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Absiract

Impurity transport has been studied in ohmic-~ and neutral-beam-heated
TFTR discharges by observation and numerical modeling of time evglutions
of emissions from germanium injected using the laser-biowoff method.
YUV spectral lines, the total radiated power, and soft x-ray intensities
are compared with code predictions in which the impurity flux is assumed
to have difiusive and convective terms. In plasmas with Ipzt.4 MA and

ng=25 % 1013 cm™3, ittle difference in transport between ohmic and
beam-hested discherges is observed. At |,=0.7 MA end Ng=1.0X 10 13

cm"s, a three-fold increase in the diffusion coefficient is found during
beam heating.
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1. Introduction

The effects of impurities on tokamak plasmas depend on the quantity
and distribution of the impurities in the plasma, which are determined
by 'mpurity transport processes as well as impurity sources. This paper
presents the initial results of impurity transport experiments in ohmic-
and neutral-beam-heated Tokamak Fusion Test Reactor {TFTR) plasmas.

2. Measurements and Modeling

An impurity transport code is used to modei the time evolution of
emissions from germanium injected into the plasma by the laser-blawoff
technigue (1]. Similar studies have been performed on a number of
tokamaks [2]. The laser-blowoff method of impurity injection is
described in detail elsewhere [3-5]. Germanium (Z=32) was chosen
because it is not fully jonized at the central electron temperature
{Tg(0)=2-5 keV) of the discharges under study. Germanium was injected

during che steady-state phase of the discharge, and two YUV
spectragraphs, SPRED [6] (x> 100 &) and SOXMOS [7] (A<100 &), were used
to observe tha time evolutions of the intensities of the following lines:
Ge XIV 112.9 &, Ge XV 117.3 3, Ge XXI 196.6 &, Ge XXII 226.5 &, and
Ge XXIX 92.8 A. Trensport code calculations show that for the plasmas
considered here the fractional abundances of these ionization states pesak
at locations spanning the entire plasms redius, from r=75 cin for GeX1V to
r=0 cm for Ge XXIX. The plasma was limited by a graphite blade limiter
located on the large major radius side of the torus; the major and minor
radiv were 82 cm and 253 cm, respectively. The spectrograph detector
integration time, which determines the time resolution of the
measurements, was 3.3 ms for SPRED and 50 ms for SOXM0S, (The
langer integration time used by SOXMOS was adequate to observe the
relatively slow time evolution of the Ge XXIX line.) The time evolution
of the total radiated power was measured using a wige-angle bolometer
system (10 ms time resoluticn) and the time behavior of the soft x-ray
(1-5 keV) emissions was observed using an array of silicon-diode
detectors with sub-millisecond time resoiution.



The MiST (Multi-lonic Species Transport) code [6] was used to mode!
the data The code 1s one-dimensional: impurity distributions are assumed
to be poloidally and toroidally symmetric inside the limiter radius. MST
zolves the set of coupled equations

g_;]q = ‘l %(rI'q) + Iq_‘nq_‘ - (Iq + Rq)nq + Rq+|nq+] - nq/tq + 5q. (1)
ror

The index g, indicating the ionization state, runs from zero to Z, the
nuctear charge of the element. l'q is the impurity flux density, "y s the

impurity density, lq ts the ionization rate, Rq is the recombination rate,
g is a confinement time describing paraliel loss to the limiter of ions
in the scrape-off region, and Sq describes the impurity source and

recycling. The recombination rates include charge-exchange processes due
to beam and thermal neutrals, in addition to radistive and dielectronic
processes. To and n, profiles meesured by Thomson scattering

immediately before injection are input into the code. The T, and n,

profiles in the scrape-off region are characterized by decay lengths
obtained from probe measurements [9] in similar TFTR discharges. The
injection process can strengly perturt the plasma edge; complications
arising from such perturbations are ignored in this preliminary analysis
and will be studied in detail Tater.

The irnpurity flux density is taken to have the form

I‘q = —D_ng(r) + vqnq(r). (2)
or
For cimplicity, impurity transport is assumed to be independent of
ionization state. D is a diffusion coefficient assumed to be constant as a
function of redius. The convective velocity is parameterized in one of two
¥ays:

v(r) = -c (2D/a)}r/e), or (3)

v(r) = ¢5 D 2lniny(r)), (4)
ar



where 213 thz minor radius of the plasma and ¢y and Cpare constants. In

q:l) for rea), assumed Tor intrinsic impurity analysis, the

shape of the lota) impurity density n,(r)=Z ng(r) is determined by v(r)/D.
Because D is assumed constant, v(r) determines the shape of n(r). (1
equation 3 is used, the eguilibrium nz(r) hes the form of a Gaussian to the
power ¢, if equation 4 is used, n,(r) has the shape of ny(r) to the power
5 [10,11] Both parameterizations were used in order to test the

sensitivity of the resuits to the chosen form. Both forms yield a v(r) that
is zero on axis and has 1ts maximum at Lhe plasma edge.
Egquation 4 with c2=t predicts equilibrium impurity concentrations that

equiltbrium (Z T

are cansiant as a funclion of radius, The flat Zapy Brofiles within r< 60

cm measured on TFTR {12] imply that intrinsic impurity (primarily carbon
and oxygen) concentrations are independent of radius. Also, equilibrium
MIST modeling of brightnesses of intrinsic nickel, chromium, aad iren
lines indicates that the concentrations of these impurities are constant as
afunction of radius [12]. It is therefore of interest in these initial
studies to consider models of the injected germanium date using equation
4 with o approximately equal to one.

The impurity source is assumed to be instantaneous and recycling is
2ero; the neutral germanium atoms are ionized near the limiter radius.
The scrape-off layer confinement time is assumed to be the same for all
ionization stales and is paremeterized by e scale length A4, according to

tq=ASDQJD. Agq represents the effective distance outside the limiter

radius of the particle sink.

The brightnesses of the observed lines and total radiated power as a
function of time are calculated from the radial distribution of the
jonization stales obisined from solulion of equations 1. D, Cy Orcoy, and

Agg represent a three-parameter transport modet and are adjusted to

give the best qualitative fit to the data. Bacause the iont2ation rates
are poorly known for germanium, their values vere varied over a limited
range {a factor of 0.5 or 2.0) around their nominal values [8]. The
calculations are insensitive to similar variations in the recombination
rates,



Z Transport in an Ohmically Heated Discharge

To provide a point of reference for comparison with gther cases and to
check the sensitivity of the results to the values of parameters assumed
in the model, transport in ohmically heated plasmas with 1p= 1.4 MA, By=40

T, 1g=25% 1013 cm™, and T5(0)=2.2 keV wes studied in detail. The data

were obtained in a series of 1dentical discharges. The global impurity
confinement time measured from the late part of the decay of the GeXKiX
line brightness, the totai radiated power, and the sofl x-ray signal was
~0.22 sec{1].

Sawteeth were present on the soft x-ray emissicns and on T,(0) from

glectron-cyclotron emission measuremants. Sawteeth were included in
the transport medel in a simple way by flattening the total impurity
density within a chesen mixing radius at the time of each sawteoth [13]
The T, and n, profiles were not chenged. The mixing redius was chosen to

be 1 4 times the radius of the q=1 surface [14], 27 cm in this case.

The time evalutions of the germanium emissions were first modeled
with D=1.0 X 104 cm2/sec, a convective velocity given by equation 3 with
€4=0.3, and Ag,=25 cm. The measured and calculated time evolutions of

the Ge X1V and Ge XXIX lines and the total radiated power are shown in
Figs. 1 and 2. The calculated and measured intensities were normalized
at the peak values. Because MIST does not calculate soft x-ray
emissivities, the soft x-ray data were modeted using the time evolution
of the total germanium density on axis for the decay time and the same
quantity at 30 cm for the rise time (Fig. 3). The soft x-ray signai is a
line average measurement; this procedure accounts for the variation in
the time behavior of the emissivity with radius in an approximate way.
(Sawteeth do not appear on the Ge XXIX line brightness because the
detector integration time was comparable to the sawtooth period.) The
peaking parameter c(=0.3 corresponds ta a convective velocity at the

limiter radius of approximately 75 cm/sec. Similar agreement between
the calculations and data was also obtained using a convective velocity
parameterized according to equation 4 with c,=0.3.
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A reasonable fit to the data was also obtained using D=1.0 X 109
cm/sec, ¢1=1.0, Agp=3 Ccm, and a multiplier on all the ionizaticn rates

of 0.5. A sirnilar fit was obtained with €,=0.75 in equation 4,

concistent with the intringic impurity results previousiy mentioned.
Either of these parameterizations of the convective velocity is
equivalent to a convective velocity of approximately 225 cm/sec at the
limiter radius.

The value of the convective velacity is not well determined in the
present analysis since, by varying the values of i, and the tonization

rate multipiier, good fits to the data can be obtained with different
values of the convective velocity. Hawever, a nonzero inward
convective velocity with a value of ?5-225 cm/sec at the limiter radius
gives the best fit to the present data. Less sensitivity is seen in the
determination of the diffusion coefficient, with different modeis
yielding approximately 1.0 X 10% cm2/sec. It is probabie that a radially
varying diffusion coefficient and/or » parameterization of the convective
velocity different from equations 3 and 4 could give equally good fits to
the data, and such possibilities are presently under study. The relative
intensities of the lines could provide another constraint on the diffusion
coefficient and the convective velocity. The above models did not yield
a good fit to the relative intensities of all the lines. A possible
explanation is that the calculated brightnesses of lines emitted by high
ionization states, such as Ge XXIX, are quite sensitive to the ionization
rates.

4. Comparison of Trensport in Beam- and Ohmically Heated Discherges

Figure 4 shows the time evolution of the Ge XXIX line for injection
into the neutral-beam-heated period of a discharge with Ip=1.4 MA end

Ne=2.2% 1013 cm™3, Tne duration of the 3.5 MW beam pulse was 05 sec,

and germanium was injected 0.2 sec into the pulse. Also shown infFig. 5 is
_ the time evolution of the Ge XXIX line from injection of the same quantity
of germanium into the ohmic pericd, 0.4 sec after the end of the beam
puise, of a similer discharge with Iy=1.4 MA, 1,=25% 10'3 cm™3, ana 3.8



My beam power. The rise and decay times of the signals are similar to
each other and to those in the ohmic discharge discussed in the preceding
section. This is also true for the other germanium lines, and the peak
intensilies of the lines are the same for injection during the beam puls2
and after it. (Because beam injection caused a significant rise in the soft
x-ray emission and radiated power in this case, it was not possible to
meagsure accurately the rise and decay times of these signals.) Thus, there
appears to be no dramatic difference in the transport in beam-heated and
ohmic discharges at I,=1.4 MA and ng=2.5 X 10 13 em3.

In the energetic-ion regime [15], 1;=0.7 MA and ng =1.0X 1013

cm'3, there is a difference in the time eyolution of the emissions from
the same amount of germanium injected into the beam puise and into the
ohmic period of the discharge. This is seen most clearly in the soft
x-ray signal from a detector with a chord height of 20 cm above the
plasma midplane shown in Fig. 5 for injection 0.2 sec into a 4.6 MW
beam puise and into the ohmic period, 0.4 sec after the end of the beam
pulse, of a simiiar discharge. The rise and decay times and peak
intensity of the signal are smailer by approximately a factor of three for
injecticn into the beam pulse compared to injection into the chmic
period of the discharge. The soft x-ray data can be used in this case
because the background decreases with beam injection. The rise and
decay times of the Ge XXI and Ge XXII line brightnesses are shorter by a
factor of approximately two for injection into the beam pulse, but have
the same peak values as for injection into the ohmic period of the
discharge, The brightness of the Ge XXIX line was toa smali for its rise
angd decay time to be reliably measured. The rise and early part of the
decay of the total radiated power and its peak value are the same for
injection into the beam pulse and into the ohmic period of the discharge.
Because the signal is weak later in time, it is not possible to measure
accurately the decay time, These observations show that the global
confinement time of germanium injected into the heam puise is shorter
than for injection wnto the ohmic pzriod of the discharge.

These differences in the rise ang decay times are fit by D=3,0 X 104
em2/sec for injection into the beam pulse and D=1.0. X 104 cm?2/sec for
injection into the otimic period of the discharge. A convective velocity
parameterized by cy=1.0 in equation 3 and 14,5 cm was used. It was



not possibie to fit the differences in the data by keeping D=1.0 X 104
cmé/sec and Agg=5 cm and changing the magnitude or direction of the

convective velocity.
The toroidal rotation velocity of the plasma during the beam pulse
measured by the Doppler shift of the Ti XXI K line was large,

_ approximately S X 107 cm/sec [15). Burrell of 2/ [16] and Stacey &f {
{17] have proposed modifications to neoclassical impurity transport
theory which predict that impurities could be expelled from plasmas
having large toroidai rotation veiocities. However, it is not clear that
the effects of rotation are seen in the present data.

3. Summary

Impurity transport in chmic- and beam-heated TFTR discharges has
been studied by MIST impurity transport code modeling of emissions
from germanium injected using the laser-blowoff technique. For ohmic-
ard beam-heated plasmas with [)=1.4 M and 1 =2.5 X 1013 cm>,

preliminary modeling of the transport indicates D=1.0 X 164 cm?/sec
angd v(a)=75-225 cm/sec. Similar transport is found during the ohmi.
period of discharges with 1,=0.7 MA and fig=1.0 X 1013 cm™3. However,

during beam heating in these discharges (energetic-ion regime), the
situation i{s considerably different: the decay times of the signals
decresase by a factor of 2-3, indicating that D~3.0 X 104 cm?/sec. Work is
in progress to model accurately the relative intensities of the lines and
the time eyolutions of the lines emitted by some of the charge states.
Further work will consider spatially varying diffusion coefficients, the
effects of plasma rotation, a more sophisticated sawtooth model, and edge
perturbations due io the injection process itseif.
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Figure Caption

. Measured {s0lid Yine) and calculated (dashed Yine; Lirre evolutions of
Ge X1V and Ge XXIX line brightnesses for germanium injection into an
ohric dischargs wilh 1)=1.4 MA an1 =25 % 1013 cm™>,

. Measured (solid l1ine) and calculated {deshed line) total rediated power
for the ptasma cnnditions of Fig. 1.

. Measured {soiid hine) central-chord soft x-ray signal for the plasme
conditioas of Fig. 1 and calculated total germaaium density (dashed
jines) at r=0 cm &nd r=30 ¢m for th > same conditions.

. Time evolution of Ge XXIX line brightness for gertnanium injection inta
ohmic- and beam-heated discharges at 1,=1.4 MA and Fezz.s g 1013

cm™3,

. Soft x-ray signals {chord hei'ght=20 ¢m) for germanium injaction into
ohmic- and beam-heated discharges at lD=0.7 MA Bnd ng=1.0 X o3

-7
cm ~.
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