T e g e T

A SPECTROSCOPIC STUDY OF IMPURITY BEHAVIOR
IN NEUTRAL-BEAM AND OHMICALLY HEATED

TFTR DISCHARGES
PPPL--2410

DE87 008073

B.C. Stratton, A.T. Ramsey, F.P. Boody, C.E. Busht,
R.J. Fonck, R.J. Groebner*, R.A. Hulse, R.K. Richardst,
and J. Schivell

Princeton Plasma Physics Laboratory

Princeton, New Jersey 08544

t permanent address: Oak Ridge National Laboratory,
Oak Ridge, TN _
¥ permanent address: GA Technologies Inec.,

San Diego, CA

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or | :
process disclosed, or represents that its use would not infringe privately owned rights. Refer- : ‘ 2 i
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- '

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

| | S
‘BISTB!BUT!QN GF THIS DOCUMENT IS UNLIMITED




DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or

any agency thereof.



DISCLAIMER

Portions of this document may be illegible

in electronic image products. Images are .
produced from the best available original

document.



ABSTRACT

Quantitative spectroscopic measurements of Zoppr impurity densities, and
radiated power losses have been made for ohmic~ and neutral-beam-heated TFTR
discharges at a plasma current of 2.2 MA and toroidal field of 4.7 T.
Variations in these quantities with line-average plasma density (ﬁe) and beam
power up to 5.6 MW are presented for discharges on a graphite movable
limiter. A detailed discussion of the use of an impurity transport model to
infer absolute impurity densities and radiative losses from line intensity and
visible continuum measurements is given. These discharges were dominated by
low-Z impurities with carbon having a considerably higher density than oxygen,
except in high-ﬁe ohmic discharges, where the densities of carbon and oxygen
were comparable. Metallic impurity concentrations and radiative losses were
small, resulting in hollow radiated power profiles and fractions of the input
.power ~radiated being .30-50% for ohmic. heating and 30% or less with beam
heating. Spectroscopic-estimates of the radiated power were in good agreement
with bolometrically measured values. Due to an increase in the carbon
density, Z e rose from 2.0 to 2.8 as the beam power increased from 0 to 5.6
MW, pointing to a potentially serious dilution of the neutron-producing plasma
ions as the beam power increased. Both the low-Z and metallic impurity
concentrations were approximately constant with minor radius, indicating no

central impurity accumulation in these discharges.




I. Introduction

The study of impurity production and behavior in tokamak plasmas
continues to be a topic of considerable importance in fusion research. Mid-
sized tokamaks with intense auxiliary heating have produced fusion-grade
plasmas with minimal power losses due to impurity radiation (for a summary see
the review of Isler [1]), except in some enhanced confinement regimes where
catastrophic impurity accumulation occurs [2,3]. With the advent of high-
power heating experiments on the current generation of large tokamaks such as
TFTR, JET, and JT-60, a re-examination of impurity behavior is necessary.
Even when radiative losses are unimportant compared to the central heating
power, modifications of the edge plasma (which may play a role in enhanced
confinement scenarios) due to impurity radiation and dilution of the fusion
fuel are topies of primary importance as breakeven conditions are approached

in these devices.

This paper -presents a detailed analysis of extreme UV and visible
impurity emissions from TFTR plasmas on a graphite movable limiter with up to
5.6 MW of beam power. It provides reference documentation of both ohmic and
standard beam-heated (L-mode confinement) discharges, with other TFTR
operating regimes, such as the high ion-temperature, beam-heated discharges
and high-density, pellet-fuelled plasmas left to future study. In this
spirit, the techniques used fto analyze extreme UV and visible impurity
emissions from TFTR plasmas are discussed in detail. As a further focus,
variations in impurity behavior with density and beam power in discharges with
2.2 MA plasma current (Ié) and 4.7 T toroidal fieldv(BT) are discussed in
detail. In addition to this paper, which concentrates on extreme UV and
visible spectroscopic observations, a study of impurities in earlier TFTR
ohmic plasmas based primarily on soft x-ray pulse-height analysis measurements

has been given by Hill et al. [U4].

The second section of this paper describes the relevaﬁt regime of TFTR
operation and the spectroscopic diagnostics used. The following section
discusses in detail the quantitative analysis of line-integrated spectroscopic
measurements using an impurity transport code. A study of the sensitivity of
this -analysis to the assumptions made regarding impurity transport and edge
plasma parameters, important given the size and high temperature of TFTR

plasmas, is also given in the third section. The fourth section presents the



results of using these analysis procedures to study variations in impurity
behavior in ohmic- and beam-heated plasmas as the plasma density and beam

power are varied.

II. TFTR Operating Conditions and Spectroscopic Diagnostics

During the two-neutral-beam period of TFTR operation (September 1984 -
April 1985), significant plasma ion and electron heating was achieved by
neutral beam injection with energies up to 80 keV and power levels up to 6
p Up to 5.2 T and 2.5
MA, respectively. Detailed descriptions of this period of TFTR operation with

MW. During this period TFTR was operated with By and I

an emphasis on confinement results are given elsewhere [5,6]; we briefly note

some relevant parameters of the discharges studied here.

The plasmas discussed here had a major radius of 255-259 cm and a minor
.radius of 82 cm. .A movable graphite blade limiter located on the large major
radius side of 'the plasma at one toroidal location was the primary limiter; as
a result, carbon was usually the dominant impurity species. The other
important low-Z impurity in the plasma was oxygen desorbed from both the
vacuum vessel walls and the limiter [7]. The quantity of oxygen present in a
given discharge depended upon how recently chromium gettering had been
performed [7], as well as the history of machine conditioning and plasma
operation. The discharge-cleaning techniques used to condition the vacuum
vessel, and 1its long-term clean-up due to plasma operation, have been
described by LaMarche et al. [8]. The vacuum vessel is stainless steel, with
Inconel cover plates located on the large major radius side of the torus near
the midplane to protect the vacuum vessel bellows from accidental contact with
the plasma. The small major radius wall of the vacuum vessel in the vicinity
of the midplane was covered with Inconel slats which served as a preliminary
inner bumper limiter. Although the plasmas discussed here were in direct
contact only with the movable limiter, the close proximity of the plasma
periphery to the Inconel inner -bumper limiter and the Inconel bellows cover
plates resulted in the major metallic impurities in the plasma being nickel
and chromium, the primary constituents of Inconel. Smaller amounts of iron
and titanium were also observed, the 1iron coming from the stainless steel
vacuum vessel and from the Inconel components and the titanium remaining from

a TiC coating previously deposited on the graphite limiter and removed before




the period of operation discussed here. Metallic impurities are believed to
enter the plasma primarily by sputtering of material deposited on the graphite

limiter during pulse discharge cleaning and disruptions [4].

Two co-tangential neutral beam injectors were used during this run
period. Each injector produced three independent beams which had different
tangency radii. The sources operated with a primary energy component of
approximately 80 keV. The beam energy distribution was fairly broad with
approximately half of the power at the full energy. The beam pulses were 0.5
sec long. For the discharges discussed here, both the injected species and

the target plasma were deuterium.

The primary spectroscopic impurity diagnostics on TFTR consist of two
grazing-incidence multichannel spectrographs for line emission measurements
and an array of filtered detectors used to measure the poloidal distribution

.of visible bremsstrahlung. radiation.

Impurity line emissions in the 100-1100 & range were observed using the
SPRED survey spectrograph'[Q], which has a radial line-of-sight in the plasma
midplane. A 450 g/mm grating, which covers the 100-1100 & range with 2 &
(FWHM) spectral resolution, was used. The detector is an image-intensified
1024-channel photodiode array. Detector integration times of 50-100 ms were
used. SPRED has been radiometrically calibrated over its entire wavelength
range using synchrotron radiation from the National Bureau of Standards SURF
IT electron storage ring [10], with an estimated accuracy of * 30%. A SPRED
spectrum of the 100-1100 & region during an ohmic TFTR discharge is shown in
Fig. 1. This discharge, which will be discussed in the following section as
an example of the data analysis procedure, had I, = 2.2 M4, By = 4.7 T, and a
line average electron density (ﬁe) of 3.6 x 1013 em=3 at 3.35 sec, the time of
the spectrum shown in Fig. 1. (Because the sensitivity of the instrument
varies by two orders of magnitude over the range 100-1100 A, the longer
wavelength lines of carbon énd oxygen are brighter than the short wavelength
metal lines.) As seen in Fig. 1, the 100-1100 & region contains many lines

from ionization states up to Lil-like of low-Z and metallic impurity elements.

The SOXMOS spectrograph [11] was used to observe line fadiation in the
10-320 & region. This 2-meter grazing-incidence (88.5° angle) instrument
utilizes a 600 g/mm grating and an image-intensified photodiode array detector
with typical integration times of 50-100 ms. The detector may be positicned



on the Rowland circle to observe a particular wavelength range during a
discharge. The instrument line-of-sight is radial and lies in the horizontal
midplane of the torus. SOXMOS was absolutely calibrated over most of its
wavelength range through a two-step process. The calibration in the 100-320 &
region was accomplished by transfer of the SPRED calibration during TFTR
discharges using lines from high ionization states of metallic impurity
elements, which have distributions that should be toroidally and poloidally
symmetric. Calibration points at 16 A and 28.5 & were obtained using the CVI
182 & - 28.5 & and OVIII 102 & - 16 & branching ratios. Recombination of
fully ionized carbon and oxygen due to charge exchange with thermal neutrals
can contribute significantly to the populations of the upper levels (n = 3) of
these transitions and result in excited state populations considerably
different from those expected from electron impact excitation from the ground
state. The branching ratios were, therefore, not exactly equal to the ratio
~of :transition probabilities and had to.be evaluated with the MIST impurity
transport code using thermal neutral densities calculated by the DEGAS code
[12] and the cascade-corrected charge exchange recombination rates of Fonck,
et al. [13]. As a result of this effect, the accuracy of the short wavelength
calibration is probably not better than 50%. The sensitivity at the
wavelengths of the important HI-like carbon and oxygen transitions, CVI 34 &
and OVIII 19 A&, was determined by linear interpolation. Figure 2 shows a
spectrum of the 15 - 36 A& region, which contains several resonance lines of HI

and Hel-like carbon and oxygen, from the example discharge.

Visible bremsstrahlung emission at 5235 & was measured using the HAIFA
diagnostic [14], which consists of a poloidal array of 18 detectors viewing
the region % 50° above and below the horizontal midplane of the torus and
allowing a view of the entire diameter of an 82 cm minor radius plasma. Each
channel consists of a telescope which views a chord through the plasma, a
fiber optic link between the telescope and detector, and a detector composed
of a pair of interference filters and a photomultiplier tube. The system has
been absolutely calibrated using a National Bureau of Standards calibrated
fungsten filament lamp. Zeff profiles were obtained from the smoothed and
Abel-inverted array data, n, and T, radial profiles obtained from Thomson
scattering measurements, a far-infrared laser interferometer system (ne), or
electron-cyclotron-emission measurements (Te), and the appropriate free-free

transition Gaunt factor [14]. A simpler "Z-meter" method of analysis in which




a Zeff averaged across the plasma diameter was obtained from data from one
" channel with a line-of-sight in the horizontal midplane was also used.
Because the Zops Profiles were approximately flat in the discharges discussed
here, this method yielded a Z,ps characteristic of the entire core plasma
volume. (Zeff profiles for ohmic- and beam-heated discharges are discussed in
section 1IV.) The Zgpp obtained by the Z-meter method is generally in
agreement with the central value obtained from the array data. For the
discharges discussed here, visible bremsstrahlung Zopp Mmeasurements were in
good agreement with those from neoclassical resistivity calculations and soft

¥-ray pulse-height analysis [15].

ITI. Impurity Transport Modelling and Sensitivity Analysis

The goal of the data analysis procedure is to obtain absolute densities
of all important impurity species present in the plasma, their contributions
to .Zgpp, -and “the power radiated by each impurity - element. For metallic
“impurities, these quantities are reliably obtained by MIST (Multi-Ionic
Species Transport) code [16] modelling of the measured line brightnesses. For
low-Z impurities such as carbon and oxygen, modelling of line brightnesses to
obtain impurity densities is unreliable because these elements are fully
ionized over almost the entire plamsa volume. As a result, low-Z impurity
line emission excited by electfon collisions originates primarily from the
plasma periphery (r/a > 0.8) and the scrape-off region, where Tgy nNg, the
thermal neutral density, and impurity transport and sources, which are
required by the code, are poorly known. However, it is possible to obtain the
carbon-to-bxygen density ratio by modelling the brightnesses of the 1s - 2p
transitions in the HI-like ions of these elements. The An = 1 transitions in
the LiI-like ions may also be used for this purpose. The principle of this
measurement is that the intensities of these lines are proportional to the
flux of impurity ions via the ratio of ionization to excitation rates [1];
assuming similar impurity transport, the ratio of carbon to oxygen fluxes in a
given ionization state is equal to the carbon-to-oxygen density ratio.
Absolute carbon and oxygen densities are then found from the measured Zeff by
subtracting the contribution of the metals and alloting the remainder to
carbon, oxygen, and deuterons according to the measured -carbon-to-oxygen
density ratio. The power radiated by oxygen and carbon is obtained by using
MIST to model the resulting carbon and oxygen densities. Since these radiated



power calculations are sensitive to the edge plasma parameters mentioned
above, the spectroscopic total radiated power is checked for consistency with
bqlometer-radiated power measurements. Following a brief description of the
MIST code (see ref. 16 for details), analysis of the data shown in Figs. 1 and

2 is given as an example of these procedures.

For a given impurity element the MIST code solves the impurity continuity

equations

an
EEQ = n/t + S

-1 3 i
- ar (rrq) + Iq_1 g1 - (Iq + Rq)nq + Rq+1nq+1 - ng/14 q’ (1)

where the index g, which runs from zero to the nuclear charge of the element,

indicates the ionization state of the impurity. T, is the radial particle

q
flux density, Ny is the particle density, Iq is an ionization rate, Rq is a
recombination rate, 1. is a confinement time describing parallel loss to the

q .
limiter -of ‘ions 'in the 'scrape-off region of the plasma, .and Sq describes the

impurity volume source (usually S, = 0 for q # 0). Electron impact ionization

together with radiative, dielectgonic, and charge exchange recombination are
included. Except for the neutral impurity deposition calculation, impurity
density radial distributions are assumed to be poloidally and toroidally
symmetric.

Measured T, and ng profiles and calculated thermal and beam neutral
particle energies and densities are input into the code. Depending on the
time during the discharge to be analyzed, T, prbfiles are taken from
measurements by Thomson scattering or one of two electron-cyclotron-emission
diagnostiecs: the Michelson interferometer - (2uw,,) or the fast scanning

radiometer (w and n_ profiles are obtained from Thomson scattering or a

ce)’ e -

far-infrared laser interferometer (MIRI). The profiles are smoothed and
symmetrized before input into MIST. The thermal and beam neutral data are
calculated using the time-independent, snapshot radial-profile analysis (SNAP)
code [17]. For the example discharge, Fig. 3 shows the T, profile from

Thomson scattering and the ng profile from MIRI at 3.35 sec.

rq is taken to have the form

-Dan _(r)

Ty = _Eg— + v(r‘)nq(r‘), ' (2)




where D is a diffusion coefficient assumed to be constant as a function of
minor radius, and v(r) is a convective velocity. For simplicity, D and v(r)
are assumed to be the same for all ionization states of the impurity
element. D is usually taken to be 104 cmz/s, a value obtained in MIST
modelling of emissions from germanium injected into TFTR discharges similar to
those discussed here [18]. The intrinsic impurity analysis 1is usually

insensitive to the exact value of D used in the model.

The convective velocity is parameterized in one of two ways [19]:

v(r) = -c, gg r/a, or (3)

D aln[ne(r)]
v 1
ar

vir) = ¢

(4)

where Cy is a constant parameter which is related to the degree of central
- peaking of -the -impurity density profile. For equilibrium solutions to

equations (1) (8n,/3t = 0 for all q), v(r)/D is simply related to the shape of

n,(r), the total gmpurity density profile (nz = g=1 nq) in the source/sink-
free plasma region [19]. Since D is assumed to be constant, the shape of this
tfansport equilibrium impurity density profile is determined by the functional
form of v(r). If equation (3) is used, n,(r) has the shape of a gaussian to
the ¢, power. If equation (4) is used, n,(r) has the shape of ne(r)cv. For

most of the present work, equation (4) was used with ¢, equal to one, i.e.,

v
the total impurity density profile was assumed to have the shape of the
electron density profile. The flat Zopp bProfiles measured in discharges
similar to those discussed here and the metallic impurity modelling described

below support thistchoice.

A simple neutral impurity model is used to provide a source of singly
ionized impurity atoms in equations (1). Monoenergetic mneutral atoms are
launched from a speéified source radius with an inwardly directed velocity and
are ionized by electron impact. The scrape-off region T, and ng profiles are
specified by scale lengths for these parameters whose values are estimated
from probe measurements in similar discharges [20]; typical values were 2 cm
for the n, scale length and 6 cm for the T, scale length. The scrape-off
region parallel confinement time, t, in equations (1) is parameterized as

xZ/D, where A is a scale length which determines the effective distance of the
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particle sink from the limiter radius [19]. X was assumed to be 5 cm in the

present work.

For metallic impurities and carbon, the source radius is assumed to be
the limiter radius, 82 cm, while for oxygen it is assumed to be the wall
radius. Since the plasma is not centered in the vacuum vessel, the wall
radius is not unique, and a value of 90 cm is used in the code. The use of a
larger value does not produce significantly different results because ng and
Te are small at minor radii larger than 90 cm. Chromium gettering experiments
indicate that approximately equal amounts of oxygen are produced at the
limiter and vacuum vessel walls [7]. The neutral particle initial energy is
taken to be 1 eV. The values of the edge parameters significantly affect the
results only for the lowest ionization states, particularly those existing in
the scrape-off region. This is one reason why emissions from the HI-like
ionization states of carbon and oxygen, which originate inside the limiter

‘radius, are preferred for measurement of the carbon-to-oxygen density ratio.

Once the radial distributions of the ionization states of an element have
been calculated by solution of equations (1), the brightnesses of the observed
lines are calculated using the coronal assumption of excitation of the upper
level of a transition by electron impact and de-excitation by radiative
decay. The electron-impact excitation rates of Mewe [21] are typically used;
where possible, the accuracy of these rates is checked by comparison with more
sophisticated calculations. For the 1sé2p transitions of CVI and OVIII,
population of the n a 2 level due tb cascading from higher n levels populated
by thermal neutral and, where applicable, beam-neutral charge exchange
recombination is included [13].  Total radiated power losses are calculated
using radiative cooling rates calculated for each charge state [22] combined
with the transport equilibrium ionization balance from equations (1). The
calculated line brightnesses are then compared with the measured values and,
if necessary, ey is wvaried until the ratio of calculated and measured
brightnesses for all observed lines agrees.

Tables I and II show the results of the metallic impurity analysis for
the example discharge. The nickel and chromium lines used are listed in Table
I along with their measured and calculated brightnesses. Because iron and
titanium densities are measured to be considerably lower than those of

chromium and nickel, these elements are usually not considered in the
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analysis. The lines emitted by the Mgl-, Nal-, Bel-, and LiI-like ionization
states were chosen because they are strong and because the relatively simple
atomic structure of these ions (one or two electrons outside a closed shell)
allows reliable calculation of the electron impact excitation rates. The
NiXXV 118 A line is blended with strong lines of NiXXII and NIXXIV, and based
on calculated relative intensities of the lines [23], the measured brightness
of this blend at 118 & is multiplied by 0.6 to obtain the brightness of the
NiXXV 1line. The CrXXI 150 A line (Bel-like) was not used because it is
blended with the bright OVI 150 A line. In high density discharges the
metallic impurity lines are weak compared to the low-Z impurity lines and some
of the lines become blended with carbon and oxygen lines; in such instances,
these lines are omitted from the analysis. The calculated brightnesses in
Table I assume the central impurity densities given in Table II: 1.1 x 109
em™3 for Ni and 9.0 x 108 em™3 for Cr.

The convective 'velocity was taken' to have the form of equation (4) with
¢, = 1.0, yielding constant metallic impurity concentration (fraction of ne)
profiles. Brightnesses of nickel lines emitted from significantly different
radii provide a constraint on the shape of the metallic impurity density
profiles. Figure 4 shows the calculated radial distribution of the higher
ionization states of nickel for the example discharge. The NiXXV and NiXXVI
lines are primarily emitted from minor radii less than 40 cm, while the NiXVII
and NiXVIII lines are emitted from the region between 65 cm and 75 em. As
seen in Table I, the measured and calculated brightnesses of lines from all
these ions agree well, within 35% or better; thus, the assumption that the
nickel concentration profile is flat is approximately correct. The same
procedure is used in the chromium analysis. In general, a flat metallic
impurity concentration’prdfile gives good agreement between the measured and
calculated line brightnesses. Table II shows that metallic impurities

contribute little to Z,pp and the total radiated power.

As mentioned earlier, MIST is also used to infer the central carbon-to-
oxygen density ratio from ratios of measured brightnesses of aAn = 1
transitions in the HI- and LiI-like ions. A study was made to determine the
sensitivity of this measurement to values of various plasma parameters and
transport parameters which are input into the code (see, also, the discussion

of Hawryluk et al. [2U4]). The results are summarized in Table III, where
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brightnesses of several An = 1 transitions in the HI- and LiI-like ions of
carbon and oxygen, CVI 34 &, OVIII 19 &, CIV 384 &, and OVI 173 &, calculated
for the example discharge are listed.  Central concentrations of both

impurities were assumed to be 0.1% of n,(0). Also listed are the CVI 34 &/0VI
19 & and CIV 384 A/0VI 173 X brightness ratios. The reference values were
calculated using the nominal values of the plasma parameters for the
discharge. The value of each parameter was independently increased and
decreased by a factor of two. The following parameters were varied: the
neutral impurity atom source energy, the source minor radius, the scrape-off
layer T, and n, scale lengths, i, D, ¢y, the thermal neutral density, Tgy Ng,
the ionization rates, and the recombination rates. The variations in T, and
n, were intended to simulate uncertainties in the edge values of these
parameters, not in the values for minor radii less than approximately 70 cm,
which are well known. Table III shows that, although the brightnesses change
significantly as ‘these .parameters .are .varied,  the "brightness ratios are not
strongly affected. This is particularly true for the CVI 34 &/0VIII 19 A
ratio, which varies by less than 50% from the reference value. Because these
lines are emitted from inside the limiter radius, this ratio is not as
sensitive to variations of the edge parameters as the CIV 384 &/0VI 173 &
ratio. Note that if the latter ratio were calculated assuming a carbon source
radius of 82 cm and an oxygen source radius of 90 em, its value would be
smaller by a factor of two. This represents the situation of the limiter
being the carbon source and the wall being the oxygen source. The final
experimental uncertainty in the carbon-to-oxygen density ratio deduced from
the HI-like line brightnesses is approximately a factor of two: 50% from the
modelling and 50% from the uncertainty in the relative sensitivity of SOXMOS
at these short wavelengths.

Table IV shows the results of the low-Z impurity analysis for the example
discharge.  Central impurity densities of 0.1% ng,(0) were assumed in
calculating the line brightnesses. For either the HI- or Lil-like ions, the
ratio of brightness ratios listed in the far right-hand column is the central
‘carbon-to-oxygen density ratio. This ratio is 10.3 using the HI-like ions and
is 8.6 using the average of the values from the Lil-like ions. These
measurements generally agree within a factor of two; when the discrepancy is
significant, the more reliable value from the HI-like ions is used.

The central carbon, oxygen, and deuteron densities were obtained from the
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.carbon-to-oxygen density ratio, the metallic impurity densities, Zopgpy and
ng(0). The results given in Table II were calculated using the carbon-to-
oxygen density ratio from the HI-like ions. The carbon and oxygen
concentrations obtained by modelling the line brightnesses directly were lower
than these values by a factor of approximately 2.5 and were clearly
inconsistent with the measured Z, pp. Table II shows that carbon was the major
contributor to Lopp In this discharge, and that, as a result of dilution of
the working gas by impurities, the deuteron concentration was 72%. Because
the contribution of carbon to the total Zeff was4greater than or equal to that
of oxygen in the discharges considered here, the deduced oxygen densities were
more sensitive than the carbon densities to uncertainties in the carbon-to-
oxygen density ratio. Since this ratio was not measured to better than a
factor of two, the absolute oxygen densities were uncertain by approximately
this amount in many cases. ' -

‘The 'central radiated. power density and .the total power radiated by carbon
~and oxygen obtained from MIST modelling are given in Table II. The total
radiated power measured by spectroscopy was 640 kW, in excellent agreement
- with the bolometer measurement of 705 kW. Spectroscopic and bolometric
radiated power profiles are compared in Fig. 5. The spectroscopic profile
includes contributions from carbon, oxygen, nickel, and chromium. Agreement
is quite good. The radiated power profile was hollow, as expected when carbon
and oxygen are the major impurities. It is interesting to note that the
central radiated power density was primarily due to carbon and oxygen
radiation; low-Z impurity densities were sufficiently higher than those of
metallic impurities that bremsstrahlung from electron collisions with low-Z
impurities dominated line emission from metallic impurities in the plasma
core. (By comparison, bremmstrahlung emitted by electron-deuteron collisions

yielded 1.1 mW/cm3 radiated power on axis.)
IV. Impurity Behavior in Neutral-Beam-Heated and Ohmic Discharges
1. Time Evolution During a Neutral-Beam-Heated Discharge

This section examines the time evolution of Zeff’ impurity densities, and
radiative losses during a beam-heated discharge. Figure 6 shows the time

evolution of ﬁe during a discharge with 5.6 MW beam power, I, = 2.2 MA, and By

p
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= 4.7 T. Beam injection started at 2.8 sec and ended at 3.3 sec; fiy rose from
3.1 % 1013 cm'3 at 2.75 sec, immediately before beam injection, to 4.6 x 1013
em™3 at 3.25 sec, just before the end of beam injection. The density rise
with beam injection was due to beam particle fueling [5]; its magnitude
increased with beam power. Zeff from the Z-meter analysis decreased from 3.6
before beam injection to 2.8 at the end of the beam pulée; this decrease was

almost proportional to the N, rise, indicating little or no change in the

e
dominant impurity density with beam injection. Figure 7 shows the Z pp
profile from this discharge at 3.25 sec; also shown is the Zopr profile from
e+ Within the accuracy of the
measured by Thomson scattering,

an ohmic discharge at the same Ip, By, and n
Abel inversion procedure and the peripheral ng
the profile was flat in both cases.

Line emissions from all impurity species increased with neutral beam
injection, as shown by the time evolution of the brightnesses of several lines
~shown .in -Fig. 8. | The “brightnesses of the CVI and OVIII 1lines rteached
approximately constant levels before the end of the beam pulse, while those of
the metallic impurities increased' throughout the beam pulse. These line
brightness increases were due to a combination of changes in impurity

densities, n,, T,, and beam and thermal neutral densities.

er “e

Impurity densities before and during beam heating in this discharge are
shown in Table V. Metallic impurity densities increased by more than a factor
of two with beam injection; such an increase is always seen on TFTR. However,
the total metallic impurity concentrations were small, approximately 0.01%
both before and during beam heating, and made negligible contributions to the

total Zeff .

The carbon-to-oxygen density ratio rose from 6.5 before beam injection to
10.0 during the beam pulse. There was little change in the carbon density
with beam injection. As shown in Table V, the oxygen density decreased
slightly with beam injection; however, in light of the previously discussed
uncertainties, the data were also consistent with no change in the oxygen
density. The carbon and oxygen concentrations during beam heating were 5% and
0.5%, respectively. Thus, it is clear that carbon was the dominant low-Z
impurity both before and during beam injection, and changes in low-Z impurity
densities with beam injection were small. As é result of the n_, rise, the

e
central deuteron concentration rose from 54% before beam injection to 66%
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during beam injection.

The total radiated power measured by bolometry rose from 780 kW before
beam injection to 1900 kW during beam injection, an increase of a factor of
2.4. The total radiated power before beam injection was 50% of the ohmic
input power and the total radiated power during beam injection was 30% of the
total input power. The total radiated power during beam injection obtained
from spectroscopy was 1400 kW, in reasonable agreement with the bolometer
measurement. Of this, 195 kW was due to metallic impurities, 367 kW to
oxygen, and 838 kW to carbon. Thus, radiative losses both before and during
beam heating were primarily due to low-Z impurities, particularly carbon.
This is consistent with the observation that the bolometer radiated power
profileé were hollow before and during beam heating.

In this context, it is useful to examine the effects of beam-neutral
~charge-exchange . recombination on line brightness-.calculated by the MIST code
‘and, as a result, on the inferred impurity densities and radiative losses.
The code calculations for this discharge were done omitting as well as
including beam-neutral charge-exéhange recombination. The calculated metallic
impurity line brightnesses and radiative losses were the same in both cases.
The calculated ratio of the brightness of the CVI 34 X line to that of the
OVIII 19.0 A 1line increased by 15% when beam-neutral charge-exchange
recombination was omitted; as a result, the carbon-to-oxygen density ratio
inferred from the data would change by the same amount. The power radiated by
oxygen and carbon decreased by 5%. Similar results were obtained for the
other beam-heated discharges discussed in this paper. Thus, the effects of
beam-neutral charge-exchange recombination were not an important source of
uncertainties in impurity densities and radiative losses for the discharges

discussed.
2. Comparison of Ohmic and Neutral Beam Density Scans

Because neutral beam injection is accompanied by an electron density
rise, it is important to separate the changes in Zeff’ impurity densities, and
radiative losses due to beam injection from those caused by the density
rise. This is especially important because the mechanism for the density
increase, central beam fuelling, is considerably different from gas puffing at
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the plasma edge, and thus may result in different impurity production rates.

scans in ohmic- and beam-

This section compares impurity measurements in ﬁe

heated discharges.

Figure 9 shows the variation of Z,pe with fi, for a series of ohmically-

e

heated discharges at Ip = 2.2 MA and Bp = 4.7 T following chromium

gettering. The decrease of Zopp With increasing ﬁe has been observed in ohmic
TFTR discharges at lower Ip and By [#] and indicates a decrease in the
dominant impurity concentration. Also shown in Fig. 9 are values of Zopp from
a series of discharges at the same Ip and Bp which had 4-5 MW beam heating.

Zeff in these plasmas also decreased with increasing N, and was larger at a

e
given ﬁe than in the ohmic discharges, indicating larger impurity
concentrations. To gain more insight into these changes in Zeff’ it is

instructive to examine the variation with fn_ of the densities of the major

e
impurity species individually.

Figures 10a 'and 10b show the central nickel and chromium densities in the
ohmiec and beam density scans. In both cases, metallic impurity densities

decreased with increasing fi, [4]. Although there is scatter in the data,

e

metallic impurity densities at high n_ were larger by a factor of ~ 2 in the

e
beam-heated discharges than in the ohmic ones. Since a fi, rise of the size

e
caused by beam injection would decrease metallic impurity deﬁsities, these
scalings indicate an increased metallic impurity influx during beam heating.
However, the contribution of metallic impurities to the total Z_pp continued
to be negligible over the entire range of ﬁe in both cases. The decrease in
metallic impurity densities with increasing ﬁe was probably due to a decrease
in edge electron temperature and, as a result, in sputtering yield [25]. The

larger metallic impurity densities at high n_, in the beam-heated discharges

e
may be explained by higher edge electron temperatures in these discharges than
in ohmic ones, as observed by probe measurements [26]. The limiter
temperature also increased with beam injection, from 1200°C with ohmic heating
only to 2000°C at 5.6 MW beam power [27]; it is therefore also possible that
the increased metallic impurity influx was due to increased evaporation of

metal deposited on the limiter.

The carbon-to-oxygen density ratio in these discharges, shown in Fig. 11,

decreased with increasing fi, in both the ohmic- and beam-heated discharges,

e
and at a given density was somewhat larger in the beam-heated discharges.
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Figure 11 shows that carbon was the dominant low-Z impurity at low fig: the

e to 1-2

Because metallic impurity densities were small, the impurity

carbon-to-oxygen density ratio ranged from approximately 10 at low h
at high ﬁe.
contribution to Z,pp was due primarily to carbon at low densities and to
approximately equal amounts of carbon and oxygen at high densities. The
carbon and oxygen densities in these discharges are shown in Figs. 12a and
12b. Like the metallic impurities, the carbon density decreased with
increasing ﬁe in both ohmic- and beam-heated discharges. However, the carbon
density decreased at a slower rate than the metallic impurity densities. The
carbon density in the beam-heated plasmas was larger than in the ohmic ones by
a factor of two to three at all electron densities. This behavior is
consistent with the lack of a change in the carbon density before and during

beam injection in a single discharge: the fi, rise with beam injection tended

e
to decrease the carbon density, but the transition from ohmic to neutral beam
heating .caused an additional “influx of .carbon. A study of .carbon production
in TFTR by Ramsey et al. [28] showed that, in addition to sputtering of carbon

by deuterons, sputtering by carbon and oxygen were important nechanisms of

carbon production. As seen in Fig. 12b, the oxygen density showed a
qualitative difference: it rose with increasing ﬁe in both the ohmic- and
beam-heated discharges. The primary oxygen source was probably ion and
neutral-particle-induced desorption from the walls and 1limiter. Since

desorption yields have a weak energy dependence above the threshold energy
[25], the oxygen behavior could be explained by an increase in the particle

flux to the walls with increasing n Within the scatter in the data in Fig.

e-
12b, there was no difference in the oxygen density in the ohmic- and beam-

heated plasmas.

Measurements of total power radiated by these plasmas as determined by
bolometry and deducedvfrom spectroscopy agree reasonably well, as can be seen
in Fig. 13. The radiated power increased gradually with ﬁe in both the ohmic-
and beam-heated plasmas and was higher at a given ﬁe- in the beam-heated
discharges. Metallic impurities contributed 50 kW or less to the total
radiated power in the ohmic plasmas and 100 kW or less in the beam-heated
discharges; the radiative losses were, therefore, due almost entirely to
carbon and oxygen. This may be seen in Fig. 14 where the contribution of each
impurity species to the total radiated power in the ohmic ’ﬁe scan 1is
vplotted. The contributions of carbon and oxygen to the total radiated power
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varied strongly with n : at i, = 3.6 x 1013 em=3 carbon radiated 620 kW and
oxygen radiated 260 kW out of a total of 930 kW measured by spectroscopy, and
at ﬁe g 5.4 x 1013 em™3 carbon radiated 300 kW and oxygen radiated 950 kW out
of a total of 1270 kW. Thus, radiated power losses were primarily due to
carbon at low densities and to oxygen at high densities. The larger radiated
power in the beam-heated discharges than in the ohmic ones was due to
increased impurity densities, particularly carbon, and to broader density
profiles in the beam-heated discharges. However, radiation was not the
dominant mechanism of global energy loss from these plasmas: in the ohmic
discharges the fraction of input power radiated ranged from 30% at Ng =
3.6 x 10'3 em~3 to 50% at ﬁe = 5.4 % 1013 cm'3; in the beam-heated plasmas the
radiated power fraction did not vary within the scatter of the data and was

25-35% for all discharges in the density secan.

Given that the major impurities were low-Z and hence, radiative losses in
the 'core:plasma were negligible, the major effect of impuritfies on core plasma
condition was dilution of the plasma working gas at fixed electron density.
Such dilution can be detrimental to the plasma reactivity. Figure 15 shows
the deuteron concentration on axis in the ohmie- and beam-heated density
scans. In ohmically-heated plasmas the deuteron concentraton changed from 70%
at i, = 3.6 x 1013em=3 to 85% at fig = 5.5 % 1013cm‘3; in beam-heated
discharges the deuteron concentration rose from 50% to 80% over the same
density range. For both ohmiec- and beam-heated plasmas, the deuteron dilution
was greatest at low 1

Because Z,pp was higher at a given n, in the beam-

e* e
heated discharges than in the ohmic ones, the deuteron concentration was lower
in the beam-heated discharges. Although the dilution decreased with ﬁe, the
net reactivity of the plasma was still reduced by aproximately U40%, all else

beiﬁg equal, at the highest densities achieved.

3. Variations with Neutral Beam Power
This section presents impurity measurements before and during beam

heating in a series of discharges with I, = 2.2 M4, By = k.7 T, and beam power

p
ranging from zero to 5.6 MW. (The discharge discussed in section IV.1 was

part of this scan.) In these discharges the beam pulse lasted from 2.8 sec to
3.3 sec; measurements before beam injection were made at 2.75 sec -and those

during beam injection at 3.25 sec. The n_ at the end of the beam pulse was

e
held constant at ~4.6 x 10'3 em™3 for all discharges in the scan by adjusting
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the pre-injection i Because the density rise with beam injection was larger

e-

at higher beam power, n_ before beam injection was lower in the higher beam

e
power discharges. The pre-injection f

e
ranged from 4.2 x 10'3 em™3 at 1.2 MW beam power to 3.1 x 1013 em3 at 5.6

MW. A discharge with ohmic heating only was also included in the scan.

in the discharges with beam injection

Figure 16 shows Zopp before and during beam injection in these
discharges. Zeff before beam injection ranged from 2.0 to 3.6 and was larger
in the discharges with higher beam power due to their lower pre-injection
ﬁe. As previously discussed, the Z,pp drop with beam injection was primarily

due to the ﬁe rise. Zeff during the beam pulse rose from 2.0 to 2.8 as the

beam power increased from zero to 5.6 MW: because fi, was constant, the average

e
impurity density increased with beam power.

Central nickel and chromium densities before and during beam heating are
.shown in Figs. .17a .and 17b. .Again, metallie ‘impurity concentrations were
-small in all of these discharges, less than 0.01% of n (0). Metallic impurity
densities were larger during beam injection than before it, and increased with

beam power. Because the pre-injection fi, was lower in the higher beam power

e
discharges, metallic impurity densities before beam injection were somewhat

higher in the higher power discharges.

Figure 18 shows the carbon-to-oxygen density ratio before and during beam
' injection. Carbon was the major impurity contributor to zeff’ both before and
during beam injection, in almost all of these discharges. The carbon-to-
oxygen density ratio before beam injection was larger in the plasmas with

greater beam power; because the pre-injection fi, decreased with beam power,

e

this is consistent with the #, scaling of the previous section. With one

e
exception, the carbon-to-oxygen density ratio in a given discharge was larger
during beam injection than before it; the difference was always a factor of
two or less, and did not vary systematically with beam power. The carbon-to-

oxygen density ratio during beam injection increased with beam power.

Figures 19a and 19b show the central carbon and oxygen densities before
and ddring beam injection. During a particular discharge, the central carbon
density was not different before and during beam injection. The pre-injection
carbon density was larger in the lower initial density, higher beam power

discharges, consistent with the n scaling discussed in the previous

e
section. The carbon density during beam heating increased with beam power.
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The pre-injection oxygen density shown in Fig. 19b was not signifiecantly
different for discharges at different beam power levels and hence different
pre-injection electron densities. This is consistent with the oxygen density
scaling with fi, over the range 3.1 x 10'3 em™3 to 4.2 x 10'3 en™3 shown in
Fig. 12b. Fig. 19b also shows that the oxygen density during beam injection
did not change significantly with beam power. In a given discharge, the
measured oxygen density during beam injection was lower in almost all cases
than the measured oxygen density before injection. The explanation for this

behavior is not clear.

Figure 20 shows the total power radiated during neutral beam injection as
measured by bolometry and spectroscopy. As in the ﬁe seans, the two
measurements are in reasonable agreement. The total radiated power measured
by bolometry increased with beam powér from 1120 kW with ohmic heating only to
1950 kW at 5.6 MW beam power. The total radiated power before beam injection
‘measured by bolometry did not vary significantly and was in the 750-1120 kW
range. Also shown in Fig. 20 is the power radiated by nickel and chromium,
which rose from 90 kW with ohmic heating only to 200 kW at 5.6 MW beam power;
thus metallic impurity radiation was a small part of the total radiated
power. As shown in Fig. 20, the power radiated by carbon was larger than that
radiated by oxygen for all discharges in the scan. Thus, the radiated power
increase with beam power was due primarily to the increase in carbon density
with beam power. Because this increase in radiated power was less rapid than
the increase in input power, the fraction of input power radiated decreased
from 50% with ohmic heating to 30% at beam powers greater than 3 MW. (The
ohmic heating power dropped from 2.0 MW with ohmic heating only to 1.3 MW at
5.6 MW beam power.)

The deuteron concentration in these plasmas is shown in Fig. 21. As a
result of lower pre-injection Z,rp, the deuteron concentration before beam
injection was larger in the lower beam power plasmas, in agreement with the

deuteron concentration scaling with fi, shown in Fig. 14. In a single

e
discharge the deuteron concentration was larger during beam injection than
before injection as a result of the Zepp drop with beam injection. The
deuteron concentration during beam injection decreased with beam power from -

85% of ng(0) with ohmic heating to 65% with 5.6 MW beam power.
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V. Summary

Measurements of extreme UV line intensities and of the visible continuum
coupled with an impurity transport code aliow quantitative spectroscopic
measurements of impurity Dbehavior in individual discharges. While
uncertainties in such measurements have a number of causes, especially in the
case of low-Z impurities in high temperature plasmas, reasonably simple
transport models and careful evaluation of the sensitivity of the results to
model assumptions allow detailed measurements of Zeff’ impurity densities, and

radiative losses.

An in-depth documentation of impurity behavior in ohmic- and beam-heated
discharges (L-Mode energy confinement) with Ip = 2.2 MA, By = 4.7 T, and beam
power up to 5.6 MW revealed several general trends. Lepp during beam
injection dropped from the pre-injection level due to an increase in plasma
density by -beam fuelling, while ‘the density .of the dominant impurity species,
carbon, did not .increase significantly. . Although metallic "impurity densities
rose somewhat during beam injection, their concentrations and radiative losses
from them were negligible. The densities of carbon and the metals dropped
with inecreasing ﬁe, while the oxygen density increased. As a result, radiated
power losses in ohmic plasmas were primarily due to carbon at low ﬁe and to
oxygen at high ﬁe. With beam heating, carbon tended to dominate the radiative
losses. While carbon and metal densities increased with beam power, the
oxygen density showed 1little wvariation. Since metallic impurity
concentrations were negligible, the radiated power profiles were hollow in all
cases. The total radiated power ranged from 50% with ohmic heating to 30% for
beam power levels of 3-5.6 M. Finally, both quantitative line intensity
modelling and radially resolved Z,pp measurements showed no evidence of
central impurity accumulation in TFTR plasmas with ohmiec heating or co-

tangential beam injection.

In light of these results, it appears that the primary role of impurities
in these discharges with moderate beam power was the modification of edge
plasma conditions due to peripheral radiation from low-Z impurities and, in
the plasma core, reduction of the plasma reactivity through fuel dilution.
Although the former effect may be beneficial in providing a cool plasma edge,
the latter effect is potentially detrimental. At 5.6 MW beam power, the

central deuteron concentration was already down to 70% of ne(O), resulting in
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a factor of two loss in potential plasma neutron production. Also, the slow
rise in Z,pp seen with increasing beam power points to increasing plasma
dilution at higher beam power levels. Diagnosis and control of low-Z impurity
production in TFTR will, therefore, continue to be a subject of considerable

importance.
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TABLE 1.

Metallic Impurity Analysis for Example Discharge

Measured Calculated Brightness
Ion A (&) Brightness¥ Brightness#* Ratio
NiXVII 249 2.8 .2 0.88
NiXVIII 292 .3 N 0.74
NiXVIII 321 .5 1.7 0.88
NiXXV 118 2.5 2.8 0.89
NiXXVI 165 3.6 2.8 1.29
NiXXVI 234 1.9 1.4 1.36
CrXIII 328 0.75 1.1 0.68
CrXIV 389 1.1 1.1 1.00
CrXIV 412 0.51 0.58 0.88
CrXX1I 223 2.7 2.4 1.13
CrXXII 280 1.4 1 1.17

2

* (1013 photons/sec-cm“-sr)
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TABLE IT.

PLASMA COMPOSITION IN EXAMPLE DISCHARGE

Central Central Total
Element Density Concentration Zopp Prag(0)  Prag
c 1.9x10%% em=3 o0.o042 1.48 4.7 mW/em3 416 kW
0 1.9 x 10 0.0041 0.26 1.2 180
Ni o 1.1 x 109 2.4 x 1072 0.014 0.5 30
cr 9.0 x 108 2.0 x 1072 0.009 0.2 14
D 3.3 x 1013 0.72 0.72 1.1 -

Total 2.48 7.7 640

Measured 2.50 9 705



TABLE ITI

Calculated Carbon and Oxygen Line Brightnesses

= 2] = w1 ~ ~ ~ ~ 23] m = =
0w tefed 5 § 8 8 § B 8 2 %
S By Bo YA~ < <X <X = S B85 845 B4%
. S5 g ow ss 82 gg o< < < <, @2 R0 ER S
S . 'AEAE" poopn mC EC &5 eS & &Y 80 F
~ ~ N o o~ [ B ~ ~ ~ H W . . . . . . bw)
H.c o § 5 EHEEETEg 9§ 0§ § HBES 4 4n4 4 4 4 2 Ep B0 EF
2% £ 3 38 B E B o e e Do BES5EScBcfe d ¢ ¢ EBEBE GE GF
3 A& A S B B 28 &8 & & & & s vl v v w w o« EE A5 EA BB
CVI 344 1.2 1.5 0.96 0.57 1.8 1.4 1.0 0.72 1.9 3.2 0.450.91 1.7 1.2 1.2 113 1.2 1.2 2 1.1 1.1 1.2 1.5 1.0
OVIIT 198 1.7 1.9 1.4 0.97 2.1 2.2 1.3 0.95 2,8 5.0 0,56'1.1 2.7 1.6 1.7 1.6 1.7 1.6 1.6 1.6 1.6 1.6 1.6 2.0 1.4
VL3 0.71 0.79 0.69 0.59 0.86 0.64 0.77 0.76 0.68 0.64 0.80 0.83 0.63 0.75 0,71 0.69 0.76 0.75 0.75 0.75 0.69 0.69 0.75 0.75 0.1
CIV 3848 0.37 0.72 0.19 0.08 0.79 0.38 0.37 0.19 0.74 0.89 0.15 0.24 0.64 0.37 1.2 0.24 0.63 0.36 0.41 0.46 0.26 0.25 0.47 0.38 0.37
OVI 1734 1.2 1.5 0.85 0.25 2.5 1.2 1.2 0,82 1.6 4,1 0.32 0.95 1.2 0.63 1.2 0.74 1.8 1.2 0.88 2.4 0.48 0.70 1.4 1.2 1.1
%%%—%%%% 0.31 0.48 0.22 0.34% 0.32 0,32 0.31 0.23 0.46 0.22 0.47 0.25 0.53 0.59 1.00 0.32 0.35 0,30 0.30 0.20 0.54 0.36 0,34 0.32 0.34
Brightness units: 1013 photons/sec—cmz-sr
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TABLE IV

Low-Z Impurity Analysis

Measured Calculated Brightness

Ion A (&) Brightnes;* Brightnesst* Ratio
CIv 384 2.1 0.37 5.7
CIvV 420 1.1 0.18 6.1
ovI 173 0.81 1.2 0.68
ovI 184 0.45 0.65 0.69
CvVl 34 18.0 1.1 16.4
OVIII 19 2.4 1.5 1.6

(1013 photons/sec~cm

2-sr)

t assumes 0.1% carbon and oxygen concentrations
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TABLE V

Central Impurity Densities Before and During Beam Heating at 5.6 MW

Density Before Density During
Element , Beam Heating Beam Heating
c 2.8 x 10"2%em™3 2.9 x 10"2cn=3
0 4.3 x 1011 2.9 x 10!

Ni 2.2 x 10° 4.7 x 109

cr 8.0 x 108 2.2 x 109
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FIGURE CAPTIONS

SPRED spectrum of 100-1100 & region from example discharge (Ip z 2.2
MA, Bp = 4.7 T, A, = 3.6 x 1013cm‘3) integrated for 0.1 sec. The
instrumental sensitivity decreases with increasing‘wavelength by two

orders of magnitude over the region shown here.

SOXMOS spectrum of 15-36 & region from example discharge integrated
for 0.1 sec.

Measured T, and ng, profiles at 3.35 sec in example discharge.

Calculated nickel ion radial distribution for example discharge.
(For clarity only the higher ionization states are shown.)

Spectroscopic and bolometric radiated power profiles for example
discharge.

Time evolution of ﬁe in a beam-heated discharge with 5.6 MW beam
power, Ip = 2.2 MA and Bg = b7 T.

Zeff profiles from discharges with 5.6 MW beam power and ohmic
heating only at Ip = 2.2 MA, By = 4.7 T, and fi, = 4.6 x 1013em™3,
Time evolution of impurity line brightnesses in a discharge with 5.6

MW beam power.

Zopp Scaling with A, in beam (4-5 MW) and ohmically heated discharges
with Ip = 2.2 MA and By = 4.7 T.

Central nickel (a) and chromium (b) densities in beam and ohmically
heated ﬁe scans.

Carbon density to oxygen density ratio in beam and ohmically heated

n_. scans.

e
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Central carbon (a) and oxygen (b) densities in beam and ohmically

heated ﬁe scans.

Total radiated power measured by bolometry and spectroscopy in beam-

heated and ohmic n_ scans.

e

Power radiated by each impurity element in ohmic Ng scan.

Deuteron concentration for beam and ohmically heated fi, scans.

Zopp before and during beam heating in beam power scan at Ip = 2.2 MA
and By = 4.7 T.

Central nickel (a) and chromium (b) densities before and during beam

~heating in beam power scan.

Carbon density to oxygen density ratio before and during beam heating

in beam power scan.

Central carbon (a) and oxygen (b) densities before and during beam

heating in beam power scan.

Total radiated power measured by bolometry and spectroscopy and
power radiated by metallic impurities, carbon, and oxygen during beam

heating in beam power scan,

Deuteron concentration before and during beam heating in beam power

scan.
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