Stark effect). Additional information about the
direction of this field component is contained in the polarization direction
of the o- and m-components of the Stark pattern and also in their intensity
ratios. Combining the information on pitch angle and wavelength splitting is
sufficient to determine the absolute strength and direction of the total
magnetic field if reasonable assumptions about the flux geometry are made.
From the splitting of the Stark multiplet changes of 0.2% in B_  are
measurable. For example a diamagnetic reduction of several percent in B ,
caused by fast particles driven by ICRH, can be resolved clearly.
Applications of such measurements include the deduction of the relaxation
time of the fast particles, their energy content, the spatial location of the
RF coupling and the local power deposition. The complete determination of the
magnetic field vector by BES without any independent assumptions is possible
by, for example, injecting altermately two neutral beams which penetrate the
observation volume at different angles.

The principal parameters which can be determined directly from the
measurements and their diagnostic impact are as follows:



principal measurement
I Doppler shift

II  intensity ratio of
Stark multiplet due
to the operation of
offset individual beams
I spacing of Stark
components
IV polarization pattern
of Stark components

V  intensity ratio of
o- to m-group

VI intensity ratios of
Stark components within
the o- or m-group

VII total flux of

full-energy emission

VII relative flux of

fractional-energy

diagnostic information

location of observation volume
(radial and vertical)

divergence of neutral beams

strength of Lorentz electric field

direction of Lorentz electric field

direction of Lorentz electric ficld

n=3 Stark sub state population
and their redistribution

local neutral particle density

local mixture of fractional-energy
beam components

|B|,B

emission

It is noted that all these measurements are local, yielding local parameters.
This means that full radial profiles can be constructed without recourse to
Abel inversion or tomography, simply by measuring at a number of different
locations.

1.1 Experimental configuration and raw data analysis

Figure 1a) is a plan view of the JET tokamak, showing the neutral beam
injector (NBI) assemblies at the torus octants 4 and 8. The optical head
collects light along a set of nearly horizontal viewing lines intersecting
the neutral beams of octant 8 (figure 1b)). A stack of quartz fibers is used
to relay the light to a remote location outside the biological shield. There
an assembly of spectrometers, which are fitted with 2-dimensional CCD
the different
viewing lines at up. to four different wavelengths, The optical head at the

detectors, is wused to record simultaneously spectra from
vacuum vessel also contains polarization sensitive elements for the magnetic
field measurement. Clearly optically active components which can influence
the polarization plane of transmitted light in an arbitrary way must be

avoided. Vacuum windows of fused silica are found to be acceptable if



mechanical stress is avoided. For the polarization measurements the incoming
light is led through an assembly of polarizing beam splitter cubes
(figure 2). Once the light is separated into two orthogonal polarization
components, each component is led into an optical fiber for relay, so
allowing simultaneous measurement of both components. The sensitivity of the
measurements to small changes in the polarization direction is maximized by
inserting a half-wave plate into the optical path. By means of that plate one
can rotate the incoming linearly polarized light by a defined angle in order
to balance the light intensity in the two channels after the polarizers. More

details concerning the polarization measurements are given in section 3.

The spectra obtained (figure 3) are approximated by a sum of Gaussians,
convolved with the instrument function of the spectrometers. The fit is
constrained by enforcing equi-distant spacing in wavelength and the
theoretical symmetry of the Stark features. Thus the number of independent
fitting parameters is reduced to equal the number of independent physical
parameters required to describe the beam emission spectrum. The absolute
intensities, Doppler shifts and the Stark splitting of the full, half and
third energy components of the NBI as a function of the radial position are
retrieved unambiguously by this method.

1.2 The emission spectrum of excited fast neutral atoms
As is well known, the injection of fast neutral deuterium atoms into a
fully-ionized hot plasma leads to two physically distinct, intense Balmer-o
features with high diagnostic potential (Boileau et al. 1989). The first is
emission by plasma deuterium atoms, following the charge exchange reaction
between neutral beams and deuterons in the bulk plasma.

D+ D;m — D+ D;:m (1.1)
However, in this paper we are interested in the second feature, the beam
emission. This feature is excited dominantly by collisions with plasma
deuterons, fully stripped impurity ions and, to a lesser extent with

electrons.
L
deuterons: ° 4D D° M .
beam &I.asma gg am iasma
* » . o]
impurity ions: + —> D+ Z (1.2}
l;e am  plasma ggam plasma
electrons: D ¢ ey e
e be am+ plasma Dbeam+ plasma

Light emitted from the neutral beams is Doppler shifted, depending on the
velocity of the injected particles and on the angle between the beams and the
viewing lines. The beams intersect the magnetic field lines at angles between
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110 and 150° and a strong electric field is therefore experienced by the
neutrals in their center of mass frame. The ¥xB Lorentz electric field
perturbation causes the D, line to split into 15 Stark components, 9 of which
are usually strong enough to be observed (figure 4). Since the beam consists
of three energy fractions, corresponding to the presence of D, D;, D; in the
positive ion source of the neutral beam injectors, the Stark multiplet
appears three times at different Doppler shifts in the spectrum.

For studies of spectral emission by hydrogen in fusion plasma environments it
is convenient to  calculate directly the energy level, transition
probabilities and radiation angle distributions, allowing for arbitrary
orientation of magnetic field (and associated orthogonal Lorentz electric
field) and an independent non-orthogonal electric field. It is sufficient to
consider the U7 and %{ﬁ+2§)-3 in first order perturbation theory on the
non-relativistic isolated atom Hamiltonian. For magnetic fields of the order
of a few tesla and typical beam speeds of several 10° m/s the maximum
electric fields are = 10 MV/m. Thus for principal quantum shells < 4 the
linear Stark effect only needs to be considered, that is interaction between
states of like principal quantum number. The quadratic Stark effect becomes
significant at much higher electric fields (~ 50 MV/m). We seek convenient
modeling of hydrogen in all the environments extending from the low density,
beam free plasma edge where the Zeeman structure dominates to the neutral
beam where almost pure Stark structure is apparent. Figures 5a and 5b show a
transition from Zeeman to Stark line pattern caused by increasing the speed
(energy) of injected atoms while maintaining a fixed magpetic field. For
higher Lorentz field strengths the Stark pattern is plotted on a field scaled
wavelength axis in order to emphasize small changes.

We have carried out detailed calculations of the formation and mixing of
population of the static field basis states under ion and electron collisions
(see also section 2). However it is evident that for the n=3 shell for
hydrogen in the beam, the mixing is nearly complete, so that relative
statistical populations of sub states are established. We have sought to
validate  this experimentally. The approach is to plot line ratios within the
o and & parts of the emission as a function of plasma density (figures 6 and
7). The absence of a clear density dependence supports the fully mixed
hypothesis. However statistical analysis of the line ratios shows a small but
statistically significant deviation from the expected value for the ol/o2 and
n3/n4 ratios. We have no quantitative explanation for this deviation, but the
discrepancy is small enough not to affect the validity for further data
analysis.



It is observed that Stark components which are shifted to higher wavelengths
than the field free position appear to be broader than those shifted to lower
wavelengths. This can be explained as a geometrical effect induced by the
angular divergence of the neutral beams.

2. Measurement of local neutral beam density and Z-eff

The intensities of all charge exchange lines are proportional to the local
fast neutral particle density. For quantitative measurements, it is therefore
essential to know the attenuation of the beams to the observation point. The
two methods available are either direct measurement of the light emitted by
exited beam atoms and deduction of the local beam density from this, or
purely numerical prediction by calculating the losses as the beam penetrates
the target plasma. It must be noted that the first method also requires
theoretical modeling of the relationship between the emission and the ground
state beam atom population.

Beams are attenuated by ionization of its individual atoms. The possible
processes considered here are ionization due to electron impact, ionization
due to ion impact and charge exchange reactions with plasma ions. By plasma

ions we mean deuterons as well as impurity ions.
D+e¢ D +e+e
D + Z¥ 5 D' + e +Z* (2.1)
D + Z% 5> D" + Z&W

In a low density plasma, only the ground state of the neutral hydrogen beam
atoms is significantly populated and so ionization takes place directly from
this state. The ionization rate coefficient S1’ defined in terms of the
electron collisions, is given by

_ (CX), qlion
nS =nS! +_): n_(q o+ S ) (2.2)

ion

where the sum is over all plasma ions (deuterons and impurity ions). Sie) is
the zero demsity ground state electron collision impact ionization
coefficient, qgcx) is the charge exchange loss rate coefficient from the
ground state to the plasma ion and Sf"“’ is the zero density ground state
ion impact ionization rate coefficient.



Consequently

dN| S (2.3)

where N is the ground state beam atom density. Commonly an ’effective’
ionization cross section o is introduced, so that O:;Mﬁon= Sllv .

However, tokamak devices are usually operated at electron densities of several
10°m™® In these circumstances the excited state population of the beam
atoms cannot be neglected in the attenuation process. Step-wise collisional
losses through excited states occur and collisional radiative calculations
are required. The excitation and deexcitation ion and electron impact
reactions between bound states must be added to those above. The techniques
described in earlier works (Burgess et al. 1976, Summers 1977, Summers et.
al. 1983) have been used but with full inclusion of ion impact collisions.
Note that the calculation of the beam emission spectrum (section 1.2) and the
calculation of effective attenuation rate coefficients become one. Because of
the strong mixing, the bundle-n approach is adequate for practical purposes,
although the condensation and expansion techniques (Summers et al. 1992),
projecting onto the Stark manifold, have been implemented for special
studies. =~ The  collisional radiative calculations yield the effective
’collisional-radiative’  ionization  coefficient SCR which  replaces S1 in
equation (2.3) above. This coefficient is of course density as well as
temperature dependent. Extensive look-up tables of this coefficient have been
established for rapid access in attenuation calculations.

The calculations also provide the effective emission coefficients for the
various emitted spectral lines such as q“(3-92) for the whole Balmer alpha
super tramsition array. This is also expressed as an effective electron
cross-section so that

Qg (32)
eff CR
2T o9
and the photon flux is
@, =n0" 32y, N (2.5)

The fundamental data, processing codes and derived data base used for this
paper, form part of a general approach to atomic modeling in use at JET. This
is called the ’Atomic Data and Analysis Structure’ ADAS (Summers et al. 1991,
Summers et al. 1992).



Examples of effective emission and ionization coefficients are given in
figure 8 as a function of electron density.

If the effective ionization rate by all processes of beam atoms of speed

. eff - . . eff eff
View 18 S, then defining a stopping cross-section by oS/, ., the

local beam density N (r) at a position r measured from the plasma edge is:

N, () = N(O)-exp [-Ine-o‘ﬂ-dﬁ] (2.6)

0

where n_is the electron density and N (0) the neutral beam particle density
at r=0.

£f., .
Thus an error d(n -0") gives an error
€

dN, (1) d(n -0*")
RG] =1n(Nb(r)/Nb(0))-—mf— @

€

in the local neutral particle density. This is a serious source of error
propagation. If (ne-o‘ﬁ) is known everywhere to an accuracy of 10% then the
relative error on the local neutral particle density for some typical values
of beam attenuation is

NN [80% |50% [10% | 5%| 1%
dN ()N, (1)|2. 2% 6. 9 % |23% | 30%| 46%

A 40 keV/amu neutral hydrogen beam is typically attenuated to 10% of its
density at the plasma edge after it has penetrated 1.5 meter into a plasma
with a uniform electron density of 510”m>, In this case the sensitivity of
the calculation is acceptable. For situations where the electron density is
higher or where the penetration depths are larger ome soon enters a regime
where the accuracy of numerical attenuation codes falls below 50%.

The measurement of radiation from the neutral beams allows on the other hand
a direct and local evaluation of the neutral particle density.



Qur first study is the fractional energy component mix of the neutral beams.
The ratio of neutral particle densities N can be calculated from the ratio
of the measured photon fluxes @ as

Ni‘rac full ch:ac

b eff
= . 2.8)
full frac & full
Nb eff @

where the phrases ’full’ and ’frac’ are used fo indicate the full and
fractional energy beam components. q  are calculated effective coefficients
of the Balmer-alpha emission. Local neutral density and injected Power P
relate to each other by:

Pt [t dl
bedl = __E_L_ 2.9)
W Eb'vbm

where T is the beam attenuation at a given location, E  and Viom 2T€ the
beam energy and particle velocity, and sw® is the cross-section of the beam.
The line integration Ifbdl through the beam profile fb is along the line of
sight. The ratio of the beam powers going into the full and fractional beam
components P™/P™ can now be found by combining the neutral particle
density measurement via beam emission spectroscopy and the predicted neutral

beam attenuation T from the attenuation calculation.

The measurement which is displayed in figure 9 yields power ratios of:

hal i
P alf Pthlrd

= 0.25 and
pfut! ptutl

= 0.12

hence we find:
phll,ptall.ptird _  73:0,18:0.09

This can be compared with test-bed calorimeter measurements. They yield
typically PMLPMELP™™ = 0.76:0.16:0.08. Knowing the beam energy
species mix, we can now proceed to calculate the local absolute meutral beam
densities with the beam attenuation code. Figure 10 shows the neutral beam
density for the 40 keV/amu energy fraction as measured with beam emission
spectroscopy compared with the values from the attenuation calculation. Each
cluster of symbols represents measurements with a certain viewing line, the
corresponding positions in the plasma are indicated.



We draw attention, in spite of the good absolute agreement between measured
and expected values of the npeutral density, to a systematic deviation in the
outermost channels. This is not too unexpected, since a radially constant,
line averaged Z = was used for the anmalysis. Exact agreement can be obtained
by ailowing Z  to vary radially. In this manner the Z  profile of
figure 11 is obtained. The average Z . calculated from the profile, is
again in close absolute agreement with the line averaged value from
bremsstrahlung measurements.

2.1 Divergence of the neutral beams

The spatial mneutral particle density distribution is assumed to have a
Gaussian profile in a plane perpendicular to the beam direction. Construction
details of the beam injectors suggest a different 1/e width of this density
distribution in the wvertical and horizontal directions. If x and y denote the
horizontal and vertical distance from the axis of the beam, the profile shape
can be approximated by:

2 2
fb = eXp- [g:] *€Xp- [%;] (2.10)

where d_ and d are the half widths of the neutral particle density profile
in x and y dlrectxon The measurement is not sensitive to small variations in
d_ provided O.Sde.dys 2, because of the near horizontal alignment of the
viewing lines.

The active observation volumes generally have different distances to the axes
of the beams from the separate pinis (positive ion source neutral injector)
number 1 and 8 The measured photon flux @ from the beam emission is
proportional to the electron density n to the injected beam power P and
to the line integral through the normalized beam profile Ifbdl and inversely
proportional to the beam attenuation T. We expect therefore a step in the
measured line strength when pini 1 is switched off and pini 8 switched on.
Figure 12 shows the quantity (D-Z;/(n ‘P ) If dl as a function of time. The
neutral particle density |fdl mtegrated along a particular viewing line is
a function of the beam dwergencc If dl decreases by a factor of 1.87 at the
change over from pini 1 to pini 8. We compare this with the expected ratio in
figure 13 and deduce a vertical beam divergence of 0.57°.

If we apply the same method to the neutral particle flux of the half or third
energy beam components, the values 0.79° and 0.82° are found respectively for
the beam divergence. Test-bed calorimeter measurements suggest an average
vertical divergence of 0.7°(z0.1°). This is in reasonable agreement with our
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own results, however, knowledge of the energy dependence of the divergence is
crucial for charge exchange spectroscopy, since the CX cross-sections for the

different fractional energy components are very different.

3. Exploiting the Doppler shift of the signals

The Doppler shift of the beam emission can be measured with a statistical
accuracy of a fraction of a percent. Systematic errors have been examined
carefully. The dispersion in terms of wavelength units per detector pixel
depends not omly on the spectrometer but also on optical and fiber-optical
components inside the detectors. Also the analysis of the measurement relies
heavily on the precision with which the acceleration voltage and geometry of
the NBI is known.

3.1 Determination of the location of the observation volume

The observation volume of any active neutral beam spectroscopy is given by
the intersection volume of the neutral beams and the viewing line. It is
usually chosen prior to plasma physics experiments. The alignment of the
neutral beams and viewing lines is checked by shining a laser beam through
the neutral beam ducts and the light gathering optics and then observing
where it strikes a suitable screen or the vessel wall. Such tests are
cumbersome as they require either vessel entry or the use of other optical
in-vessel surveillance methods. More important still, mechanical stress
caused by the full operating temperature and the electro-magnetic forces
during plasma discharges is known to disturb the alignment of the setup
temporarily or sometimes permanently in the course of the actual experiments.
It is therefore important as well as convenient to be able to determine the
location of the observation volume in situ.

All deductions of spatial locations from active measurements are necessarily
relative to the neutral beam geometry. This is not a severe restriction,
because the central axis of each neutral beam is well defined by the location
of the jon source and by the port through which the beams enter the torus. In
the following section the observation geometry at JET which comprises a fan
of near-horizontal viewing lines will be discussed, but the basic concept is
generally valid.

JET pulse #19949 is a typical discharge. In this experiment pini 1 was fired
for one second and then after a gap of 0.2 seconds pini 8 was fired for one
second. The signal which was measured with viewing line number 5 of the
horizontal array was analyzed with our multi-Gaussian fit code. Figure 14
shows the Doppler shift of the Oo-component of the full-energy Stark
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multiplet as a function of time.

From the Doppler shifts A?LD=?»O-vbeam/c'cos(y), during the injection times of
pinis 1 and 8 respectively, the intersection angles y' = 129.08° and y’=
130.01° between viewing line and the path of the neutral can be deduced. To
interpret this result recall the geometrical layout of the system given in
section 1. Pini 1 and pini 8 are the +3° beams of the tangential injector box
at torus octant 8. The observation port and optical head are located 280 mm
above the mid-plane of the torus.

The observation optics are designed so that the viewing line number 5
nominally intersects the beam-line at major radius ij=3.4n1 at the torus
mid-plane. That means it does not intersect the center of any of the mneutral
beams. Since the neutral particle density decreases with distance from the
beam axis, the line integrated emission from excited beam particles is
heavily weighted towards the point of closest approach between viewing line
and neutral beam axis. Since the observation port is located above the torus
mid-plane, there will be a different active observation volume, depending on
the beam is used. Because of this and because of the different locations of
the beam sources of the various beams, the intersection angle y of a given
viewing line with the fast neutrals will also depend om the beam  fired.
Figure 15a shows a calcu}ation of the difference Ayr—*ys-yl between  the
intersection angles with respect to pini 1 and & as a function of major
radius R, and vertical offset. The symmetry line of all the octant & neutral
beams is called the ’beam-line’. The major radius RHL and vertical offset HHL
are defined as the coordinates of the intersection point between the viewing
line and a vertical plane which contains the beam-line axis.

It turns out that Ay is only a weak function of the major radius, but shows a
strong dependence on the vertical offset HBL of the intersection point.
Figure 15b shows the radial dependence of the intersection angle y.

The observation volume is found to be located at ij,z 3396 m, H = -0.113 m
when pini 1 is fired and at Rmajz 3.397 m, H =-0.113 m when pini 8 is fired.
Rmaj is here the major radius and H the height above the torus mid-plane.

4. Maguetic field measurements

The dependence of the shape and intensity of the Stark multiplet on the
presence of electric and magnetic fields was discussed in some detail in
section 1.2. At JET we are usually concerned with beam energies in excess of
10 keV/amu and the intersection angles between neutral beams and magnetic
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field lines are greater than 45° Resolve the magnetic field B as B = B+ B,
into its two orthogonal components, B , the component perpendicular to the
beam velocity ?beam and B" parallel to ‘"/)beam.

The magpitude of the Lorentz electric field U = VBl gives the
fundamental Stark splitting interval A\ of the Balmer-alpha line

3 e a0 4,2
AN = 5 o ?Lo UL (4.1)
where e = electron charge, a = Bohr radius, h = Planck constant, ¢ = speed
of light, 7‘0 = wavelength of transition without external fields.

Thus the measurement of the Stark splitting A\ allows the determination of B
only. The direction of the component B, relates to U as

0 xv

BJ- — L2 beam (42)

beam

There are two principal methods to determine the direction of the electric
field wvector le‘ The first method makes use of the different angular
distributions of o- and ®-Stark components emission relative to the electric
field direction. The other is to measure the polarization of the radiation.

The irradiance from o©- and #s-components of the Stark multiplet is
anisotropic. With 0 the angle between electric field vector and viewing line,
the polar distribution is '

@ ~ sin’(8); ®_ ~ 1+cos’(6) (4.3)

The Stark energy levels of the n=3 shell are believed to bestatistically

populated at electron densities of several 10° m>

However, the relative
line ratios within the o- or =m-patterns were found to deviate slightly from
the expected values. This could affect the ratio of total o- to total

n-emission, however, we have no indication that this is the case. We assume:

@ sin*(8) @4

]
=
@, 14+cos”(0)
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Consequently 8 becomes:

2-(11“ '
0 = arctan|= (4.5)
CDO-fI)

T

In this context we note that the field strength U and the angle O
determine the electric field vector U completely.

It is apparent that there is no information on B ; from a single measurement
of the Stark emission, as the component B , alone determines the electric
field GL. However, if the same observation volume is penetrated by neutrals
which come from two different sources a and b with nonparallel velocity
vectors V* and ¥, the full magnetic field vector B can be measured.

Assume that neutral particle sources a and b are fired alternately, so that
we are able to measure the separate electric fields l'_’l; and Ijzz

ﬁ; = ¥'xB; [32 = ¥xB (4.6)

Expressing these two equations in their cartesian components we obtain a
soluble set of linear equations for the components of the magnetic field
vector B.

Magnetic fields in tokamaks are customarily expressed in terms of their
toroidal and poloidal components, that is as

B = BT B>’=B *.B * (4.7)

tor pol tor

where T is the unit vector in toroidal direction.
Consider again JET pulse #19949. Statistical analysis of the temporal

evolution of the angle © during operation of pini 1 and pini 8 respectively
yields:
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To deduce the magnetic field vector from these values, we first evaluate the
electric field wvectors during injection of the individual neutral beams,

obtaining:
B =263T
o = 252 T
B =074T
pol

This is to be contrasted with the results from the magnetic equilibrium code
(IDENTC):

B =29 T
o = 296 T

B =041T
pot

The example demonstrates the broad feasibility of the method. The difference
of 0.3 tesla between measured and predicted values is, however, unacceptable
high. The main problem in the analysis is the measurement of the angle ©
between viewing line and the magnetic field vector by comparing the photon
flux from o- and m-components. There are two potential error sources. First,
there is the statistical relative population assumption discussed in section
1.2. Secondly we assume the diagnostic system to have the same sensitivity
for o- and =m-polarized light. This assumption is insecure, because the
optical chain involves a mirror as the first element facing the plasma. We
expect only marginal differences in the reflection coefficients for m and ©
components of the nominal aluminum coated nickel mirror, but additional
coatings resulting from random deposition of undefined layers from the plasma
environment may worsen this.

Inverting this argument, the magnetic field wvector, as returned from the
equilibrium code, allows the calculation of the expected of/n intensity ratio.
Comparison with the measured line ratio suggests that the reflectivity of the
aluminum mirror was reduced by about 24% for o-components relative to
n-components in pulse #19949.

Direct measurement of the polarization direction of =- and o-components
reduces these difficulties. Polarizing elements acting as analyzers have been
installed inside the optical head, which is facing the plasma (figure 2).
They have to be placed in front of the optical fibers, since
multi-reflections occurring in optical fibers average out most of the
polarization information. The chosen detection technique allows simultaneous
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measurement of the polarization angles while still retaining the full
spectral rtesolution for measuring the Stark splitting. Thus the full Lorentz
electric field (both orientation and magnitude) may be obtained.

The polarization pattern of the Stark multiplet is reflected in the
irradiance described above. The =n-component is linearly polarized parallel to
the Lorentz field and the o-component perpendicular to the Lorentz field.
There is an additional unpolarized contribution. By teking the intensity
ratios in the two polarization channels of the =m- or o-components
respectively, the orientation of the Lorentz electric field may be

determined:
2 _ 1 2 L 1
tan“a = I_“ tan"o o (4.8)
2 2

where o, o are the polarization angles relative to the analyzers.

The =~ reflects the fact, that the unpolarized contribution of the
o-component, which depends on the \Driewing angle relative to the Lorentz
field, introduces an emor of < :(Z,.S on o Neglecting the unpolarized
background one obtains a. =0, - 90 , which means that o and a - evolve in
anti-phase. Comparing o and @ therefore allows discrimination of spurious
effects.

Both o and o are a direct measure of the pitch angle, defined as the angle
between the total magnetic field and the toroidal direction.

Unpolarized light, such as bremsstrahlung or the total beam emission (the sum
over all m- and o-components) can be used to check the relative calibration
of related polarization channels in situ during plasma operation. Information
on spurious polarization effects such as Faraday rotation in the viewing
optics or the influence of the mirror on the measured polarization direction
is obtained by injecting neutral beams into the tokamak filled with cold
deuterium gas only. Thus with no plasma current, the knmown vacuum toroidal
field delivers an absolute calibration of the polarization angles.

In figure 16 an example of a radial poloidal magnetic field profile using the
polarization measurement described above is compared with the result obtained
by an Abel inverted profile of the Faraday rotation angles measured by the
far infrared interferometer (O’Rourke et al. 1992, Soltwisch et al. 1992).
The offset between the measurements, which lies outside the statistical error
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margins, must be atiributed to the influence of the mimmor on the
polarization direction. In figure 17 the polarization angles of =xn- and
o-components during a "monster sawtooth” crash are shown. The observed
angles change by =~ 0.30, which is equivalent' to a poloidal magnetic field
decrease of -0,024 T. Anti-correlation between the angles obtained from the
two components can be seen clearly.

Magnetic equilibrium codes usually evaluate the toroidal component of the
magnetic field much more accurately than the poloidal component. It is
therefore a valuable consistency check to calculate BP using  the magnitude
of the measured electric Lorentz field U and the toroidal magnetic field
component B from the equilibrium code and to compare it with the poloidal
magnetic field component which is returned by the equilibrium code.

B, may then be expressed as a function of the measured Lorentz electric field

UL:
AOA Fal AN A A 1/2
vV vivio@-vHa-vdH [
B, = P’t‘z'Bi F— "22 —B, - "12‘2'2
P - t _ EH -
1 v | (1 \A ) a v, )Y v
(4.9)
n ‘—}b A beam .
where v = = “m B, v = —22 7 (§, T: unit vectors in poloidal, toroidal
P beam ' beam
direction).

The ambiguous =+ sign reflects the fact that we are not able to detect any
difference between anti-parallel magnpetic field vectors. Which sign has to be
used depends on the specific geometry in a given case and has to be decided
upon by means of additional information such as symmetry arguments. An
example for such a BP profile is shown in figure 18.

The error bars on our measured values are not statistical uncertainties of
individual measurements, but indicate the range which is covered by a
sequence of measurements during neutral beam injection. The statistical
uncertainty on individual measurements of the Stark splitting is - usually less
than 1%. This indicates the presence of time variations of the local magnetic
field, in particular of its toroidal component, which are not detected by the
magnetic equilibrium code. As a results the deduced poloidal field shows an
apparent temporal variation which is not present on the poloidal field from
the code. The observation that the deduced poloidal field from the Stark
splitting nevertheless agrees with the poloidal field from the equilibrium
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code demonstrates the high accuracy of the measurement of the Stark
splitting.

The measurement of the polarization angles of the Stark multiplet allows to
resolve small changes of the pitch angle. The simultaneous monitoring of the
Stark splitting, which is most sensitive to toroidal magnetic field changes,
yields information about the toroidal field.

Measuring small toroidal field changes of less 1% one has to ensure that no
other spurious effects contribute significantly. In this coniext one of the
main concerns are the spatial stability of the observation positions and the
constancy of the acceleration voltage of the neutral beam injectors. The time
evolution of the Doppler shift shows small fluctuations only. This is
interpreted as radial movements of the centers of the observation positions
relative to the neutral beams of AR < 2.5 mm or as velocity changes of
Av/v < 0.1%. The contribution of the local poloidal field to the measured
effect, most of it caused by a Shafranov shift due to ICRH (radial movement
of the magnetic axis < 5 cm), can be neglected as well. A decrease of the
spatially resolved toroidal magnetic field induced by ICRH of the order of
0.5% to 4.0% has been observed (figure 19). The maximum change is seen at the
location of the ICRH resonance layer. The effect is explained by a
diamagnetic drop of the magnetic field caused by the increase of plasma
energy due to ICRH heating. '

5. Summary and conclusions

Beam-Emission-Spectroscopy (BES) has developed over the last view years into
a very versatile plasma diagnostic tool. In this paper we have given an
overview on the quantitative use of BES in terms of precise local magnetic
field measurements, neutral beam deposition profiles and the deduction of
beam parameters such as beam divergence and species mix.

The close link to active charge exchange spectroscopy (CXS) and the deduction
of local impurity densities which depends crucially on the determination of
the local beam strength has been discussed. A consistent treatment of the
neutral beam attenuation process in a plasma shows indeed that BES and CXS
are inseparable, and that for understanding of the observed line strength in
the beam spectrum a comprehensive description of radial impurity density
profiles, and hence a profile of the effective ion charge, is required, which
ultimately can be retrieved from BES measurements. In addition to a complex
atomic description of the excitation mechanism and its parameter dependence
we have established that the accurate description of the beam and observation
geometry play a vital role for the deduction of local parameters.
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The overall conclusion is therefore that the combination of BES and CXS has
extended the confidence in the reliability of impurity density and beam
deposition profile measurements. The prospect of applying quantitative CXS
methods in present and future high density plasmas, where beam stopping is
relevant, are therefore considerably improved.

We have tried to emphasize the fact that magnetic field measurements based on
the motional Stark effect wusvally provide only a subset of a
threc-dimensional magnetic field vector. Only if either certain symmeiries
can be assumed or alternatively the measurement of pitch angles can be
combined with measurements of absolute Lorentz fields, it is possible to
derive a unique description of the local field. The ultra precise measurement
of the Lorentz field in the plasma core appears to be a very promising tool
for the assessment of minute changes in the central toroidal field and hence
changes of the plasma pressure.
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Fig.1: a) Plan view of the JET tokamak showing the neutral beam injector
(NBI) assemblies at the torus octant 8. An optical head collects light along
a set of nearly horizontal viewing lines intersecting the neutral beams of
octant 8. b) Cross-section of the plasma chamber showing the magnetic flux

surfaces for a X-point discharge, the projection of the neutral beams and a
height above the
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Fig.2: Experimental setup to measure the polarization angles of the Stark
multiplet. The polarization plane of the linearly polarized incident light is
rotated by a (zero order) half wave plate in order to maximize the
sensitivity of the measurement. A collimating lens is used to image different
plasma locations onto optical fibers, on top of which an assembly of
polarizing beam splitter cubes is mounted. They separate the linearly
polarized light into two orthogonal components, each of which gives a full
Stark spectrum. With this technique four radial positions are observed
simultaneously needing eight detection channels.
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component and are therefore usually not observed.



Balmer-alpha line pattern in the presence of
crossed slectric and magnetic fieids
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Fig.5a: Transition from Zeeman to Stark line pattern under the influence of
an electric VxB Lorentz field. An arbitrary line width has been used for
illustrative purposes.
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Fig.6, top: Spontaneous ftransition rates (Einstein coefficients) for the
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field D=VxB. The dashed lines indicate the Einstein coefficients for the pure
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Fig.8b: Enhanced composite beam stopping cross-sections. Eveam=40 keV/amu,
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