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Abstract

The role of the neutral-beam fueling profile in determining the stored energy and
neutron emission in neutral-beam heated discharges on TFTR is investigated. It is
found that the neutral-beam fueling profile is sensitive to both the magnitude and
shape of the electron density. Among the plasma species, the ion stored energy is
strongly correlated with the peaking of the neutral-beam fueling profile, whereas
the electron stored energy is insensitive to this parameter. The D-D fusion neutron
emission is also strongly correlated with the peaking of the neutral-beam fueling

profile.



1. Introduction

In intense (Pp >> Poy) neutral-beam-heated plasmas in the Tokamak Fusion Test
Reactor (TFTR), the global energy confinement time (7g) ranges from >~ 50 ms to
~ 200 ms. The discharges with low 7g are often referred to as L-mode and fit to

the empirical L-mode scaling.|1] Although the characteristics of 7g in the L-mode

regime are well described by the empirical L-mode scaling relationship,[1, 2] the basic

physics underlying these scalings is largely unknown. Discharges with an improved

energy confinement with respect to the L-mode confinement (TFTR ”supershot” (3]
discharges) do not follow the L-mode scaling and their 7 is only weakly dependent on
plasma current and heating power. A distinctive peaked electron density profile shape
[4] and high ion temperature are major characteristics of supershot discharges.[5, 6]
With respect to other measurable plasma parameters that can be correlated with
the improved energy confinement and neutron emission, this paper in particular
examines the role of the neutral-beam fueling profile on the stored energy and D-
D fusion neutron emission. In section 11, the neutral-beam fueling profile is studied
as a function of target electron density profile shape and magnitude. In section III,
a general description of the data set to be studied is given. The constraints on the
data set and their statististical implications are also discussed. In section IV, the role
of the neutral-beam fueling profile in determining the stored energy of each plasma

specries (ions and electrons) and the D-D fusion neutron emission is investigated.

2. Neutral-beam Fueling Deposition

Following the recent study of the neutral-beam particle deposition in TFTR, [7]
the calculated neutral-beam particle deposition profile shape factor (H,,) is defined

as

Sbe(0, 1)

e = 15 0y

(1)



where Spe(0,t) and (Spe(r,t)) are the central and volume-averaged electron source
rates due to the neutral-beam, respectively. This definition is similar to the density
peakedness factor F,. = n.(0)/(n.), where n.(0) is the central electron density
and (n.) is volume-averaged electron density. In reference (7], it was shown that
the calculation of the neutral-beam deposition in a tokamak plasma should employ
both the new tabulation of atomic cross-sections[8] and Multi-Step lonization (MSI)
processes.[9] The attenuation of the injected neutral-beam is to first order propor-
tional to the local electron density, so a peaked neutral-beam deposition profile
can only be achieved at high density with a peaked density profile. In order to
parameterize the expression for H,. for a variety of F,., a regression has been
performed for values of H,. calculated by the TRANSP code[10] as a function of
fie and F.. The range of F,. of this data set is from 0.5 to 5.0 (see reference [7]).

Among the functional combinations, the best description is as follow:
H,. ~ oFPf exp|-v 7., (2)

where a, 3 and v are regression coefficients appropriate to the TFTR data base. The
calculated H,. using old atomic cross-sections (o, ), or o; and MSI processes and new
atomic cross-sections (o) has been fitted to Eq. 2. The regression coefficients are

shown in Table 1.

cross -~ section symbol o 6} v
- Vc';]”ﬁ o ‘O 241 1.04 0.24 x 1079
oy + MSI JAN 2.86 1.07 0.33 x 107*°
o2 W) 2.49 0.90 0.18 x 1071°

Table 1: Coeflicients for H,,. are evaluated using various cross-sections: o, uses the
old tabulation of atomic cross-sections, o, uses the new tabulation of atomic cross-

sections, and o;+ MSI uses the old cross-section plus MSI model

The ratio of the calculated H,, to the fitted H,, is illustrated as a function of 7,

in Fig. 1. The relationship in Eq.(2) shows that a peaked electron density profile
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shape is essential for peaked deposition of the neutral-beam at high density. Since the
calculation with both o, and MSI processes is not available, the coefficients evaluated
using only o; will be used in the regression study (see reference [7]).

Note that H,,. is different from the conventional neutral-beam power deposition
peaking factor (H(0), where H(0) is defined as the ratio of the central neutral-beam
power per unit volume to the volume averaged power) due to the presence of fractional
energy components (E/2, and E/3) in the heating-beam. f the beam has only a full
energy component, H,. is the same as H(0). In addition to the magnitude and’
profile shape of the electron density, there are many other machine parameters which
can influence H,,. such as beam energy, angle of injection, beam size, plasma size
(major and minor radius) and plasma cross-sectional shape (circular or non-circular).
Therefore, this parameter should be determined ccnsidering these engineering and
physical parameters for each experiment. For example, at the same line average
density, a non-circular plasma (k > 1) will have higher H,, than a circular plasma
due to the volume effect.

Using the measured F, (1) and 7.(t), it is instructive to examine the time depen-
dence of H,. together with other plasma parameters for typical TFTR discharges.
Fig. 2 shows the temporal evolution of H,. for L-mode and supershot discharges for
the same beam power (Pg =~ 22 MW). In the supershot, the initial central beam
fueling is significantly better compared to the L-mode due to diflerences in the pre-
beam electron density. The initial high level of central beam fueling is maintained
(Hne =~ 3.0) as 7 is increased, until a ”Carbon bloom”[11] (accompanied by a sudden
rise of edge electron density) occurs at about 3.8 sec. The degradation of W), and
neutron emission (S, ) is well correlated with the reduction in H,, (>~ 3.0 to ~ 1.0).
For the L-mode plasma, the low initial beam fueling (H,. ~ 1.0) falls rapidly to
~ (.3 so that after that time of NBI, there is almost an order of magnitude difference
in H,. between the supershot and L-mode plasmas. It is striking, however, that the

accumulated W, in each discharge is similar in magnitude. This result implies that W;



in the supershot discharge is significantly greater than that of the L-mode discharge.
The D-D fusion neutron emission in the L-mode discharge is an order of magnitude

smaller than that of the supershot discharge.

3. Data base and Constraints

This study involves approximately 870 TFTR deuterium discharges, constrained
to deuterium gas fueled discharges only. The data points consist of each plasma
parameter at the peak time of the global stored energy. Wide range of beam power
(5 < Pgp < 32 MW) and plasma current (0.9 MA < Ip < 2.0 MA) are included.
Here, discharges with plasma current ramps during the heating pulse are excluded.
In all discharges, the beam power exceeds the Ohmic power by a factor of > 5
to reduce the influence of Ohmic heating on the confinement. Deuterium beams
with 90 keV < E,,; < 110 keV are injected tangentially and dala are restricled to
nearly balanced injection, i.e., |[(Peo — Pur)/(Feo + Fur)| < 0.4, where the subscript
co and ctr refer to injection in the same and opposite direction with respect to
the plasma current, respectively. The neutral particle ratio used in this paper is
DP|E]:D°E/2):D°(E/3] = 0.44:0.30:0.26. The total stored energy (W) is deter-
mined from magnetic measurements,[12] so that both the thermal and fast-beam
ion energies are included. The electron stored energy (W,) is calculated[4] using
the inverted electron density profile[13] measured by multi-channel interferometry(14]
and the electron temperature profile measured by ECE radiometry.[15] The ion stored
energy (W) is simply W, — We.

In a statistical study, it is important to isolate the inter-correlation between
the assumed independent parameters. In order to eliminate other possible strong
parametric dependences, this data set is constrained to fixed plasma major and minor
radii of R = 2.45 m, and a = 0.8 m. The toroidal magnetic field is Br = 4.0 T and 4.8
T. Br and E;,; can be used as independent parameters but their variation is too small

to show explicit dependences. There are many other plasma parameters that can be

5



correlated with the performance of discharges such as the pre-beam electron density
and carbon intensity which can be a measure of the wall recycling condition. 1t is
expected that H,, is well correlated with the condition of the wall recycling. H,, will
be added as an independent parameter in addion to Ip, and Pg. These parameters
are not completely independent due to the operational constraints in experiments.
However, with the inclusion of L-mode data, the inter-correlations between these
parameters are minimized. For instance, the upper limit of Pg can be raised as Ip is
increased due to the 3-limit as shown in Fig. 3a. Similarly, the achieved upper limit’
of H,. is reduced as Ip is increased as shown in Fig. 3b. The upper limil of H,, is
slightly reduced as Pg is increased as shown in Fig. 3c.

As shown in the previous section for a fixed plasma geometry, H,. is sensitive only
to the electron density and its profile shape. Therefore the reduced upper limit of
H,. at higher Ip must be interpreted as the higher electron density and/or broader
profile shape. It is important to know whether the increased electron density at higher
applied plasma current is due to the improved particle confinement time or increased
wall recycling for a carbon limiter. Since similar wall conditioning techniques have
been applied for the carbon limiter, it seems likely that the improved intrinsic particle
confinement time at higher /p may be responsible for the increased electron density.
Note that the pre-beam and edge electron density can be lowered at higher plasma

current using lithium pellets in TFTR.[16]

4. Role of H,, on Stored Energy and Neutron Emission

Although several regimes of enhanced energy confinement relative to the L-mode
predictions have been produced in TFTR,[5,6] we will concentrate in this section
on the role of H,. in the variation of energy confinement and D-D fusion neutron
emission from L-mode to supershots.

Among other distinctive characteristics, the performance of the beam-heated dis-



charge has been strongly correlated with the peakedness of the electron density
profile[4]. Although There has been an attempt to interpret the observed correlation
with the transport physics associated with the density gradient, the results were
not conclusive|17]. This is due in large part to the fact that the physics of the
time evolution of these discharges is extremely complicated as a result of the rapid
simultancous changes of many plasma parameters and their profiles. It is important
to note that a peaked electron density profile alone is not a sufficient condition to
improve stored plasma energy in beam heated discharges in TFTR. When high density
ohmically heated target plasmas, fueled with solid deuterium pellets were heated with
beams, the resulting stored energy was generally similar to L-mode discharges, even
though the electron density profiles were highly peaked. This observation leads to
the conclusion that the peakedness of the electron density profile is not sufficient to
improve the confinement and that the observed peaked electron density profile in the
supershot discharge may be due to different causes. When H,, was evaluated for the
discharges, the value was found to be very low (in general H,. < 1.5). When H,.
was high (> 3.0) for these discharges, the stored energy and neutron emission were
significantly improved over that of L-mode discharges. We are led to the hypothesis
that the observed correlation between the improved energy confinement and peaking
of the density profile may originate from the fact that central penetration of the beam
can only be achieved with a peaked density profile at high density and the peaked
electron density profile will result from the peaked beam deposition.

Considering the observed high central ion temperature and low central impurity
level in a good supershot plasma, the improved global energy confinement is largely
due to the jons rather than electrons as shown in Fig. 4. Here, the fraction of stored
energy of the ions is depicted as a function of central beam fueling parameter, PpH,,..
Up to PyH,. ~ 25 MW, the ion fraction increases rapidly and the ratio saturates at
about ~ 0.7. Note that W; consists of both thermal and fast beam-ions. In principle,

the stored energy of fast-beam ions should be studied separately from thermal ions




to determine if there are differences in their confinement properties. Since, there
are practical problems such as precise information regarding local ion density and
slowing down time at high ion temperature, the ion stored energy will not be treated
separately in this paper.

The variation of ion stored energy is illustrated as a function of Pg in Fig. 5a. It
will be shown that the observed variation can be significantly reduced by additional
parameters (H,,, and Ip). Most importantly, the role of H,, is more significant than
that of J/p. The regression result of the ion stored energy shows that the the goodness

of fit (R?) is 0.95 and is given in the below;

"Vi(]\/]‘]) ~ C Pé.m:to.m(jwu,') H0.90:t0.01 ]g.asio.oz(AIA)’ (3)

ne

where C is 2.14 x 1072, Note that the plasma parameters used in this study are at
the peak time of Wy,,. When the regression was performed without /p, the R? value
was 0.93 with slightly different coefficients (W; oc P H28). This result indicates
that the role of H,, is significantly more important than that of Ip in determining
the ion stored energy. In order to demonstrate the significance of H,., a similar
regression is performed for W; with Pg and H,,, as independent parameters at a fixed
Ip group. The regression coefficients and goodness of fit (R?) for W; o« Pyt HA*A8

are summarized in Table 2. The results demonstrated in Fig. 5b and Table 2, lead

Plasma C'urrent Data Points R? a Aa I} AB

Ip =0.9/1.0MA 276 0.93 1.19 +0.04 1.04 +0.02
Ip=14/1.6MA 364 0.95 1.26 +0.02 0.88 +0.01
Ip = 1.8/2.0MA 228 0.97 1.19 +0.01 0.79 +0.02

Table 2: Coeflicients of the regression results are evaluated for each plasma current
group. The role of H,, on the ion stored energy is not altered by an absence of Ip.

W; o« Pg*8e HBA8 is ysed for each Ip group.

to the conclusion that the central beam fueling (PpH,,) is strongly correlated the

observed ion stored energy for any plasma current.
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On the other hand, the electron stored energy is not as well correlated (R? - 0.80)

with the same set of independent parameters and the result is given as;

M,(]WJ) ~ C’ ]’)8,681002 I;)]A’HO,()IE ]J().12:H).0l’ (4)

rne

where C is 7.6 x 10" 2. It is surprising that the parameteric dependence of electron
stored energy is significantly different from that of ions. When the regression was
performed without H,., R? was reduced from 0.8 to 0.77 and W, o PJ® 1337,
Certainly H,. was important in determination of ion energy but not important at all
in electron stored energy.

Due to the dominance of the ion stored energy in supershots, any global scalings for
the energy confinement simply represent the trend of ion confinement and have little
to do with the nature of electron confinement. If H,, is assumed to be propotional
to the power deposition peaking factor (#(0)), the exisisting theoretical model for
the influence of H(0) on the global stored energy|18), which is based on a single fluid
model may not be suitable for beam-heated plasmas.

In fusion plasma studies, the ultimate goal is the production of fusion power which
is proportional to the neutron emission rate (S,,). In TFTR, S, from D-D reactions
has been strongly correlated with the square of the total stored energy (x W2,)|5]
and the upper bound of S, has been scaled with the beam power (ox  P}®)120,21].
Based on the results in Egs. 3 and 4, the two scalings must be closely related through
the ion stored energy. Using the same set of independent parameters employed in the
study of energy confinement, a regression is performed for S, and the result is given

as follow;

Sﬂ (/.‘36().) ~ Cv ]»,Iz;.(m;m.oz(ﬂl u') II].4();!-['J.()2 I?'.Sl :I"U.(M(Al 14)’ (5)

ne

where C is 1.00 x 10'® and R? is 0.96. The fitted data to this result is shown in Fig.
6 and the neutron emission is dominated by Py and H,,. When the same regression
was performed without including the plasma current, R?* was reduce from 0.96 to

0.95 with slightly different coefficients (S,, o« PE'® H!:*). Similar to the ion stored

e
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energy case, the significance of H,, is examined for each of the plasma current groups

and the results are summarized in Table 3.

:—'}’lasma Current Data Points R? o “ga 8 A

];:M 0.9/1.0MA 338 0.91 2.02 +0.05 1.29 +0.03
Ip =14/16MA 338 0.97 2.29 +0.04 1.46 +0.02

i Ip = 1.8/20MA 202 0.97 2.02 +0.03 1.34 +0.04

Table 3: Coeflicients of the regression results are evaluated for each plasma current
group. The role of H,. on the neutron emission is not altered by an absence of Ip.

Sp o Pgide HPEAS is ysed for each Ip group.

Although the role of H,. is significant in determining the stored energy of ions
and neutron emission, there are variations among the discharges with similar value of
H,.. Since the direct measurement of H,, is not available, the variation may be due
to many other factors such as errors in H,,. estimation, differences in time history of
H,., the eflect of MHD on ions (thermal and fast ions)|{19], and/or other unknown

transport mechanisms.

5. Summary

In summary, the neutral-beam fueling peaking factor (H,,) is determined by
both the magnitude of the target electron density and its profile shape for the fixed
engineering parameters of the heating-beam system and tokamak, such as beam size,
beam energy, orientation, and plasma sizes. In this paper, it has been shown that the
role of H,, is significant in determining the ion stored energy and D-D fusion neutron
rate in beam-heated plasmas in TFTR. However, the electron strored energy is found
to be insensitive to H,,. The present study suggests that any realistic scalings based
on geometric factors in beam-heated plasmas should take into acount the variations

in H,.. In addition, a better theoretical model for ike influence of H,, (or H(0)) on
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confinement as a function of plasma species is needed in order to extend the results

of the present investigations to other heating schemes.
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Figure 1 The ratio between the calculated and fitted H,,. as a function of 7, for a
various F,. with a fixed plasma minor (ap = 0.8 m) and major (Rp = 2.45
m) radii. H, is calculated by the three different methods: o — using old
taulation of atomic cross-section (0;), A - using o; with the old MSI model,
and O - using new tabulation of atomic cross-section (0;). The evaluated

coefficients are summarized in Table 1.

Figure 2 The temporal evolution of H,, based on Eq. 1 with other plasma param-
eters such as global stored energy (W), stored energy of electrons (W), and.
neutron emission (S,) for the same heating-beam power (Pg =~ 22 MW);
thick — - "supershot” discharge at /p = 1.4 M A and — - L-mode discharge
at Ip = 2.0 MA. Average H,. value of the supershot is an order of magnitude

higher than that of L-mode for the first half second.

Figure 3 The level of inter-correlation between the chosen independent parameters
is illustrated. (a) Heating-beam power (Pg) used in the experiment for each
plasma current is illustrated. (b) The achieved H,, is shown as a function of

plasma current. (¢) The achieved H,, for an applied Pg is shown.

Figure 4 The ratio of the ion stored energy to the global stored energy as a function
of PgH,, is illiustrated; As PgH,, is increased up to 25 MW, W, /W, is rapidly

improved. Above this value, the ratio is saturated (W;/W,,, >~ 0.7).

Figure 5 (a) The stored energy of ion is depicted as a function of Pg. For a fixed
Pg, various value of the stored energy is obtained. (b) The stored energy
of ion is fitted to the regression result shown in Eq. 3. Note that W; is
linearly proportional to the central heating-beam fueling (Pg H,, and Ip is not

a significant factor.

Figure 6 The D-D fusion neutron emission (S,,) is fitted to the regression result

shown in Eq. 5. S, is independent of plasma current.
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