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ABSTRACT.

Neutron energy spectrafrom deuterium neutral beam heated plasmas at the Joint European Torus
(JET) have been measured with a time-of-flight spectrometer. The different source fractions,
resulting from thermal-thermal (tt), beam-thermal (bt) and beam-beam (bb) interactions have
been extracted. The measured tt fraction and associated ion temperature is checked for consistency
with diagnostic data for electron density n,, effective charge Z;, ion temperature T; and total
neutron emission. Two different ways of comparing the data are presented. Firstly, the measured
tt fraction, total neutron emission, n,, Z4 and T, profile shape are used to deduce aconsistent T;,
which is compared with T, values obtained independently by other diagnostics. Secondly, the
measured tt fraction, total neutron emission, ne profile shape and T, are used to determine a
consistent thermal deuterium density no, which is compared with no obtained from Z
measurements. The experimental errors from the analysis of the neutron spectra can be reduced
by carefully restricting the analysisto plasmas within well defined ranges of ion temperature and
tt fraction. The values of T; and no thus derived are in good agreement with the values obtained
independently. The method demonstrated in this paper can therefore be used with confidence to
obtain plasma parameters under conditions which lie outside the operating range of the more
conventional diagnostics, provided these conditions are met.
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1 Introduction

During recent years, large fusion experiments based on the tokamak concept like
the Joint European Torus (JET) in Europe and the Tokamak Fusion Test Reactor
(TFTR) in the USA, have routinely produced substantial numbers of D-D neutrons.
Considerable efforts have been made to use the emitted neutrons for diagnostic
purposes [1-3]. The most desired quantities are the total neutron emission, the spatial
neutron source distribution and the neutron energy distribution. At JET, a
comprehensive set of neutron diagnostics is routinely used [4]. It consists essentially of
a time resolved neutron yield monitor, a 19-channel profile camera and neutron
spectrometers. The neutron yield is a direct measure of the fusion reaction rate in the
plasma and thus a measure of the fusion power. Neutron emission profiles can be used
to deduce transport properties of the plasma and to study MHD activity such as
sawtooth oscillations [5]. Neutron spectrometers are used to investigate the origin of
the emitted neutrons and to deduce information on the velocity distribution of the
reacting ions.

Neutrons are generated by various mechanisms in a tokamak operating with
deuterium. Thermonuclear D-D reactions involving deuterons with a Maxwellian
velocity distribution give thermal-thermal (tt) neutrons with an essentially Gaussian
energy spectrum; where the peak width is a measure of the ion temperature [6]. In the
case of auxiliary heating by means of deuterium neutral beam injection (NBI) or ion
cyclotron resonance frequency (ICRF) heating, a non-Maxwellian deuteron velocity
distribution can build up, giving rise to NBI or ICRF induced D-D neutrons. For
example, deuterons in the non-Maxwellian distribution resulting from deuterium NBI,
reacting with deuterons from the same distribution, produce beam-beam (bb) neutrons.
They also react with thermal deuterons from the Maxwellian distribution of the target
plasma and give beam-thermal (bt) neutrons. The tt, bt and bb neutrons have, in
principle, different energy spectra [6]. During high power (>5SMW) ICRF heating of
plasmas with beryllium as the main impurity, reactions between ICRF-accelerated ions
in the MeV range and beryllium impurity ions may also produce a substantial number
of neutrons [7). The energy spectrum of these neutrons is however different from that
of D-D neutrons. Finally, in connection with plasma disruptions, very short, high
intensity bursts of photo neutrons are observed [8].

The time resolved neutron yield monitor measures the total neutron emission
rate and does not discriminate between neutrons produced by the different mechanisms.

Therefore, the additional information from the neutron spectrometers is essential for the



interpretation. However, even though the various neutron-producing mechanisms give
rise to neutron energy spectra with different shapes, these spectra overlap to a large
extent, rendering the interpretation difficult. In the case of deuterium neutral beam
heated hot-ion plasmas (T;>15keV) the distinction of the tt, bt and bb components for
an injection energy E,=80 keV seems almost impossible. This is discussed in greater
detail in sec 3.1. In the following sections of this report we analyse neutron energy
spectra measured during deuterium NBI heating, check the results for consistency with
other diagnostic data and assess to what extent useful information can be deduced. In
particular, the method demonstrated in this paper has potential applications for
obtaining the deuterium density, np, under conditions which lie outside the operating
range of the more conventional diagnostics. It is therefore of interest to investigate the
reliability of the method by comparison with results from other diagnostics under
plasma conditions where these provide reliable data.

2 Method
2.1 Spectrum analysis

The neutron spectra discussed here are measured with a time-of-flight
spectrometer [9], which is located in the JET roof laboratory, fig 1. The instrument has
a vertical line-of-sight through the plasma and provides about one useful spectrum
(>500 counts) per second during auxiliary heating, resulting in 1 to S spectra per JET
discharge. Typical spectra are shown in fig 2. Fig 2a shows a spectrum from an ICRF
heated discharge; the shape appears to be Gaussian and there is no sign of neutrons due
to fast (non-Maxwellian) ions. Moreover, the ion temperature deduced from the width
of the spectrum is in agreement with other diagnostics. Fig 2b is from a discharge with
deuterium NBI only (E=80 keV); the spectrum is considerably broader due to the
higher mean energy of the reacting ions. In fig 2c, the effects of intense ICRF heating
combined with NBI, in a plasma with beryllium as the main impurity, are shown. The
spectrum is very broad with pronounced wings due to reactions between ICRF-
accelerated ions and the beryllium impurity ions and/or reactions between ICRF-
accelerated deuterons and thermal deuterons.

The method used to analyse the spectra is similar to that applied in [10]. The
neutron spectrum is assumed to be built up of components corresponding to the various
neutron-producing mechanisms, i.e. thermal-thermal (tt), beam-thermal (bt) and
beam-beam (bb) interactions. The spectral shapes of these components can be
calculated from the velocity distributions of the interacting ions. The FPS-code [6]



utilizes a Monte-Carlo method to numerically calculate these shapes; ion velocities are
sampled at random from theoretical velocity distributions and the corresponding
reactivity contributions and neutron energies are calculated and added up for a large
number of samples ( > 106) to form the desired neutron spectrum for a given line of
sight. Pre-calculated spectra from the FPS-code for the different components are
folded with the instrumental response and fitted to the measured spectrum using a
maximum likelihood method [11]. The amplitudes of the different components are left
as free parameters, to be determined by the fitting procedure. In figs 3a - 3d, the
analysis of the spectrum from fig 2b is illustrated. Fig 3a shows the FPS-calculations
of the bb and bt components for a target deuterium plasma with Te=Ti=5keV, together
with the corresponding Gaussian for the tt component. These are folded seperately
with the instrumental response; the results are shown in fig 3b. In fig 3c, the resulting
fit of the folded bb, bt and tt spectra to the measured spectrum can be seen. The
deduced fractional bb, bt and tt contributions are: 0.08, 0.62 and 0.30, respectively.
Finally, the underlying neutron spectrum is obtained by adding up the non-folded bb, bt
and tt spectra accordingly, as shown in fig 3d.

The width and mean energy of the Gaussian neutron spectrum from tt reactions
are known functions of the ion temperature T; [6]. Therefore, T; could, in principle, be
left as a free parameter for the fitting routine to determine. In practice, this is of
limited value for discharges where many pre-calculated spectral shapes have to be used
in the analysis, as the uncertainty on Tj values determined this way is large unless the tt
fraction is dominant (>50%). A measured neutron spectrum consists of a finite number
of energy channels and, hence, contains a limited amount of information. For each
extra parameter that is deduced by the fitting procedure, the uncertainties on all the
fitted parameters increase. For this reason, neutron spectra from discharges with many
neutron producing mechanisms are difficult to analyse. Therefore, for discharges
where the tt neutron emission is not dominant, T; is obtained with much better accuracy
from other JET diagnostics such as active charge exchange recombination spectroscopy
(CXRS) [12], or measurement of the doppler broadening of an impurity X-ray line
(XCS) [13]. Taking T; from one of these sources also helps to keep the number of free
parameters to a minimum in the described data fitting.

Another restriction is that the velocity distributions for the reacting ions must be
known, in order to pre-calculate spectra with the FPS-code. For a non-Maxwellian ion
velocity distribution, this is obtained as the solution to the Fokker-Planck equation.
Reasonably accurate solutions exist for NBI [14], while at present, existing solutions

for ICRF-driven ions are not useful as they are very sensitive to the density of the



minority ions (protons), to which the ICRF is tuned; unfortunately, this density is a
poorly known quantity. Therefore, no detailed quantitative analysis has been
performed so far on neutron spectra showing signs of ICRF-induced neutrons, although
in [7] the contribution to the neutron emission from ICRF-driven ions has been
estimated in some cases.

For the reasons mentioned above, only NBI-heated discharges are treated in the
following sections. The injectors provide deuterium neutrals at one half and one third
of the nominal energy as well as at the nominal energy. The reactivity of these lower
energy components is negligible for 80 keV NBI but becomes important for 140 keV
NBI. The number of quantities to be determined by the fitting of the neutron spectra is
kept low by selecting discharges with 80 keV NBI only, deliberately avoiding
discharges with a mixture of 80 keV and 140 keV NBI. The inclusion of 140 keV NBI
would make it necessary to use more pre-calculated spectra, thereby increasing the
number of fitting parameters and consequently the associated error bars. In the work
presented in this paper only three pre-calculated spectral shapes (tt, bt and bb) are used
and the spectrum analysis program determines their relative intensities.

2.2 Consistency check

The tt contribution to the global neutron yield is a function of the thermal
deuteron density profile, np(r), and the ion temperature profile, Tj(r), where r is the
minor radial position in the plasma, i.e. r = 0 is the plasma center. The local Z¢r is
defined as

zq,=z

where the sum is over all ion species "i" in the plasma, n; is the ion density, Z; is the ion
charge number and n, is the electron density. Assuming a flat effective charge profile
Zes1(r), np(r) can be deduced from the electron density profile, ne(r), and Zgf, provided
the impurity mixture is known. In some cases np(r) profiles are available directly from
CXRS measurements and these show that a flat Zeg(r) profile is usually a reasonable
assumption for the purposes of the present analysis. Averaged values of the available
data have been used in this paper.

n-Z}?

nt

(1)

The electron density profile, ne(r), is deduced from interferometric
measurements [15], and Zegr is obtained from visible bremsstrahlung measurements
[16]. ne(r) is also measured by the LIDAR Thomson scattering diagnostic [17], at 1 s



intervals, which is too infrequent to be directly used in our analysis. Usually, the
LIDAR n(r) profiles show detailed features that are not present in the profiles obtained
by inversion of the line-integrated data from the interferometer channels; resulting
discrepancies (up to 30% in extreme cases) have to be taken into account when
evaluating the uncertainties of the final results. These discrepancies are due to the
limited number ( < 6) of available interferometer channels leading to a parametrization
of ne(r) in the inversion procedure, which cannot reproduce fine details in contrast to
LIDAR, which yields a direct measurement of the local n. with good spatial resolution.
For the analysis described in the present paper, ne(r) values averaged over periods of
typically 1s have been used and only minor discrepencies were encountered.

Tj(r) is usually obtained from CXRS. When CXRS data are not available, T;(0)
is taken from XCS and the profile shape is assumed to be the same as for the electron
temperature Te(r), measured by the electron cyclotron emission (ECE) diagnostic [18].
This is usually a good assumption, except for hot-ion mode plasmas which, also for
other reasons, are not analysed in this paper (see sec. 1.).

The interpretation of the data relies on the use of the "ORION" code [19]. In this
code np, Tj, ne, Zegr, the neutron emissivity S, and other local quantities are assumed to
be functions of the magnetic flux surface index W and time only.

ORION calculates the thermal neutron emission profile, Sy(¥)=
%np(¥)2 <o v>(¥), from the measured np(r) and Tj(r) profiles and performs an
integration of this profile along the line-of-sight of the time-of-flight spectrometer.

By using a x2-minimization technique, ORION also computes the total (as
opposed to thermal) neutron emissivity Sy(¥) from the line-of-sight integrated neutron
emissivities as measured by the neutron profile camera. The line integrals of the profile
camera are computed for an assumed analytical emission profile S, = f(¥,a,b,c,d,...),
where a,b,c,d.. are parameters characterizing the shape of the profile. The results are
compared with measured data, and the discrepancy is minimized by variation of the
parameters, until the best possible fit is obtained. Finally, the total emissivity is
integrated along the spectrometer’s line-of-sight.

The ratio of the two line integrals yields a calculated tt fraction, fy; o, of the
collimated neutron flux, which should be the same as the tt fraction obtained from the

neutron spectrum analysis, fi; specirums i-€-



ftt,alc = fthpectrum (2)

f _ Vtt,alc(nD”];)

nee Vm'.calc (3)
f s = Vl‘l,spedrum (T)
e Vg spoctum (4)

where vy, and vy, are the line of sight integrated thermal and total emissivities
respectively.

The calculated tt fraction depends on both the central values and the profile
shapes of np and T; However, the shape dependence is much weaker than the
dependence on the central values and have negligible influence on the results presented
below. Equation (2) to (4) can be exploited in two different ways: a) np values from
the optical diagnostics are used and Tj is iterated until agreement is achieved leading to
consistent values of Tj, b) T; values from other diagnostics are used and consistent

values of np, are deduced. Both approaches are treated in the next section.

3 Analysis
3.1 Consistent T; deduction

The measured neutron spectrum is analysed repeatedly using a range of Ti
values for the Gaussian tt component and the pre-calculated bt and bb shapes. The tt
fraction, fy cpecirume i mapped out as a function of these assumed values. The tt
fraction, fy .., is also calculated for a similar range of central T; values using the
ORION code with the measured np(r) profile. The measured Te(r) profile shape scaled
to the assumed central T; value is used in the calculation. The resulting two curves are
shown in fig 4. Agreement between the neutron spectrum analysis and the calculated tt
fraction is obtained for the value of T; at which the curves intersect. This is the central
T; value for which the measured neutron energy spectrum, np(r) and the Te profile
shape are consistent. This value is only weakly dependent on the Te(r) and np(r)
profile shapes as was pointed out above, and thus is mainly determined by the tt
fraction from the neutron spectrum analysis and the central np as measured by the



optical diagnostics. In summary: measured neutron spectra, central np values and
profile shapes are used to deduce consistent central T; values.

Fig 5 shows the database of consistent central T; values as a function of central
Tj values measured by CXRS or XCS. The scatter of the data points is reduced if data
points for which the tt fraction < 0.3 or T; > 12 keV or np(0)/ne(0) < 0.4 are omitted, as
seen from the encircled data points. The first restriction is justified by the difficulty to
extract with confidence a small tt fraction because of the statistical fluctuations of the
dominating (bt and bb) components in the neutron spectrum; i.e. the Poisson noise in
the measured spectrum obscures the tt component, unless this component is sufficiently
large. The reason for the second restriction is that the spectral shapes of the tt, bt and
bb components become very similar when T; approaches 20 keV (for 80 keV NBI) and
thus the analysis becomes less reliable. If one were to study discharges with 140 keV
NBI, this critical temperature would be higher. The last restriction is because the
accuracy in np obtained from the CXRS or the visible bremsstrahlung measurement is
best when np(0)/ne(0) is close to unity and deteriorates with decreasing values.

3.2 Consistent np deduction

Here the value of np, which is consistent with the tt fraction obtained
from the neutron spectrum analysis and the Tj value obtained from CXRS or XCS, is
deduced. Firstly, the tt fraction, fy specirum (€9(4)), is obtained from neutron spectrum
analysis, taking the T; value from CXRS or XCS diagnostics. Secondly, ORION is
used to calculate the tt fraction along the line-of-sight of the neutron spectrometer,
fy calc (€4(3)), from the measured Tj(r) profile and a deuterium density profile, np(r),
which is set equal to the measured ne(r) profile. The calculated line-of-sight integrated
tt component, Vi ¢4, Scales as the square of ne(0),

(5)

whereas the tt component from the neutron spectrum analysis, Vg spectrumes (Which is

Vaase = [ 2020 <0v> (L =< 02()
L

line-of-sight integrated by definition) should scale as the square of np(0),

n2(r) < ov > (r)dL o< n}(r)

1
Vu,Spearum = J_
L2

(6)

The line-of-sight integrated total neutron emissivity, Vyo c1c» Calculated
by ORION from the neutron emission profile data (from the neutron profile camera) is
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then assumed to be equal to the line-of-sight integrated total neutron emissivity,
Viot,Spectrums 25 Measured by the neutron spectrometer.

Viot,calc = Viot,Spectrum @)

Combining equations (2) to(7) yields equation (8) for the value of
np(0), which is consistent with the tt component from the neutron spectrum analysis.

1 (0) = 1, (0) Fy pucnen / Frcuc (8)

This is valid under the implicit assumption that np/ne is constant throughout the
plasma, i.e. the impurity mixture is constant, and the measured T; is correct. In fig 6a,
values of np/ne deduced from the neutron spectrum are compared with values deduced
from the optical methods (CXRS and the two visible bremsstrahlung channels). Only
cases where values from more than one of the optical methods were available and in
agreement within 10% have been included; their mean value has been used.

There is a considerable scatter in the data points. The statistical error in np/ne
from the neutron spectrum analysis is typically +30%, which is indicated by the two
outermost lines in fig 6a-b. Generally, the optical methods are most reliable when
np/ne is close to unity and deteriorate with decreasing values, hence, the lack of data
points with small values of np/ne. For np/ne around 0.6, the systematic errors from the
CXRS and visible Bremsstrahlung diagnostics are of the same order as the statistical
errors from the neutron spectrum analysis.

By recognizing some of the intrinsic weaknesses in the neutron spectrum
analysis the scatter can be reduced by imposing conditions in the same way as in
section 3.1. The effect can be seen in fig 6a, where data points for which the tt fraction
is larger than 0.2 are encircled.

Another useful restriction is to demand consistency between the bt fraction from
the neutron spectrum analysis and that calculated with the NBI simulation code,
"PENCIL" [20]. The calculated bt fraction depends mainly on the NBI power, T, n,,
and np. Using consistent values of np(0) from eq(8) for the calculation and requiring
agreement better than 30% between measured and calculated bt components leads to

the data set shown in fig 6b; the scatter is visibly reduced as compared to the full data
set from fig 6a.
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4 Conclusions

Measured neutron yields and energy spectra combined with independent
diagnostic data for the deuterium density, np, have been used to deduce the central
deuterium jon temperature, Tj, for NBI heated JET discharges. Similarly, central
deuterium density values have been obtained from neutron measurements combined
with Tj values from independent diagnostics. Reasonable accuracy is obtained if the
number of parameters deduced from the neutron spectrum analysis is kept low (= 2)
and the analysis is restricted to discharges with a relatively large tt fraction (>30% for
Tj deduction and >20% for npy deduction). Also, the analysis has to be restricted to
conditions under which the spectral shape of the tt component differs sufficiently from
that of the bt and bb components (Tj<12keV for 80 keV NBI). With these restrictions,
results from the neutron spectrum and yield analysis agree within 30% with the T; and
np values obtained by independent diagnostics, which is consistent with typical
experimental uncertainties of the methods. Agreement is found under conditions which
lie inside the operating range of the more conventional (as opposed to neutron)
diagnostics. There is no reason for the neutron spectrometer analysis to fail outside this
range provided the restrictions on the tt fraction, Tj and fitting parameters are observed.
The method demonstrated in this paper has potential applications in obtaining plasma
parameters under conditions which lie outside the operating range of the more
conventional diagnostics; it is the only reliable method available for deducing
deuterium densities for plasmas with low values of np/n,.
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Figure captions

Fig 1

Showing the neutron time-of-flight spectrometer in the JET roof laboratory. The
time-of-flight between a neutron interaction in the first detector, which is denoted D,
and a subsequent interaction by the same neutron in the second detector, denoted D, is
measured. There are 12 D, detectors for increased efficiency. All detectors consist of
fast plastic scintillators optically coupled to photomultiplier tubes and the neutrons
interact through elastic scattering on protons in the plastic.

Fig 2

a) Measured neutron spectrum from a Maxwellian plasma (#15383). The plasma is
ICRF heated with the RF tuned to 3He minority ions. Carbon is the main first wall
material and plasma impurity. The Gaussian shaped spectrum is typical for Maxwellian
plasmas.

b) Measured neutron spectrum from a non-Maxwellian plasma, which is heated by
80 keV deuterium neutral beam injection (#20180). The spectrum is considerably
broadened due to the high energy of the reacting beam-ions.

c) Measured neutron spectrum from a plasma which is non-Maxwellian due to
deuterium NBI combined with ICRF heating tuned to protons (= 2nd harmonic for
deuterons) (#20725). There is a clear indication of a high energy tail due to an ICRF
accelerated component in the plasma, reacting with thermal deuterons and/or Beryllium
impurity ions.

Fig 3

a) bb and bt spectra calculated with the FPS code and the Gaussian tt component, used
for the unfolding of the measured neutron spectrum from fig 2b. The temperature of
the target plasma used in the calculations is 5 keV.

b) The spectra from fig 3a folded with the instrumental response of the time-of-flight
spectrometer.

c) The resulting fit of the folded spectra from fig 3b to the measured spectrum of

fig 2b.

d) The underlying (=unfolded) neutron spectrum obtained by adding up the non-folded
bb, bt and tt spectra in the proportions given by the fit in fig 3c.

15



Fig 4

The tt fraction as a function of the central T;. The crosses show values calculated using
the independently measured np values reflect the dependence of the fusion reactivity on
Ti. The circles show the tt fraction as a function of Tj guess from the neutron spectrum
analysis. Consistency between the measured np and the neutron spectrum is obtained at
the intersection of the two curves.

Fig 5

Comparison of consistent T;j values from neutron diagnostics with T; values from
optical measurements. Applying the condition; tt fraction > 0.3 and T; < 12 keV and
np(0)/ne(0) > 0.4 (encircled data points) reduces the scatter significantly.

Fig 6

a) Plot of np/ne obtained from CXRS and/or visible bremsstrahlung as a function of
np/ne deduced from neutron spectrum analysis, T; and neutron emission. Only cases
where values from more than one of the optical methods were available and in
agreement within 10% have been included and their mean value has been used. The
full lines correspond to a typical statistical error of *30% in np/ne from the neutron
spectrum analysis. Data points for which the tt fraction is larger than 0.2 are encircled.
b) The same plot as in fig 6.a, but the data points now refer to cases for which the bt
fraction from the spectrum analysis agrees with PENCIL code calculations within 30%.
For these calculations consistent np values were used as opposed to their usual
derivation from n. and Zg.
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Fig1

Showing the neutron time-of-flight spectrometer in the JET roof laboratory. The
time-of-flight between a neutron interaction in the first detector, which is denoted Dy,
and a subsequent interaction by the same neutron in the second detector, denoted D, is
measured. There are 12 D, detectors for increased efficiency. All detectors consist of
fast plastic scintillators optically coupled to photomultiplier tubes and the neutrons
interact through elastic scattering on protons in the plastic.
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a) Measured neutron spectrum from a Maxwellian plasma (#15383). The plasma is
ICRF heated with the RF tuned to 3He minority ions. Carbon is the main first wall
material and plasma impurity. The Gaussian shaped spectrum is typical for
Maxwellian plasmas.

b) Measured neutron spectrum from a non-Maxwellian plasma, which is heated by

80 keVdeuterium neutral beam injection (#20180). The spectrum is considerably
broadened due to the high energy of the reacting beam-ions.

¢) Measured neutron spectrum from a plasma which is non-Maxwellian due to
deuterium NBI combined with ICRF heating tuned to protons (= 2nd harmonic for
deuterons) (#20725). There is a clear indication of a high energy tail due to an ICRF
accelerated component in the plasma, reacting with thermal deuterons and/or Beryllium
impurity ions.
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a) bb and bt spectra calculated with the FPS code and the Gaussian tt component, used
for the unfolding of the measured neutron spectrum from fig 2b. The temperature of the
target plasma used in the calculations is 5 keV.

b) The spectra from fig 3a folded with the instrumental response of the time-of-tlight
spectrometer.
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c) The resulting fit of the folded spectra from fig 3b to the measured spectrum of
fig 2b.

d) The underlying (=unfolded) neutron spectrum obtained by adding up the non folded
bb, bt and tt spectra in the proportions, given by the fit in fig 3c.
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Fig 4

The tt fraction as a function of the central Ti. The crosses show values calculated using
the independently measured np values and reflect the dependence of the fusion
reactivity on Ti. The circles show the tt fraction as a function of Ti guess from the
neutron spectrum analysis. Consistency between the measured nD and the neutron
spectrum is obtained at the intersection of the two curves.
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Comparison of consistent Ti values from neutron diagnostics with Ti values from optical
measurements. Applying the condition; tt fraction > 0.3 and Ti < 12 keV and
nD(0)/ne(0) > 0.4 (encircled data points) reduces the scatter.
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Plot of np/n, obtained from CXRS and/or visible bremsstrahlung as a function of np/n,
deduced from neutron spectrum analysis, T and neutron emission. Only cases where
values from more than one of the optical methods were available and in agreement
within 10% have been included and their mean value has been used. The full lines
correspond to a typical statistical error of +30% in np/ne from the nc_tixtron spectrum
analysis. Data points for which the tt fraction is larger than 0.2 are encircled.
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The same plot as in fig 6.3, but the data points now refer to cases for which the bt

fraction from the spectrum analysis agrees with PENCIL code calculations within 30%.

For these calculations consistent np values were used as opposed to their usual

derivation from n, and Zg.
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