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Abstract

A new method for the analysis of tokamak discharges in which the plasma current is
driven by the combination of high-power rf waves and a dc eectric field is presented. In such
regimes, which are the most usual in rf current drive experiments, it is generally difficult to
separate the different components of the plasma current, i.e., purely Ohmic, purely non-
inductive and cross terms. If the bilinear (in wave power and eectric field) cross term is the
dominant one, an explicit relation between the loop voltage drop and the injected power can be
found. Thisrelation involvestwo parameters, the purely rf current drive efficiency and the hot
(power dependent) eectrica conductivity. These can be smultaneously determined from a
simple two-parameter fit, if the loop voltage drop is measured at severa rf power levels. An
application to lower hybrid current drive experimentsin the PBX-M tokamak is presented. It is
shown that the method also alows the independent evaluation of the average power absorption

fraction and nj upshift.



1. Introduction

Radiofrequency waves have proved the capability of driving the current necessary for the
stability of tokamak plasmas, without any contribution from the dc eectric fields [1].
However, the most customary use of rf current drive in tokamaks is in conjunction with
Ohmically driven currents. Recently, the importance of current profile tayloring for the access
to improved confinement regimes has been recognized, both theoreticdly [2] and
experimentaly [3]. Active rea-time control of the current density profile in tokamaks is more
easily obtained when the bulk of the plasma current is provided by the dc eectric field induced
by the Ohmic transformer, but a significant fraction is driven by rf waves a a given location
determined by wave resonance, accessibility, and/or absorption conditions. A substantial
contribution to the total current from the bootstrap effect [4] would make such a scheme
attractive for reactor applications. The non-inductive current drive effect is due to the
asymmetric decrease of the electron collision rate caused by resonant absorption of rf power.
The same decrease also implies an enhancement of the electrical conductivity [5]. This effect is
related to the creation of a superthermal electron tail, and must not be confused with the well-
known enhancement of the Spitzer conductivity [6] og [ Te3/2, resulting from any eectron
heating process (where T is the electron temperature). That the driven current is larger than the
sum of an inductively driven part, evauated from ogp, and a purely non-inductive one,
evaluated from the Fisch-Boozer formula [7], is a routine experimental observation [e.g., 8-
11]. What is more difficult [12] isto separate the different components of the driven current, in
order to investigate the properties of the rf-enhanced (also called hot) electrical conductivity. In
this paper, amethod is proposed to determine the purely non-inductive current drive efficiency
No and the hot conductivity onot Simultaneously, based on an rf power scan. The method is
described in Sec. 2. An application to Lower-Hybrid (LH) current drive experiments in the
PBX-M tokamak [13] is also performed, as a proof of principle, and presented in Sec. 3. It is

also shown that knowledge of both ng and ongt may help in determine quantities such as the



average absorbed wave power fraction and paralld refractive index, which adds vauable

information on the process of LH wave absorption. The conclusions are drawn in Sec. 4.

2. Description of the method

Following Ref. [5], the plasma current I, in the presence of both an inductive loop
voltage V and an externally injected rf power P iswritten as

Ip = lohm * lrf + Thot +-. Q)
where lohm = V/Rg isthe purely Ohmic part, Ry is the Spitzer resistance (or, more generaly,
the neo-classical one), I = NoPin/NeRo is the purely non-inductive part that would be driven in
the same plasma conditions but VV = 0, ng is the eectron density, and Rq is the tokamak major
radius. lhot = V/Rnet is the first cross term, proportional to both loop voltage and rf power,
Rnot is the hot resistance, inversely proportional to fonpotdS, i.e., the cross-section integrated
Ohot- The neglected terms in Eq. (1) are the higher-order cross-terms, proportional to PV2
VP2, P2V2, and so on. The general theoretical expression of the hot conductivity is found in
Ref. [5]. Inthe particular case (pertinent to LH current drive) of wave-particle interaction by
diffusioninv) (parallel velocity) and a peaked wave spectrum, resonant & a given v and zero

perpendicular velocity, onet iS given by
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where e and m are the electron charge and mass, respectively, ve is the bulk eectron collision
frequency, Z is the effective ion charge number, vin = (T/m)Y2, and pays is the absorbed rf
power density.

The different components of the driven current are illustrated in Fig. 1, obtained by
means of a 3-D Fokker-Planck code [14], run for typical parameters of the PBX-M tokamak
(minor radiusa= 0.3 m, Rg = 1.65, magnetic field B = 1.5 T, LH wave power P = 540 kW,

launched parallél refractive index spectrum peaked at nj = 1.5) and a homogeneous plasma with



Ne= 2x1019m3 Tg=1keV,Z=3. Thetotal current is made up of a part (I;f) indipendent
of V, an Ohmic part (Iohm) linear in V, Inogt which isalso linear in V, but with a different slope,
and an additional part, well fitted by a V2 curve, corresponding to the neglected terms in Eq.
(1), and becoming non-negligible at high values of V. Now, most rf current drive experiments
(and in particular on PBX-M) are performed at constant plasma current, and to each mechanism
responsible for current generation corresponds a relative drop in the loop voltage. The total
loop-voltage drop is defined as

_ AV EVohm_V - Ip_lohm
Vohm Vohm Ip

3)

where Vonm is the loop voltage in the Ohmic phase. The loop-voltage drop is also computed
with the Fokker-Planck code and the same parameters, but a constant current I, = 250 kA and
various power levels. -AV/Vonm is represented in Fig. 2 (squares) as a function of the wave
power normalized to nel pRo: this is just the inverse of an efficiency parameter, represented on
the upper scale. For simplicity, the eectron temperature is assumed constant: this is
approximately true if the wave power is comparable to the Ohmic power (as it is the case in the
PBX-M experiment). If there were no conductivity enhancement, the non-inductively driven
current would replace the Ohmic current, and the loop voltage drop would grow linearly with
power from zero to one (dashed line). The hot conductivity isresponsible for the curvature of -
AVIV ohm Vs P, owing to the fact that the current drive process is more and more efficient for
increasing loop voltage. The contribution of the hot conductivity to the loop voltage drop
vanishesfor P . OandforV - 0(i.e. for -AV/Vonm - 1) and is maximum in between (thick
solid curve). It ispossible to separate the two contributions when the slope of the dashed line
(i.e. the equivalent current drive efficiency for V = 0) is known, but this requires the
knowledge of the wave power for which -AV/V onm = 1, namely to redize a full non-inductive
current drive experiment for the same plasma parameters, which is often impossible and aways
difficult.

A simple, though approximate, solution to this problem is the following. Combining

Egs. (1) and (3), aswell asthe definitions of the various current components, yields
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Upon defining: X = Pin/nel pRo, and N1 = Rgy/(XRhot), EQ. (4) becomes

_ AV _ ('70 + ’71)X
Vohm 1+ MNiX

()

Note that, sSince onot is proportiona to Pjn, N1 is independent of power. |If data a severa
power levels and smilar globa plasma parameters are available, Eq. (5) can be used to
determine no and N1 smultaneoudly, by means of a smple two-parameter least-squares fit,
even if dataat -AV/Vonm =1 aremissing. A first example of the accuracy of such a procedure
is given by the curve connecting the squares on Fig. 2, which has been computed in this way.
The values obtained for ng and n1 (in units of 1019AW-Im-2) are: ng = 1.552 + 0.008, n1 =
0.889 + 0.026, with alinear correlation coefficient of the fit R =0.99994 (R = 1 corresponding
to a perfect fit). Note that the value found for ng corresponds precisaly (within an error of
0.3%) to the inverse abscissa n = 1/x of the point -AV/Nonm = 1, i.e., the current drive
efficiency for V = 0. Such agood agreement also proves that, in this range of parameters,
higher order cross terms are negligible.

Equation (5) isan approximation, in two respects mainly: i) initsderivation it is assumed
that the Spitzer resistance in the rf phase is the same as in the Ohmic phase, which is not
generally true; ii) quadratic terms have been neglected in Eg. (1), the most important one being
the PV2 term. These limitations are easily removed, although the price to be paid is that Eq.
(5) becomes more complex. For instance, if p istheratio of the Spitzer conductivities in the rf
and in the Ohmic phase (generadly, p = 1), Eq. (5) becomes

_ AV _(p=D+(ng +pm)x

Vorm p(L+mx)
Alternatively, Eq. (5) can still be used, but replacing AV with a new quantity AV*, defined as

_Av*=pﬂ] av oo oAV B=p o D_%_EDE )
Vohm %_VohmE E_Vohm EP-.OE VOhmE pBE

(6)




where the second term in the brackets denotes the limit for vanishing rf power. The presence of
afraction of bootstrap current @ = lpg/lp (Pohm in the Ohmic phase) can aso be included in Eq.

(6), which becomes
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The presence of an additional termin Eg. (1), e.g., a current lq proportional to P and quadratic
inV, i.e. lg= V/Rg, where the resistance Ry is proportiona to 1/(PV), yields the following
generalization of Eq. (5):

1-npX 'ﬁlz H

>0 -10 (9)

wherens = (2IpR52p )(RqVX) isindependent of Pand V. Inthelimit nz - 0, Eq. (9) reduces
to Eq. (5). Theuseof Eqg. (9) is, of course, limited to the analysis of very good data, since it
implies a three-parameter fit. Finally, note that the actua current drive efficiency in the
presence of anon-zero loop voltage is generally given by n = (|-AV/Vonm)/X. Its expression as
a function of np 12 can be immediately deduced, a the different levels of approximation
considered, from Egs. (5), (6), (8), and (9).

Before using the above described method to analyze experimental data, some comments
are needed. The method is general, in the sense that no assumption has been made concerning
the dependences of ng and n1 on the various plasma and wave parameters. However, using the
well known theoretical expressions for the current drive efficiency [7], hot [5], and Spitzer [6]

conductivities, it isfound that
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where njjaps is an average parallel refractive index at the location where the waves are effectively
absorbed, generally depending on severa plasma parameters. These relations show that the
fitting technique we propose should be applied to a rather homogeneous data set. Fortunately,

the dependence in Z of both ng and Ny are rather weak; the parametric dependence of np



suggests that keeping the parameter Ip/(neTe3/2) fixed is beneficia for the accuracy of the
determination of n1. The most critical problem is the temperature dependence of nyjaps, Which is
the result of very complicated physics processes and is not always easy to predict [13].
Conditions in which the LH power input is comparable to the Ohmic input are particularly
suited to the application of the method in its smplest form, since the LH power progressively
replaces the Ohmic power, and the temperature variations are small. This is the case for the

PBX-M data discussed in the next section.

3. Experimental results

We now apply Eq. (5) to experimental data, measured during LH current drive
experiments on the PBX-M tokamak [13]. The experiments were performed either in circular
or in indented (bean-shaped) plasma configurations. Typica parameters were: 1, = 100 - 200
KA, Nngg=1-3x109m3,B=14-17T,Z=3, Tgn=0.6 - 1.4 keV, V = 0.3 -1.3 Volts.
Wave power up to 500 kW, at 4.6 GHz, was delivered to the plasma through two fully-phased
arrays of 32 waveguides each [15]. Data were taken injecting 5 values of parale refractive
index njjin, with the peaks between 1.45 and 2.75. The coupled wave power was, a best,
sufficient to induce a loop voltage drop of 80%. In Ref. [13], the data have been andyzed
using the so-called Karney-Fisch method [16,17], originally developed to analize current ramp-
up experiments and subsequently extended to steady-state regimes [10]. Basically, this
consistsin plotting the quantity Pa/Paps (Where Pays is the total absorbed wave power and Py =
VIp(-AVIV ohm)) versus u = vpp/Vp, where vy, is the dominant wave phase velocity of the
wave-particle interaction and vp is the Dreicer velocity. Now, Vpnh = ¢/njaps, Where c is the
speed of light and njjaps is related to the injected index nyjin through an unknown upshift factor 3
= Njjabg/Njjin. The absorbed wave power aswell is related to the injected wave power through a
congtant of proportiondity a = Pah/Pin. Comparison of the experimental curve with a

theoretical expression [17] containing as basic ingredients the factors a and 3 alows the



determination of the equivalent current drive efficiency no and of njaps. However, in this
method, the combination of values of a and B reproducing the experimenta results is not
unique, and additional assumptions are required: for instance, in Refs. [10,13,16] a single
constant value of a = 0.65 has been, somewhat arbitrarily, used.

We now analyze the data in a different way: for each injected wave phasing, we plot -
AV IV ohm versus x and use a least-squares fit to determine ng and n1. The theory in its smple
form (Eg. (5)) is used, after correction of the data for modest changes in the Spitzer
conductivity between the Ohmic and the rf phases, which is equivalent to using Eq. (7).
Moreover, the bootstrap current is negligible in this regime, and neoclassical corrections to the
Spitzer conductivity have also been neglected, on the basis of previous studies of the PBX data
[18]. The data and the fits for both circular and bean-shaped plasmas and njji, = 2.08 ae
shown in Fig. 3. The variations of x are mainly associated with a power scan (50 - 500 kW).
The magnetic field was constant (1.4 T and 1.7 T for circular and bean-shaped plasmas,
respectively) The standard deviations of the other plasma parameters over the data set are the
following: Ang ~ 35 %, Alp ~ 20 %, ATe ~ 12 % and 15 % (for circular and bean-shaped
plasmas, respectively), A[Ip/(neTe3/2)] ~ 35 %. This qualifies the data set as moderately suited
for thistype of analysis, thus representing a good test. The main difference between the circular
and bean-shaped plasmas is the temperature, which is 50 to 100 % higher in the bean-shaped
configuration; thisimplies differencesin njaps as well. The best-fit parameters are: no = 0.33 +
0.03, N1 = 0.36 + 0.07, R = 0.97 (circular); o = 0.72 + 0.11, N1 = 0.74 + 0.23, R = 0.96
(bean). Thisisasatisfactory fit, taking into account the fact that data at (moderately) different
densities, currents and temperatures were used. Moreover, the values of ng are in close
agreement with those obtained in Ref. [13] by means of the Karney-Fisch method (0.37 and
0.64, respectively). Once ng and n1 are known, the different components of the plasma current
can be separated. An example is shown in Fig. 4, where the inductive part of the plasma
current Ip - Irf = lohm + Ihot is shown versus the applied loop voltage, for a circular plasma and

two sets of experimental points, taken from those of Fig. 3 (at nearly constant ng). Both sets



are characterized by the same total plasma current (Ip = 120 kA), but two different values of the
injected wave power and therefore also of the plasma temperature (Pin = 300 kW, T = 0.8
keV for the group of pointsat low V; Pin = 150 kW, Teg = 0.65 keV for the group of points &
high V). Comparison with the purely Ohmic current 1onm (Open circles) shows that the change
in the slopes of the linear fits (straight lines) due to the decreased plasma resistance is large for
high wave power, and that the hot conductivity effect can be responsible for a significant
fraction of the total plasma current.

The analysis has then been applied to different wave phasingsin circular and bean-shaped
configurations: this way we could evauate no and ny for 8 different values of njaps, and
compare their n dependencies to those expected from theory [5,7], i.e,, no O n‘”2 andny O n'l‘l1
. No and n1, determined by means of the new method, are plotted versus njjaps, obtained from
the Karney-Fisch method with constant a = 0.65, in Figs. 5 (a) and (b), respectively, and are
compared with ageneral power-law fit of the type y = px4. The expected nj dependencies are
accurately reproduced, and the constants in front of the power-law are in fairly good agreement
with the theoretical ones, evaluated for average values of density and temperature.

Since the method proves satisfactory, it is attractive to fully exploit its potential. Note that

No 0 a/B2, and N1 O a/B* (see Eq. (2)), where a = Papg/Pin and B = njapg/Njjin. Thus
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the constants of proportionality being those of [5,7], i.e.,
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where [ogdS is the cross-section integrated Spitzer conductivity. Note that the use of Egs.

(10,11) is subject to the same restrictions as that of the general method (i.e., modest variations
of the parameter Iy/(neTe¥2)), and that, over each of the data sets considered, the temperature

variations were not larger than 15 %. From Eq. (10), both a and (3 are determined, without



any additional assumption, if the quantities appearing in Egs. (11) are also measured. An
example of this procedureis given by Figs. 6 and 7. In Fig. 6, njjaps, Obtained from Eqg. (10),
is plotted versus njjin (open squares). As extensively discussed in Ref. [13], for njjin < 2 the
plasma core is not accessible to the waves, and the rays need a larger upshift to be absorbed.
The naps evaluated from the Karney-Fisch method with the assumption a = 0.65 (full
squares), substantially displays the same behaviour, with some small quantitative differences.
The advantage of the new method is that now the fraction of absorbed power is aso determined
for every injected phase, as shownin Fig. 7, where a is plotted versus njjaps, both determined
fromngand ny. It appearsthat the average value of a is not far from 0.65, but a is definitely
not constant, and it exhibits anearly linear dependence on njjaps. Thistrend isreasonable, since
higher-n| waves resonate more in the bulk of the electron distribution and therefore are more
absorbed. Conversely, that the complex physics involved in the ray propagation process, and
yielding large nj upshifts, results into such a smple linear dependence should first be
confirmed on awider data base and then be the subject of amore detailed anaysis.

An additional point that can be elucidated in a smple way is the effect of the antenna
directivity. Itiswell known that generally the launched spectra have at least a secondary |obe,
usually at values of nj that are higher in absolute value and oppositein sign. Theratio p+ of the
power launched in the main lobe to that in the secondary lobe is generaly dependent on the
wave phasing, which could, in principle, change the results of Fig. 7. Introducing two
fractions of absorbed power for the main and the secondary lobe, o+ and a -, respectively, and
two absorbed parallel refractive indices ny+ and n-, and using the theoretical expressions for

current drive efficiency [7] and onqt [5], it isfound that
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Note that the contributions of the two |obes to the non-inductive current subtract, whereas those
to the hot conductivity add. Since, generaly, the injected nj of the secondary lobe is

significantly larger than that of the main lobe a good assumption is that the secondary lobe is

10



fully absorbed without any significant upshift, thus n— is the same as the injected value, and a -
= 1. With these assumptions, it is possible to evaluate o+ and n+ from Egs. (12). Theresult is
still alinear dependence of a4+ from n4, with a slight upwards displacement of the straight line
a+(n+). In conclusion, the linear behaviour of Fig. 7 is not substantially affected by antenna

directivity effects.

4. Conclusions

A relatively smple method has been developed for the analysis of rf current drive
experiments in the presence of a residual loop voltage. In these regimes, that are the most
currently studied in experiments, it is difficult to isolate the two most important transport
coefficients: the equivaent current drive efficiency at vV = 0, and the hot dectrica conductivity.
The analysis proposed here applies to regimes in which the bilinear (in wave power and electric
field) cross term is the dominant one, which excludes cases of abundant runaway generation. In
this limit, an explicit relation between the loop voltage drop and the injected wave power has
been established. The new method consists in using this relation to determine space-averaged
values of the two relevant transport coefficients from global measurements of the loop-voltage
drop at various power levels. The method is not related to a particular theory, but only to
definitions of basic quantities, and its application consists in a straightforward two-parameter
fit. Of course, it hasthe basic limits of every zero-dimensional approach. A proof of principle
has been given, applying the method to LH current drive experiments in PBX-M. This has
revedled the potential of this analysis technique to provide a valuable insight into the specific
problem of LH wave propagation and absorption. The main result of thisanalysis of the PBX-
M experiments is that the fraction of absorbed power is found to be a linear function of the
absorbed ny. Note that a and 3 are both determined from the current drive efficiency and the
hot conductivity, thus they have to be interpreted as average or representative values of power

absorption and upshift factors, related to the part of the spectrum that effectively drives

11



currents. In this approach, the power directly absorbed by the bulk of the electron distribution
or through collisonal processes a the plasma edge is considered as lost. Conversely, the
analysis can be easily extended to include wave spectra having lobes at both positive and
negative nj|
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 7

Computed current vs loop voltage at fixed rf absorbed power P = 540 kW. The
sguares representing the total driven current Iyt are connected by a parabolic fit.
The different current components are shown.

Computed loop voltage drop vs x = P/nelpRo (lower scale) and vs n = nelpRo/P
(upper scale), a fixed plasma current 1, = 250 kKA. The curve connecting the
squaresis afit of the type (notn1)x/(1+n1x).

Measured loop voltage drop vs X = Pin/nel pRo (lower scale) and vs n = nel pRo/Pin
(upper scale), for circular and bean-shaped plasmas, and njjn = 2.08. The curves
connecting the circles are fits of the type (NotN1)x/(1+n1x). The best fit parameters
are: np=0.33£0.03,n1 =0.36 £ 0.07, R=0.97 (circular); no=0.72+ 0.11, n1
= 0.74 + 0.23, R = 0.96 (bean).

Inductive part of the plasma current I - I versus loop voltage, for the shots of Fig.
3 (circular plasma). The set of pointsat low V corresponds to Pjp = 300 KW, Teg =
0.8 keV; those at high V correspond to Pj, = 150 kW, Teg = 0.65 keV.

No VS Njjabs (@), and N1 Vs Njjaps (), obtained by least squaresfits of the type shown
inFig. 3, for several values of the launched LH wave phase. nNjaps is evaluated by
the Karney-Fisch method. The curves connecting the circles are general power-law
fitsof thetypey = pxd. The p and q values obtained are displayed, as well as the
linear correlation coefficients of thefit R (R = 1 correspondsto a perfect fit).
Average absorbed vsinjected nj, computed by the new method and by the Karney-
Fisch method (with a = 0.65), for a circular plasma.

a = Papg/Pin VS Njjabs, both determined from ng and n .
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