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Abstract

CrossMark

The alpha heating experiment in the Joint European Torus (JET) 1997 DTE1 campaign

is re-examined. Several effects correlated with tritium content and thermal hydrogenic
isotopic mass < A > weaken the conclusion that alpha heating was clearly observed. These
effects delayed the occurrence of significant sawtooth crashes allowing the electron and ion

temperatures 7. and 7; to achieve higher values. Under otherwise equal circumstances 7. and
T; were typically higher for discharges with higher < A >, and significant scaling of 7, T,
and total stored energy with < A > were observed. The higher 7; led to increased ion—electron
heating rates with magnitudes comparable to those computed for alpha electron heating. Rates
of other heating/loss processes also had comparable magnitudes. Simulations of 7, assuming
the observed scaling of 7; are qualitatively consistent with the measured profiles, without
invoking alpha heating
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(Some figures may appear in colour only in the online journal)

1. Introduction

Alpha heating is essential for practical energy production
from deuterium—tritium (DT) fusion reactions. Experiments
to detect alpha heating were performed in the tokamak fusion
test reactor (TFTR) in 1994 [1, 2] and in the Joint European
Torus (JET) in 1997 [3, 4]. The TFTR results were claimed
to be consistent with alpha particle heating of electrons. The
JET results were claimed to show that alpha particle heating
had been unambiguously observed. Measurements of alpha
heating were difficult since the alpha heating power profiles p,
were computed to have had magnitudes comparable to some
of the other heating and loss rates, and since the experiments
were not accurately reproducible. For example, it was difficult
to realize comparable deuterium—deuterium (DD), deuterium—
tritium (DT), and tritium—tritium (TT) discharges for com-
parison. One cause of irreproducibility in the JET discharges
resulted from the discharges being magnetohydrodynamical
(MHD) unstable, which made the flat top phases brief and

2 See the appendix of [18].
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chaotic. Even before the flat top the presence of sawteeth had
large effects. Although significant increases in the electron
temperature 7, were observed, and alpha-electron heating p,,
most likely was occurring to some extent, the research reported
here shows that isotopic mass scaling was clearly observed,
and that the alpha heating was not clearly demonstrated.

This paper re-analyzes the discharges used in [3, 4]. These
were Hot-ion H-modes with [, = 3.8 MA, By, = 3.6 T, and
line-averaged electron density 35% of the Greenwald empir-
ical limit ngy = Ip/(waz) [MA m~2]. Edge localized modes
(ELMs) occurred late in the neutral beam injection (NBI)
phase. The mix of D and T was varied from discharge to dis-
charge by changing the gas inputs and the D and T in the NBI
while maintaining their total powers approximately constant
(Png = 10.3MW). Several of these discharges had global
fusion power gain Qpr (the ratio of fusion power and external
heating p,,,) of 0.7, and core values gy (defined in [5]) above
1.1. These are near the highest values achieved in JET.

The fraction of T beam power to total beam power
Jxgr = Prng/Pnpis animportant metric for the scan. Summary
values of the discharges are in table 1. Two discharges with

© 2016 EURATOM  Printed in the UK
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Table 1. Hot-ion H-mode alpha heating discharges with similar Py, I, and Bior.

Discharge  fipr Fret 6§ [s] <A > (14.0s) Do @ [1072MW m™]  1,(0)[107 m™3]  Exceptions
40365 0.0 0.0 0.9026 1.99 0.0 0.0 ab

41069 0.0 0.0 1.0492 1.98 0.0 0.0 ab,c
42870 0.27 0.26 0.9515 2.24 2.1 0.38

42856 0.52 0.68 1.4565 2.55 55 1.02

42855 0.53 0.60 1.2515 2.56 4.5 0.95 d

42847 0.88 0.71 1.4015 2.49 4.0 0.98 ef

42840 1.00 0.86 1.6100 2.77 25 0.60

43011 1.00 0.98 1.6217 2.92 0.7 0.20 b.g,h

Notes: T beam fraction fygr; T recycling fraction fi r; time delay to 1st significant crash ¢; ; core (volume-averaged to x = 0.2) hydrogenic mass; alpha
electron heating p,,; and number of fast alpha ions before the 1st significant crash. Exceptions: a = low ,; b = low core toroidal rotation; ¢ = low Pyp;
d = NBI ended early (14.0 s); e = high Pxp; f = mode lock disruption; g = high edge nc; h = high edge recycling.

DD NBI, four with DT, and two with TT are studied here.
Six of them were the ones featured in [3, 4]. The additional
two are the DD 41069 and the DT 42855. Some exceptional
features of these discharges made them more difficult to com-
pare with each other and these are listed in the last column of
table 1. Some of these have important implications and are
discussed further below. An important parameter is the hydro-
genic isotopic mass defined as

< A> = (nyg + 2np + 3nr)/(nyg + np + n), (1

(using the thermal ion density profiles), which varied from
< A >~2-3in these discharges. Ranges are shown in table 1.

Profiles of < A > computed for TFTR, shown in [6] are
mildly peaked or hollow depending on whether the tritium
fueling is dominated by NBI or wall influx. Their core values
were used to derive isotopic mass scaling of energy confine-
ment: 7z x< A >7. Later studies found m o< A >07-08 [7].
Also, increased ion temperature 7; and reduced thermal ion
energy transport X; with increasing < A > were observed.
This complicated the measurement of the alpha-electron
heating p, since 7; was larger than the electron temperature 7
(in both the TFTR and JET experiments) leading to electron
heating from ion-electron energy transfer.

TT discharges, which have larger < A > and smaller p,,
and p,,, are pivotal for separating alpha heating from isotopic
mass effects. The crucial issue is whether these have higher
or lower temperatures compared with DT discharges. Higher
temperatures would indicate the presence of favorable iso-
topic mass scaling. The next section demonstrates that the TT
discharge considered on in [3, 4] (43011) is not comparable.
The other TT discharge (42840), also discussed in [3, 4], is
comparable to the others in the scan, and shows a strong iso-
topic mass effect.

Several publications [4, 8] discussed possible mechanisms,
including fast ion stabilization of turbulence and changes
in confinement induced by the presence of alpha particles
to explain the fact that 7; was unusually high in the DT dis-
charges despite the prediction that the alpha-ion heating p,;
is relatively small (calculated to be ~20%xp,,). The isotopic
mass effect is a simple explanation of this. Several effects of
increasing < A > contributed to higher 7% in the core and thus
mask the effects of p,,. Specifically, they delayed the time
to significant sawteeth, decreased ion heat transport thereby
increasing 7j, and reduced the electron density 7. in the core.

The organization of this paper is to first present the phe-
nomenology of the discharges in the next section showing that:
(1) major ‘significant’ sawtooth crashes were delayed system-
atically in proportion to the increasing core isotopic mass; (2)
the neutron emission rates decreased abruptly or inflected at
the crash times indicating that the alpha production was inter-
rupted; (3) the core stored electron energy increased in time at
the same rate for all the discharges except during the sudden
drops at crash times, indicating that the core electron heating
was the same for all unless the transport increased to compen-
sate for additional heating; (4) the temperature profiles increase
in time, but splinter accordingly at the sawtooth crashes; (5) a
key result is the scaling of temperatures with isotopic mass.

Section 3 presents the TRANSP analysis starting with a
demonstration of the accuracy of the results. Careful modeling
of sawtooth effects are used for computing p,,. The TRANSP
analysis is used to compute electron power balance, and even
though the alpha heating is predicted to be significant, several
terms with considerable experimental uncertainty contribute at
levels comparable to the alpha heating. Thus, the modeling and
measurements are not sufficiently accurate to separate them.

Section 4 gives a summary, discussion, and suggestions for
future alpha heating and isotopic mass experiments.

2. Phenomenology

2.1. General properties of the discharges

Waveforms for one of the highest performing DT discharges
are shown in figure 1. A relatively ELM-free phase started
after 12.66 s, and gas puffing, used to stabilize MHD modes
stopped at 13.5 s. Most of the discharges had phases of low-n
MHD as seen in figure 2. The central T, stopped increasing
after the gas puffing stopped and the low-n MHD, such started.
Sawtooth crashes cause rapid drops in the core 7¢. Crash times
were determined from core electron cyclotron measurements
of T.. Examples are shown in figures 2 and 3. Minor disrup-
tions also cause rapid crashes, but sawtooth crashes have
simultaneous rapid increases in 7T, outside the mixing radius
(past the radius where the safety factor is unity). The pattern of
frequent small sawteeth crashes with a reduction in frequency
after the start of NBI is typically seen in JET beam-heated
discharges. Even larger sawtooth crashes occurring early in
the NBI phase did not appear to have significant effects on the
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Figure 1. Waveforms for one of the DT discharges showing the plasma current and gas flow; NBI power; line-averaged n. and stored
energy; energy confinement scaling; and the hydrogenic alpha photon emission. A long duration ELM-free phase is seen between 12.66 s

and 14.5 s.
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Figure 2. T. from electron cyclotron emission (ECE) measurements in two channels showing an insignificant sawtooth crash at 12.66 s,
a significant crash at 14.13 s; Mirnov coil measurements showing n = 1 and 2 MHD modes and a minor disruption with a large increase of

ne at 14.55 s. The peak T saturated during the MHD phase.

later performance. However, larger crashes occurring near the
end of the stored energy ramp-up and flat top phases did have
significant impacts, as discussed below.

Systematic delays in the occurrences of significant saw-
teeth and giant ELMs with increasing < A > were seen and
described in [9], and attributed to longer beam slowing down
times and higher beam densities. The analysis described

in the next section gives higher core beam densities with
increasing < A >. Sawtooth crashes were also generally seen
in TFTR supershots continuing briefly into the NBI phase with
decreasing frequency, but they were generally suppressed later
during the NBI phase. Effects of the sawtooth crashes in the
JET scan can be seen on the measured total neutron emission
rate S,, and on the central neutron emission rate s,(0) from fits
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Figure 3. Sawtooth / minor disruption crashes in one of the core ECE signals from the discharges in the alpha heating scan in table 1.
Insignificant sawtooth crashes are seen within the first second of NBI which started at 12.0 s. Significant sawtooth crashes and minor

disruptions are seen starting after 13.6 s. The times of the first significant sawtooth crashes increased with increasing fygr-
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Figure 4. Effects of the sawtooth crashes in the JET scan can be seen on the total neutron emission rate S, and on the central neutron

emission rate s,(0) observed in fits to neutron camera measurements.

to neutron camera measurements shown in figure 4. The drops
suggest that beam ion density is mixed, suggesting that alpha
heating also drops.

2.2. TT discharges

Pure TT discharges were not achieved in TFTR nor JET due
to significant trace amounts of deuterium. A pure TT version

of the TT discharge 42840 with < A > = 3.0 is predicted by
TRANSP to have a peak neutron emission rate of 6.5 x 10'¢s~!
fromT + T — o+ 2n + 11MeV fusion, and peak p,, = 15kW.
Both the DT and TT fusion reactions have strong contributions
from a He’ spin 3/2 resonance, but the spin and kinematic con-
straints make the TT rate much lower than the DT rate when
the D and T spins are aligned. The DD fusion reaction (at the
relevant low center-of-mass energies) has no resonance, and
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Figure 5. Profiles of n. at 13.6 and 14.0 s.

approximately four amplitudes contribute with comparable,
relatively low magnitudes.

The JET TT discharges in table 1 had measured neutron
emission rates Sy, equal to 1/4 and 1/2 of the rates from the DT
discharges. The one with lower S, (43011) had 7; and T, lower
than the DT discharges, but it had stored energy nearly the
same as the DT 42847, so this pair was considered to be com-
parable in [3, 4]. This choice was a crucial step for the argu-
ment that < A > effects were not playing a significant role,
and thus that alpha heating was unambiguously observed. As
shown in the next section, this discharge had an exceptionally
high recycling rate (50% above any of the others), a higher
carbon and edge electron density, and lower 7; and 7. relative
to the DT discharges, and to the other TT discharge 42840.
Thus, 43011 is not suitably matched with the others.

The TRANSP analysis discussed in section 3 finds that the
thermonuclear neutron emission was much lower in 43011
compared with 42840. 43011 is compared with the DT 42847
in figure 1 of [3], and was used to argue that the temperatures
roll over in the scan at highest < A >. The other TT discharge
42840 had temperatures among the highest of the scan. In this
re-analysis this discharge plays a crucial role in establishing
the isotopic mass scaling and weakens the role of p,,. 42840
is compared with the other discharges in figure 2 of [3] having
nt/(np + nt) = 0.8and T.(0) < 11.5keV. In the next section the
data show it having T,(0) > 11.5 keV. The electron energy con-
finement time 7, of this discharge is compared in figure 5 of
[3] (with erroneous np/(np + nt) = 0.75). Radiation emission
profiles were not included in the analysis used in Thomas er al
[3], so 7, was underestimated. The TRANSP analysis discussed
in section 3 gives higher values. The TT discharge 42840 and
the DT discharge 42855 are closely matched up to 13.5 s. After
this time, the core temperatures in 42855 drooped.

2.3. Alpha heating scan

The n, profiles were sometimes hollow, as often seen during
the JET DT campaign. The typical trend was for the n, shape

to vary from peaked in hydrogen to virtually flat in deu-
terium and to increasing hollowness in deuterium-—tritium
and tritium H-mode plasmas [10]. Examples of the n. pro-
files are plotted in figure 5 at two times, 13.6 s before any
discharges experienced significant sawtooth crashes, and at
14.0 s after both DD discharges did. The measured profile data
are mapped by TRANSP (discussed in the next section) versus
X(= square-root of the normalized toroidal flux).

Carbon density profiles nc were measured by charge-
exchange spectroscopy, shown in figure 6. They peaked at
large radii, and were highest for 43011. This peaking contrib-
uted to the high peak in n. near x = 0.7. The total hydrogenic
(Hy 4+ D, + T) alpha emission rates measured along a chord
are shown in figure 7(a). This correlates with the hydrogenic
wall recycling rates. A high recycling rate could also have
contributed to the high peaks in n, near x = 0.7 in 43011. This
discharge occurred at least 4 weeks after the others in table 1,
so wall conditions could have been rather different.

Predictions discussed in section 3 show p,, is concentrated
in the core. Since competing heating and loss terms tend to be
larger outside the core, the core region is the most interesting
here. Despite the variability in the shapes of n., the volume-
integrated n. from the magnetic axis to x = 0.3, shown in
figure 7(b) is nearly the same for the scan. and increased through
the beam phase until the late roll over. Since p,, directly affects
the stored energy, not necessarily T, it is illuminating to focus
on the electron and ion energy density profiles w, and w;.

In the core, w, volume-averaged from the magnetic axis to
x = 0.3 shown in figure 8(a) increased with approximately the
same rates from the start of NBI to over 14.0 s except during
abrupt decreases at sawtooth crashes. To lowest order, the core
w, is determined primarily by the length of time the NBI was
on except for the downshift at significant crashes. Thus, the
core appeared to time-integrate the beam heating. Additional
heating due to alpha ions in the DT discharges could have
been expected to cause higher rates of increase in w,. The
volume-integrated w; shown in figure 8(b) are less clustered,
and started to deviate from a linear increase after 13.0 s.
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Figure 9. Profiles of (a) T.at 13.6 s (before the first significant sawtooth crash in the scan) and (b) at 14.0s (after the DD discharges and one
DT discharge experienced their first significant sawtooth crash); (c) and (d) as above for T;.

Profiles of T; for the hydrogenic ions computed by TRANSP
from the measured carbon temperature profiles are shown in
figures 9(c) and (d) at two times. The carbon-based measure-
ments did not extend beyond x = 0.8 so TRANSP used the
values at x = 0.8 beyond. The profiles have more spread than
T, across the scan. The outlier discharge 43011 with high edge
n. had the lowest edge 7. and T;, which is expected with high
edge n. and similar heating. The core values of T, and 7; are
also low, which is expected from stiff transport. The other TT
discharge 42840 had T, and T7; among the highest in the scan.

Profiles of T, are shown in figure 9 at two times: 13.6 s
before the first significant sawtooth crash, and 14.0 s after the
two DD discharges and one DT discharge crashed. At the later
times sawtooth crashes break the tight clustering of rates, and
the discharges that have not crashed continue to increase at the
same growth rates. By 14 s there is a clear separation of T-.
An interesting question is whether the temperature gradi-
ents were clamped by critical gradients. If so, the critical
gradients should be < A > independent according to simple
gyrokinetic considerations. These indicate that the critical
temperature gradients are independent of mass since they
depend on a relationship between the diamagnetic and drift

frequencies which have the same mass dependency. Plots of
R/Ly, = —R x VIn(Ty) and R/L; = —R x V In(T;) are shown
in figure 10. High values indicate good confinement. The
values in the mid-radius region (x == 0.3-0.8) increase roughly
40% as < A > increases across the scan. In this region, p,, is
computed to be negligible. In the core the fractional increases
with < A > were also large. The data suggests that subtle
effects might be in play. For instance, turbulence could be
limited by < A > dependant flow shear suppression. The
measured toroidal rotation and computed NBI torque profiles
had complicated < A > dependencies. Further discussions
are given below in the discussion of scalings.

2.4. Isotopic mass scaling

The isotopic mass < A > is calculated from species con-
servation by TRANSP using the beam-neutral ionization
rates and the wall recycling and gas fueling rates. In the
core < A > (0) is dominated by the beam-neutral ioniz-
ation rates, so across the scan <A > (0) = fygr + 2. The
time delay 6, between the last insignificant crash and the
first significant crash is another important parameter. Values
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stored energy at 13.75 s normalized to values for discharge 42870 (with fygy = 0.27). The DD discharges experienced significant sawtooth

crashes by this time and the others did not.

of & in table 1 tend to increase with fygr and <A > (0)
as shown in figure 11(a). Similar correlation is seen using
the time of the first significant sawtooth crash instead of &,.
Neither S, nor p,, are linearly correlated with 6, as shown in
figures 11(b). This suggests that increasing < A > (0) is the
cause of longer &, and thus contributing to the higher core
T; and indirectly T..

The trends for T, and T; tend to increase with < A > (0), but
not so clearly with p,, or S, which suggests that p, ,is not playing
a dominant role in T, perhaps partly due to systematic changes
in confinement or energy loss rates compensating for increased
Py~ The wider spread of wj relative to w, with <A > (0) con-
tributes to the trend of 7 increasing with < A > (0) due to the
thermal ion-electron energy coupling p;.



Nucl. Fusion 56 (2016) 036013

R.V. Budny and JET contributors

The scaling in < A > (0) of several variables were deduced
at 13.75 s after the DD discharges had significant sawtooth
crashes. An advantage of later times is that the discharges are
closer to quasi-steady state, and there being more more time
for the alphas to slow down, but at later times more discharges
experienced significant sawtooth crashes, so there are fewer
discharges to compare. The core 7; at 13.6 s scales roughly
as T;(0) x< A 7 if the discharge 43011 is excluded. The
scaling at 13.75 s is approximately T;(0) oc< A >0 if 43011
and the DD discharges are excluded. Similarly 7.(0) scales
as oc< A S04 if 43011 and the DD discharges are excluded.
Plots from a database of parameters in the scan are shown
in figures 11(c) and (d). Approximate scaling is indicated by
the green X’s and lines. The stored energy scales roughly as
Wit x< A >3 at 13.6 s and as Wy x< A >0 at 13.75. These
scalings bracket the scaling of the TFTR supershots.

Scaling of energy transport profiles in JET ELMy
H-mode discharge from the DT campaign have been pub-
lished [10] using local dimensionless parameters: average
thermal ion gyro-radius p, and collisionality 7, normal-
ized by a system scale length, normalized pressure (3,
and < A >. Results for discharges with H, D, or DT in the
region 0.3 < x < 0.7 yielded fits for the ion energy transport
1/x;x<A 0842006, the total (convected and conducted) ion
energy transport 1/, << A >106£006; and for the total ion
and electron energy transport 1/ g oc<< A S0-94£0.06,

Fits using globally-defined (scaler) dimensionless scaling
parameters and local <A >taken from the hydrogenic
alpha emission (dominated by the edge) are in [11]. The
scalings for the thermal energy confinement in ELM-free
H modes is 75x<A > 025%022 and in ELMy H modes:
T oc< A > 003010 1 ocal transport analysis of five ELMy H
mode plasmas from a dimensionless parameter scaling study of
DT plasmas was also presented in [11]. The TT discharge was
not well matched, as in this present study. The results gave con-
finement in the edge region increasing strongly with the isotope
mass, whereas the confinement in the core region decreased as
75 x< A >016 In the present study < A > in the core is cal-
culated from species conservation using the NBI and recycling
sources using TRANSP, discussed below.

Simple gyrokinetic arguments suggest that the energy
transport should have gyro-Bohm scaling, and thus scale
in < A > as the sound speed, giving 1/y;x<A >3 This
contradicts the results for the alpha heating scan. Often the
so-called mixing length is used: x; oc v/ < kf >, with v the
mode growth rate and k; the radial wave number. This esti-
mate is based on the assumption that the non-linear saturation
is related to the linear drive prescribed by local parameters.
Some gyrokinetic simulations have found positive scaling
with < A >. For instance, a global simulation [12] using
Dupree’s resonance broadening theory of turbulent wave-
particle scattering (x; o< Aw/€;) with w the mode fre-
quency and (; the ion gyro-radius predicts 1/y; oc< A >H03,
Additionally, recent simulations of Ion Temperature Gradient
(ITG) and trapped-electron mode (TEM) micro-turbulence
[13, 14] indicate that zonal flows have mass-dependent satur-
ation which alters the transport from gyro-Bohm. Another

possibility is that flow shear suppression of turbulence had a
favorable < A > dependence.

This section argued that the choice in [3, 4] of the dissim-
ilar outlier 43011 for comparison diverted attention from the
significance of < A > scaling in the alpha heating discharges.
The comparison of T¢ in those references at the times just
before the last significant sawtooth crash instead of at equal
times after the start of the NBI led to an over-emphasis of the
increase of 7. in the DT discharges, and to an over-estimation
of p,, effects on T, and consequently of the need for exotic
effects to explain high T7j, such as fast ion stabilization of
turbulence and changes in confinement induced by the reso-
nance of alpha particles. Here the scaling is attributed to the
thermal hydrogenic mass < A >.

3. TRANSP analysis, power balance,
and simulations

3.1. Model validation

Since the phenomenology does not show clearly the effects
of p, we calculate whether the effects are predicted to be
relatively large enough to have been seen. The answer is that
D, 1s computed to be large, but other contributions with large
uncertainties are comparable. The discharges were modeled
using the TRANSP code [15] to study heating and transport.
Profiles of the temperature, rotation, and density of the trace
carbon ions were taken from charge exchange spectroscopy
measurements. Measurements of the relative beryllium-to-
carbon density ratio from charge-exchange spectroscopy at
one radius are available for some of the discharges. The ratio
indicates that Be as well as C ions were diluting the deuterium
and tritium fuel in the core.

The radiation emission profile p,,, is needed for the elec-
tron power balance, but is not available, so TRANSP is used
to predict the line, bremsstrahlung, and synchrotron emission.
Their total volume-integrated rates scale in time approxi-
mately as the measured total (core and scrape-off) radiation
emission, but are lower by a factor of about 2-3, except two
times higher for the outlier 43011. These differences could be
caused by the fact that TRANSP computes only the radiation
within the separatrix, or that the discharges have significant
radiation emission from trace high-Z impurities. The radia-
tion profiles were not scaled to match the total measured due
to these uncertainties.

The wall recycling rates are needed to calculate convec-
tive transport, neutral ion densities (needed in the calcul-
ation of charge-exchange losses), and inflows of H, D, and T.
The hydrogenic (H + D + T) alpha emission rates shown in
figure 7(a) are scaled to estimate the ionization rate within the
boundary (close to the separatrix). The relative amounts of H,
D, and T in this total were measured. These rates are systemat-
ically low for the DD discharges and high for those with large
Jupr- These are used to indicate their partition in TRANSP for
the wall source rates in the particle conservation equations.

The modeling achieves approximate agreement with S, and
sn(0), as well as with the EFIT diamagnetic energy indicating
that the modeling is approximately accurate. This is needed to
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Figure 12. Comparisons for a DT discharge 42856 of simulated and measured (a) global neutron emission rates S, and (b) local neutron
emission rates and s,(0) which stepped down at the first significant sawtooth crash which occurred at 14.12 s. (¢), (d) Similar comparisons

for TT discharge 42840.

indicate that the computed p,, is credible. Examples of com-
parisons for two of the discharges are shown in figure 12. The
largest discrepancy between the simulated and measured s,(0)
for the fygr > 0 discharges differ by at most 12% at the peak.
The agreements for the fygr = 0 discharges are less accu-
rate. The TT 42840 has good agreement. The fraction of T
in the measured hydrogenic recycling f, ., shown in table 1,
was close to the fraction which gave good agreement with
Sn(0). The outlier 43011 was problematic in that results using
Jrer = 1.0 predicted S, far too low. The best TRANSP simula-
tion is achieved with the recycling tritium fraction set to 80%.
One possibility for more accurate predictions of S, keeping
Jrer = 1.0 would be to assume a non-zero D component in
the NBI.

The sawtooth crashes are modeled assuming Kadomtsev
helical mixing of current and fast ions at the sawtooth crash
times observed in T¢. The gy profiles were not measured, so
they were calculated in TRANSP from poloidal field diffusion
assuming neoclassical resistivity. In the core, gy increased
to near unity at the sawtooth crashes.

10

Sawteeth crashes have been observed to mix fast beam and
alphaions [16]. The TRANSP-predicted helical mixing of the
normalized toroidal pressure of the beam [y, and alpha ions
B4 1s shown in figures 13. The By, profile recovers in the time
scale of the core NBI deposition and the (3, profile recovers
in the longer time scale of the core DT fusion rate ppy. The
fast alpha density recovers on the time scale of the DT fusion
rate and the p,, profile recovers in the time scale of the alpha
slowing time, which is ~1 s, figure 13(d). The core p,,, fast
alpha density n, and pressure 3, increase approximately
linearly in time, except for sharp crashes at sawtooth crashes
as shown in figure 14. TRANSP analysis of sawtooth effects
does not appear to have been included in [3], so the values of
P.. could have been over-estimated. At 13.6 s the predicted
peak core averaged p,, is half the maximum calculated for
the scan. In 42856 at 14.1 s the peak predicted ratio p,,/p.y
is near 0.2. After 14.55 s, as the density increased following
the minor disruption, p,,, decreased, and the predicted ratio
increased rapidly to a peak of 0.8, but the prediction is very
uncertain.
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shown in figure 12 (a) beam and (b) fast alpha normalized ion pressures; (c) alpha density and (d) alpha-electron heating.
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3.2. Power balance

TRANSP analysis uses measurements to calculate the heating
and loss source rates and the gradients of the power flows. The
terms for w, and wj; are:

Owe _
E = Do =Pve T Pae + Pon T Pie +pcmpe ~ Prad
~ Peonde — Peonve ~ Pioniz (2)
8Wi _
ot = Pi =Dvi +pcmpi t Prot T Prot — Pie — Pex
~ Peondi — Peonvi- (3)

The ionization and compression terms pjy, and p.p,. are
negligible in the core. In the usual analysis mode, TRANSP
computes the convected and conducted power losses p.,nve
and p,..q.- Examples of the computed transport coefficients
are in figure 15. The electron conduction coefficient x, is

12

rather low compared to x;. Either larger p,,4 or lower p,,
would reduce Y, further. Profiles of the heating terms are
shown in figure 16.

To study p,,. consider the time and volume integrals:

X X t
f AVive =~ wet = 12) + f f drdvp,
0 0 12

integrated to x = 0.3, and time integrated from 12.0 s. The
reason for starting time at 12 s is that the simulations are
considerably less certain at earlier times before the charge-
exchange spectroscopy data window. Profiles at 14.0 s are
shown in figures 17(a) and (b), and the time evolutions in
figures 17(c) and (d). The dominant term is the beam-ion-
electron heating p,.. During the end of the ramp-up and into
the flat-top phases the terms p, Pies Peondes a0d P, and per-
haps p,,q contribute roughly equally, except for the fypr =0
discharges where p,, is negligible. The presence of these
uncertain terms make it is difficult to accurately quantify p,,

“)
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in the power balance results. The total thermal electron stored

energy f dVw, increased at a rate of about 2 MW.

A similar analysis of the ion power balance (equation (3)) is
further complicated by the scarceness of the charge-exchange
data. One large uncertainty is the charge-exchange loss term
P Which is estimated (from the estimated recycling rate). The

. 1 .
volume integrated electron energy fo dVwj increased at a con-

stant rate ~2 MW early in the NBI phase, then rolled over by
1.5s.

3.3. Simulations of T, without alpha heating

Even if the experiments are consistent with alpha heating, the
inverse should be checked: are they consistent without alpha
heating? To what extent could the < A > scaling of 7; replace
the role of p,, in increasing 7.? TRANSP was used to pre-
dict discharges like 42856 with fygr = 0.52 and 42840 with
fwpr = 1.0assuming < A > scaling of T, c<< A >! but without
alpha heating. The analysis run for the discharge 42870 with
Saer = 0.27 was used with 42840 with fygr = 1.0 if the T;
input were scaled up by their ratios of < A > in table 1, and
X, were held fixed. The predictions do not take into account
the differences in n. in these discharges. These results for the
simulated S, and 7, are shown in figure 18. The 7. profiles
are in qualitative agreement with figure 9(a). Both simulations
have p,, nearly double the analysis values.

4. Summary, discussion, and conclusions

Re-analysis of the alpha heating experiments in the JET 1997
DTE1 campaign results in significant differences with the
previous published analysis [3, 4]. The TT discharge used in
those papers to conclude the absence of isotopic mass effects
is found to be unsuited for inclusion in the scan, due to its high
recycling rate. The re-analysis using the other, more compa-
rable TT discharge in the scan shows that at equal times in
the discharges, core T;, Te, and the total stored energies scale
approximate linearly with the average thermal hydrogenic ion
mass < A >. The core < A > is strongly correlated with the
increase of the sawtooth delay é;, and the delays of significant
sawtooth crashes allowed T, and 7; to obtain higher values.
Thus, longer é; and p;, could explain the higher T¢. The com-
puted p,./p.. 15 up to 0.2, but electron power balance in the
core shows that multiple terms with relatively large uncertain-
ties are comparable to the computed p,,. Another difference
with the previous analysis is that the inclusion of sawtooth
effects results in lower values for the computed p,,.

The initial studies [2] of alpha heating in TFTR showed
significantly higher core 7. in DT supershots compared with
DD and TT supershots. The beam and thermal core electron
heating was argued to be independent of Ppr, and the rise of
computed P, heating with Ppy was correlated with increased
7}(0)/7’%5. A re-analysis of electron heating in the TFTR alpha
heating discharges similar to the results reported here has
not been conducted. An example of a similar electron power
balance analysis for a TFTR supershot is shown in [5]. The
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discharge studied there (the supershot with highest Qpr) had
very high Ti/T, and thus high p,. at the time of maximum
Ppr. The ratio of the computed p,, and p,,, in the core is 0.05,
to be compared with 0.20 for the JET 42856. The corresponding
ratio computed for the JET Hot-ion H-mode discharge with
highest Qpr is 0.12 [5]. In the TFTR supershot, late, after a
minor disruption and impurity influx, the ratio is computed to
be 0.8, as was the case for the JET 42856 after it experienced
a minor disruption, but the measurement and analysis uncer-
tainties are large. Large increases in the central 7, were often
observed in TFTR following the termination of NBI.

Various aspects of the analysis and modeling need further
study to increase confidence in the simulations. Examples
are the alpha heating p,, and p,; and loss terms, for instance
the effects of MHD. Additionally, the sawtooth model in
TRANSP is simplistic and the sawtooth mixing predictions
for alpha ions would benefit from further testing.

Future DT experiments are planned for JET in 2018 and
the international thermonuclear experimental reactor (ITER)
in 2034. Alpha heating and isotopic mass experiments in JET
would benefit from a more comparable set of discharges,
especially including ones with TT NBI. Avoiding sawteeth
could improve the reproducibility and simplify the modeling.
Measurements such as radiation, recycling, and impurity den-
sities would improve the analysis. Separating alpha heating
effects from isotopic mass effects are important, especially
since isotopic mass enhancements of transport could help
make DT fusion energy possible.

One question concerning the extrapolation of isotopic mass
effects to ITER is to what extent do these effects depend on
the fast ion density and energy. The fast ion density fractions
in TFTR supershots and JET Hot-ion H-mode discharges
were higher than anticipated in ITER. Another question is
whether the mass scaling depends on a high ratio 7;/7.. This
ratio was relatively high in the TFTR supershots and JET
Hot-ion H-mode discharges. Also the toroidal rotation Mach
number predicted for ITER is low [17] relative to values seen
in high performance TFTR and JET discharges. Thus rotation-
induced flow shear could be less favorable in ITER.
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