What made TFTR supershots super and JET Hot-ion H-modes hot
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The supershot plasma regime [1] in the Tokamak Fusion Test Reactor (TFTR) and the Hot-
ion H-mode HIHM regime [2] in the Joint European Torus (JET) achieved relatively high ion
temperatures and high fusion reaction rates compared with the baseline regimes having lower core
energy. In TFTR supershots central ion and electron temperatures obtained high values (T4 < 50
keV and T, < 14 keV). The JET alpha heating HIHM discharges also had large central values for
T;i, Te, and T;/Te. The causes of the high performance have not been fully understood. This paper
presents an explanation for the high central temperatures.

We reexamine discharges from the DT experiments dominated by neutral beam (NB) heating. The
discharges with highest core temperatures had relatively low electron density and well-conditioned
first walls which allowed deep penetration of the NB neutrals. The beam ion - thermal ion was the
dominant plasma heating rate in the central region. Thermal ion - electron energy equilibration
was the dominant electron heating rate in the center of supershots and was among the dominant
heating rates in HIHM discharges The central ion and electron temperatures co-vary for most of the
NB heated phase. The profile shapes of the thermal ion energy density w; and the effective thermal
ion heating rate p; had similar shapes at least out to the half-radius and the time evolutions of w;
and f dt pi increased similarly during the constant NB power phase. Comparable discharges with
lower core energy confinement also have energy profiles with shapes similar to the effective heating
profiles, suggesting that the NB energy deposition plays a dominant role in the formation of both
regimes.

These regimes with NB heating and enhanced core confinement are not considered for fusion
reactors since NB heating does not appear practical for them and since the required high density
operation implies T; ~ T. However these regimes might be needed in practical reactors to create
“smoldering cores”.

Keywords: tokamak experiments, TF TR, JET, deuterium - tritium, neutral beam heating, alpha heating,
isotopic mass effects, TRANSP
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1. Introduction

Leading proposals for practical fusion energy rely on alpha particle heating of DT fuel. In principal centrally peaked
density and temperatures could achieve the desired conditions with minimal total stored energy. The highest rates of
DT fusion reactions in tokamaks were achieved with peaked profiles. These were in the TFTR supershot regime [1]
and the JET Hot-Ton H-mode HIHM regime [2]. Other regimes, typically with broader profiles achieved considerably
lower peak fusion rates. The global fusion gain parameter Qpr(= Ppr/Paux with Ppr the DT total fusion power and
P,ux the applied heating power) reached 0.29 in supershots and 0.76 in HIHM. The largest values for the local fusion
energy gain computed by TRANSP [3] in the center were approximately 0.9 and 1.2 respectively

The supershots and HIHM discharges had relatively low electron densities and high central values for T;, T., and
T; / T.. These high core confinement regimes are typically not not considered to be of use in practical fusion energy
reactors which are predicted to require high density implying nearly equilibrated T; and T,. Also the NB systems
are not considered to be practical in a commercial reactor. However, they might be needed during startup to create

“smoldering cores”. For instance, reactor plasmas might be started in a two stage process with the first stage using



intense central NB heating in a low electron density ne plasma with a short path length [ dl n. between the NB
injector and the plasma center to allow intense NB ion heating. Then when core ratio of alpha heating to NB heating
gprT becomes sufficiently large the plasma shape, position, and density could be altered to achieve larger Ppr.

Recent reanalysis [4, 5] of the discharges from the DT campaigns was done to study causes of the high temperatures.
The original motivation was to assess if alpha heating had been reliably measured, as claimed and what role isotopic
mass enhancement played. The results showed that competing electron heating from ion-electron exchange, beam-
ion, and Ohmic heating were comparable or larger. Also non-alpha heating effects such as isotopic or fast beam ion
enhancements of the thermal ion confinement could have caused the higher T, and T; in DT plasma.

References [4, 5] indicated that the dominant cause of high 7; and T, was wall conditioning, which allowed deep
penetration of neutral beam NB ions. This generated high central T; which in turn generated high central 7, and
T;/T.. This was seen in the supershot conditioning series described in [6]. The thermal-ion-electron heating rate pje
is the largest electron heating rate in the center of supershots and is typically at least three to four times the peak
alpha heating rate p,. with DT.

A schematic of how an isotopic mass enhancement can complicate experimental verification of alpha heating is
shown in figure 1. The thermal hydrogenic isotopic mass is defined as < A >yya= (nu +2np + 3n1)/(ng + np +nr).
T; is shown assuming either no enhancement or an enhancement increasing with < A >pyq. The thermal-ion-electron
heating rate pie o (T; — Te) increases with mass enhancement so T, would be effected. The schematic T; and T, with
enhancement are similar to the results seen in the center of JET alpha heating HIHM discharges. Figures 13-b) and
14-b) in [4] show the temperatures at two times during rampup. At later times T; and T, have less variation with
< A >pyq. It is not clear if the enhancement remains in seady state conditions or if the discharges in the data base
experienced delectarious MHD.

Strong coupling (interconnected parameters) make it very difficult to separate causes. An example is the approximate

relation between < A >y, in the central region and the fraction of tritium beam power:
<A>nda =~ fupr+2 (1)

This is plausible since beam fueling is the dominant hydrogenic species source near the center. Examples of their
values are given in table 1. This correlation complicates experimental separation of possible isotopic effects on T, and
T; from the thermal plasma or the beam injection. Other examples of strongly coupled parameters are the beam ion
D/T mix and energy with < A >pyq.

This paper extends the reanalysis beyond the central region. In addition to the thermal ion and electron power
balances, the toroidal rotation power balance and the electron species balance equations are discussed.

One of the goals of this paper is to show new ways to quantify alpha heating in future DT experiments, such as
planned for JET in 2020 and in ITER starting after 2035. It is instructive to reconsider the TFTR along with the
JET alpha heating experiments since the plasma regimes and difficulties encountered contrast each other regimes.
Understanding both helps generalize to upcoming experiments.

We study discharges produced in the DT experimental campaigns in TFTR (1993-1996) and JET (1997). We focus
on discharges without Ion Cyclotron (IC) heating. Most of the TFTR discharges did not have IC heating. Many of
the JET discharges did, but we consider only those from the alpha heating campaign [7] which did not. IC heating

was used to simulate effects of alpha heating. Neither tokamak had Electron Cyclotron heating.

2. Covariance of central temperatures and stored energy densities

The central values of T; and T, covary nearly linearly at least up to the time of peak 7;. In this paper T; denotes
the temperature of the hydrogenic species calculated by TRANSP from the measured temperature of the carbon
impurity [8]. The values of T; are lower than those for the carbon impurity ions especially for the highest values
in the core occurring early in the NB phase. Trajectories of the central T; versus T, for a selection of TFTR and
JET discharges are shown in figure 2. Three TFTR discharges from a sequence of five deuterium (DD) discharges
[6] with varying degrees of wall conditioning by Li pellet injection into their Ohmically heated phases are shown in

figure 2-a). Typically the trajectories show hysteresis with T, continuing to increase after T; saturated, and then to



start to decrease along a higher trajectory. This phenomenon is discussed further below.

For analyzing effects of heating and power balance it is more direct to inspect the stored energy densities. Alpha
heating, by definition increases stored energy, but not necessairly temperature. Trajectories of the central thermal and
electron energy densities w, vs w; are shown in figure 2-d). They increase approximately linearly up to the times
of maximum w; after which w, continued to increase for awhile until the end of the T; charge-exchange spectroscopy
CX data. Trajectories of the central electron energy densities versus n, are shown in figure 2-g). Relatively small
hysteresis effects are seen indicating that the hysteresis in the T; vs T, and w; vs w, trajectories is due to changing n..

Trajectories for four TFTR supershots are shown in figure 2-b). Three of these are from a triplet of comparable
discharges [5]. Also the trajectory of the supershot with highest sustained Qpr is shown. Alpha electron heating
should increase as alpha particles are accumulated and slow down. This would be expected to increase the slope of T,
unless the loss rates increase to offset pge.

Trajectories for three JET discharges from the alpha heating experiment are shown in figure 2-c,f,i). The discharges
shown are the high performance DT 42856 HIHM, the high performance T'T 42840 HIHM, and the lower performance
TT 43011 which had high wall recycling rates. These show approximately linear increases to the times of maximum

T;. There was considerable variation in the central n. values in time.

3. Heating and electron fueling rates increase linearly with temperatures and densities

Section 2 presented evidence that the central 7T; and T, are tightly correlated, suggesting that 7; played an important
role in high central T,. In this section evidence from central NB heating and fueling is discussed. These rely on
TRANSP analysis for the central NB deposition. The TRANSP runs used a relatively recent excited states ionization
model [9] for ionization of NB neutrals based on ADAS cross-sections [10]. Results for beam deposition in the center
are close to those from earlier TRANSP deposition models. TRANSP run IDs are listed in table 2.

Figure 3 shows analysis results from the conditioning series discussed in figure 2-a). The log plots of the electron
source rates defined in equation (5) are plotted in figure 3-a) at two locations, in the center (x=0) and near the edge
(x=0.9). The variable x is the natural radial variable used in TRANSP, defined as the square-root of the normalized
toroidal magnetic flux. This is approximately the normalized minor radius. A one-to-one correlation of the central n,
and s, in supershots was reported in [11]. The limiter conditioning reduced the emission rate of hydrogenic species
from the large inner limiter. The s, edge values decreased in the sequence of discharges as the walls became better
conditioned. Their central values increased in time and as the discharges became better conditioned. These trends
are consistent with the electron densities shown in figure 3-b). The central n. values continued to increase in time
and with wall conditioning, except for sawteeth and (in the case of 76650) with other MHD, until the end of NB at
4.3s, and then decreased precipitously as n, decreased.

The central beam-thermal ion heating rates are shown in figure 3-c). These increased by more than 100% with
conditioning. So did the measured central values for T; shown in figure 3-d). The central beam-electron heating rates
shown in figure 3-e) increased during the rampup phase. The central T, increased in time and with conditioning as
shown in figure 3-f). Note also the T, afterglows shown in that panel and discussed in the previous section which
occurred after the NB (and CX data window). Note that the ion heating was about a factor of 10 greater than the
electron heating, i.e., figure 3-c) vs figure 3-e). Below we show that the thermal ion-electron heating plays an
important role in T,. The triplet supershots showed a very distinctive bump in the time evolution of the central T,
when the Pyp was terminated or decreased to a lower level. These bumps were dubbed T, afterglows and they were
speculated to measure P,. but they were seen in both DD and DT (coincident with a sharp negative %dnc) [5].

Figure 4 shows analysis results for the triplet of supershots discussed in [4]. Figure 4-a) shows the evolution of
the central values of the electron source rate in equation (5). These trends are consistent with the central electron
densities shown in figure 4-b) which continued to increase in time until the rampdown of NB starting at 4.3s, and
then decreased precipitously.

The central beam-thermal ion heating rates are shown in figure 4-c). These were about 30% higher with DT, as
were the central values for 7; in figure 4-d). The central beam-electron heating rates shown in figure 4-e) decreased
as the density ramped up. The central T, increased in time and with DT as shown in figure 4-f).



The corresponding plots for three of the JET alpha heating discharges in figure 5. Two of the discharges are a DT
and TT HIHM and the third (43011) is a less well conditioned TT. This third had been included in the scan discussed
in [7] skewing the conclusions about alpha heating. The electron source rates in figure 5-a) show the same trends
with conditioning as in TFTR shown in figure 3-a), but their magnitude of values at x=0 and x=0.9 are reversed
from the ordering in supershots. This is due to the much flatter or even hollow n. profiles. The evolution of the
central values are shown in figure 5-b. The central beam heating rates figure 5-c,-e) are highest for the DT HIHM.
Profiles of these rates for eight discharges from the alpha heating scan at four times are shown in [4].

To summarize, the correlations of the central parameters show a large increases in the central thermal ion and
electron heating rates with wall conditioning. However we find relatively small increases when DD was changed to
DT.

4. Profiles from the balance equations

The appendix gives the energy and particle balance equations used by TRANSP in the usual analysis mode for
discharges with Ohmic, NB, IC, and alpha heating. Abbreviated versions of the first two were discussed in [4, 5]. The
definitions of p; and p. there are different due to the truncated versions of equations 2 and 4 in that paper. Central
values of energy densities versus the heating powers were shown in [4].

Profiles of terms for p; defined in equation 2 for two TFTR supershots are shown in figure 6. The terms for 89402
with a “postlude” phase (late NB phase with sufficient P, for CX data) from the triplet are shown at two times, 4.9s
near the peak performance and late in the postlude at 5.3s. The terms for 80539 with record Qpr are shown at peak
time. The largest term in the core for p; is ppin, and the next is phi. pie is a significant sink of energy in the core.

In the TFTR analysis p. tends to become negative near the edge, driven mainly by pyaq. This could be due to
the input paq profile being too large near the edge or to errors in other data or the TRANSP analysis. Typically in
the TRANSP analysis the input profiles for p,,q came from inversion of bolometry emission measurements reduced
by ~ 20% to correct for the power coming from charge-exchange neutrals instead of radiation. For the JET analysis
inverted bolometer profiles were not available. For these reasons we omit radiation from p, and consider pe_norad =
DPe — Prad- Profiles of pe_norad for the two TFTR supershots are shown in figure 6. The largest term in the core for
Pe—norad 18 Pie- The alpha-electron heating term is relatively small. The radial profiles of pe_poraq are centrally peaked,
but not as peaked as those of p;. Their profiles are similar to those of T, and we.

The terms for three JET representative discharges from the alpha heating experiment are shown in figure 7. The
profiles are shown at 14s which was near peak performance and before the occurrence of significant sawtooth crashes
or other obvious MHD. The discharges shown are the high performance DT 42856 HIHM, the high performance TT
42840 HIHM, and the lower performance TT 43011 with high wall recycling rates. For the ion heating powers the
sum ppi + pptn dominates. In the core of the HIHM discharges pe—_noraq is dominated by phe, pie, and pne. The alpha
electron heating rate p,. did not became larger than the sum of the other two, making it hard to be confident of its

actual value.

5. TIME-INTEGRATED BALANCE

Next we discuss profiles from the time-integrated balance equations 2-5. The integrated source terms in left sides of
equations 2-5 give the densities w;, we, w;y, and ne. The goal is to study heuristically the qualitative and connections of
their profiles with the power and electron source terms. Profiles at equal time increments are shown in figures 8 - 10.
What is remarkable is that the shapes of these densities remain qualitatively similar to the shapes of the time-integrated
input terms, at least out to the half radius. The time evolutions are also similar during the steady phase of the main
Pip.



5.1 TFTR supershots

Profiles of w; and f dt p; for the TFTR DT supershot 89402 with medium Py}, discussed in [4] are shown in figure 8-
a,-e). The radial profiles of f dt p; are very centrally peaked, as are the profiles of w; and T;. These have similar
shapes and increase in time within the x ~ 0.6 spatial region although f dt Pi—cond is slightly broader. This shape
similarity continued after the NB power was ramped down in the postlude phase. The time evolutions of w; and
Ik Yat p; are similar during the constant NB power phase, but the values of w; decreased in the postlude phase whereas
J " dt p; continued to increase.

Profiles of w, and f at Pe—norad from the time-integrated balance equation 3 have similar shapes, especially in the
core region. The radial profiles of f b at Pe—norad are centrally peaked, but not as much as are the profiles of w; and
T;. Profiles for 89402 are shown in figure 8-b) and figure 8-f). As with the w;, [ dt p; comparisons the profiles of
we and ft dt Pe—norad are similar but w, is steeper than ft dt Pe—norad-

In the analysis of the central power balance [4, 5] the central radiation is a small contributor to pe.

Profiles for the toroidal rotation energy w, and time-integrated rotating rates f dt prot are shown in figures 8-c)
and figures 8-g). These energies are much smaller that the thermal-ion energy w; shown in panels -e) and -f), and
the f dt prot profiles are much lower than w;.

Profiles of the electron density and time-integrated source rates are shown in figures 8-d) and figures 8-h). The
gradients of n, and f dt pe are similar in the core but beyond the mid-radius the gradient of f dt pe becomes positive.
The wall-dominated terms in the left-hand side of equation (3) become large, but unfortunately are poorly known, so
there is considerable uncertainty about p. in the outer radii.

The corresponding profiles for discharges from the DD wall conditioning series, discussed in [4, 6] are show similar
trends though the peak central values are reduced. These show that the well conditioned supershot 76654 and the
comparable poorly conditioned discharge 76649 with low core energy confinement have similar correlated profiles. The

low core confinement discharge had slightly broader profiles and slightly lower peak values.

5.2 JET

Analysis results from some of the JET alpha heating series discussed in [3—5] are shown in figure 9 and figure 10.
The higher performing alpha heating HIHM such as the DT 42856 (not shown) and the TT 42840 are comparable.
Compared with TFTR supershots they are broader with lower central peak values. The less-well conditioned and
lower performance TT 43011 is shown in figure 10. It was qualitatively similar, but with broader profiles and lower
peak values compared with the alpha heating HIHM discharges. The n, profiles in JET were flatter than those in
TFTR, and were flatter than the f dt se profiles even in the core, unlike in TF'TR supershots.

Similar analysis was performed for some of the JET ELMy H-mode discharges. An example is the DT 42982 with
record [dt Ppr = 22 MJ. Validation of TRANSP analysis of this discharge was discussed in [12]. Analysis gives
results similar to figure 9, 10 during the first two seconds of NB. During the next three seconds of NB the shapes of
w; and [ dt p; and for we and [ dt pe remained similar, but w; and we were approximately constant while [ d¢ p; and
f dt pe—norad increased. Thus the NB phase of the alpha heating discharges resembled the early rampup phase of the
ELMy discharges.

The similar shapes of w; and [ dt p;, and of we and [ dt pe implies that the sum of the conduction plus convection
terms, the last two in Egs. 3 and 4 also have similar shapes. Thus instead of transport barriers explaining the core
confinement, the drive terms are key. This suggests that sharpening p; can sharpen w; for improved performance. In

principal NB parameters are accessible actuators.

6. Revision of early alpha heating and isotopic mass conclusions

Quantifying alpha heating was challenged by the need to disentangle the causes of increased T,. Alpha heating should
be highest when the core DT mix was roughly 50:50. A favorable isotopic effect in the thermal plasma confinement



should increase as the core < A >y,q increases from DD to TT. A hypothesis proposed during the TFTR experiments
was that T;/T. was large in supershots due to a favorable intrinsic isotopic scaling of ion energy confinement in the
thermal plasma [13—16]. An isotopic scaling of T; x< A >?13,7d was reported for TFTR L-mode and IC plasmas [17].
The range of < A >yyq accessed in TFTR was limited due to significant fueling from latent D emitted by the walls.
Even though experiments with TT supershots were performed, the largest values for < A >,q were ~2.7. Typical
DT and TT supershots had < A >}yq below ~2.5. JET achieved values near 3.0. The early analysis [7] of the JET
alpha heating set excluded the hypothesis of an isotopic mass effect partly based on the tritium beam injection into
the tritium plasma TT outlier discharge 43011 [5].

7. Summary of new results

The central T; and T, increased nearly linearly figure 2 which strongly suggests that the core beam ion heating played
a decisive role in creating the high central temperatures in these discharges. The dominant heating in the core of
TFTR supershots and and JET alpha heating HIHM were the py; and ppy, terms. The approximate correlations of
the energy density and [ dt profiles are further evidence of the dominant role of beam heating in establishing and
maintaining the high core energy confinement conditions. These are interdependent, but the dominant term was the
ppi heating.

The decisive increase in the central 7; and T, with wall conditioning and lowered electron density was correlated
with the increased central beam - thermal ion heating rate. The relatively small increase in the central 7; and T, with
the switch from DD to DT is correlated with a small increase in the central beam - thermal ion heating rate. The
hypothesis is that this increase was sufficiently amplified by the circular non-linear coupling to cause the observed the
increased T; and T,. Thus the central T; and T, profiles can be controlled by proper choice of wall conditions and the

NB beam deposition.

8. Discussion

One difficulty deducing alpha particle heating in these TF'TR and JET discharges is that they did not obtain steady
state. Not only the alpha particle effects, which have relative long equilibration times, but also even the plasma energy
and particle transport were not steady. This was especially true for the highest power discharges.

The DT experiments in TFTR and JET came close to demonstrating alpha heating. Plots of the evolutions of the
volume-integrates alpha heating from the record Qpr TFTR supershot and JET HIHM are shown in figures 11-a).
The JET prediction shown has increasing uncertainty after the end of the CX data at 13.3s. The spike starting at
13.4 s could be due to unreliable data. The predicted volume and time integrated alpha heating energies are shown
in figures 11-b). Parameters are summarized in table 1.

These results apply only to supershots and Hot-Ion H-modes. Other regimes appear to have different mechanisms
determining performance. Isotopic mass scaling of DD and DT TFTR L-mode and Reverse Shear has been reported
[17] JET ELMy H-mode plasmas have separate processes effecting core [12] and pedestal [18] energy transport
coeflicients.

9. Conclusions and recommendations

Neutral beam central heating was instrumental in the creation of supershots and Hot-ion H-mode discharges. The NB
heating rate in the core was considerably higher for thermal ions than electrons. The ion heating with tritium was
higher than with deuterium. Increased central beam-ion heating was a large contributor to the higher temperatures
measured in DT. We conclude that the null hypothesis of no alpha heating in TF'TR and JET has a large, but difficult
to quantify p-value, the probability. However the calculated alpha heating rates appear consistent and plausible with
the experimental data.

Future DT experiments are planned for JET in 2019-2020 and in ITER after 2034. Alpha heating and isotopic mass



experiments in JET would benefit from a more comparable set of discharges, especially including ones with TT NB
injection. Avoiding sawteeth could improve the reproducibility for comparisons and simplify the modeling. Also this
is expected to increase p,. and T,. Likewise avoiding transient excursions of the NB power waveforms should help,
as would long flattop durations. Discharges with the NB power reduced in postlude phases for CX measurements
would be helpful increasing fa, and Qpr and the credibility of the modeling. Measurements such as core hydrogenic
ion densities, radiation emission, recycling, and impurity densities are needed for accurate analysis. Separating alpha
heating effects from isotopic mass effects are important, especially since isotopic mass enhancements of transport could
help make DT fusion energy easier.
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Appendix Energy and particle balance

We extend the thermal ion and electron power terms for energy balance used in [4] to include all the terms calculated
by TRANSP using the standard analysis of discharges with beam and alpha particle heating. All the discharges in
the TFTR and JET experimental campaigns had at least trace amounts of tritium and thus had computed amounts
of alpha heating.

The thermal ion power balance terms computed by TRANSP are:

ow

Pi = Pbi + Pbth — Pie — Pex + DPrott + Prote + Pempi + Pai + Piich = 8—151 + Pi—conv + Pi—cond (2)

with p; the effective thermal ion heating rate, pp; the beam ion - thermal ion collisional heating rate, pyyn the beam
ion contribution to the thermal ion energy density as beam ions thermalized, p;. the thermal ion - electron heating
rate, pex the net charge exchange loss rate, pyotr the toroidal rotation friction heating rate pyotc the toroidal rotation
convection heating rate and pempi the thermal ion compression work, piicn the thermal ion icrh, po; the alpha-thermal
ion heating rate, w; the thermal ion energy density, pi—cony and pi—cona the conducted and convected thermal ion
energy outflows. The p;. term is a significant contributor to the the ion and electron energy balance when T; > T,
which was especially true in the case of TEFTR supershots. The last four terms on the left-hand-side were relatively
small for the discharges considered here.

The pp; and ppn terms were combined in [4]. Also small terms were dropped in that publication. The choice of
which power terms to consider as sources or sinks is somewhat arbitrary. Here we place the conduction and convection
energy flows on the right-hand-side. Since we do not have well verified models for the conduction we consider it as a
variable which can be calculated from the balance equations.

The electron power terms for balance are:

ow,
Pe = Pbe + DPie + Poh — Prad + Pae — Pionz + Pcmpe + Peich = 8—; + Pe—conv + Pe—cond (3)

with pe the effective electron energy heating rate, ppe the beam ion - electron heating rate, po,, the Ohmic heating
rate, praq the radiation emission rate, p. the alpha-electron heating, pion, the ionization work, pempe the electron
compression work. peicn the IC electron heating, w, the electron energy density, pe—cony and pe—cond the conducted
and convected electron energy outflows, The pi. term is the same appearing in equation (2) with opposite sign. The
last three terms on the left-hand-side were relatively very small.

Sheared rotation can play an important role in suppressing turbulence. The thermal ion rotation power balance

terms are:

ow

Pr = Prbeo + Prbth + Prjxb — Prnet — Prfrc + Precmp + Pntv + Prpl = 8—; + Pr—cond + Pr—conv (4-)

with p, the effective thermal rotation power, p,pco the beam ion - thermal ion collision torque, p,ptn the beam ion -
thermalization torque added to the thermal ion species, pyjx, the j x b torque, prnet the charge-exchange torque, prfrc
the rotation source friction, p;emp the rotation compression, pnt, the neo-classical toroidal viscosity, p,p1 the ripple

torque, w, the thermal ion (toroidal) rotation energy, and p;—cony + Pr—cona the convected and conducted thermal

2
tor

toroidal rotation energy outflows. TRANSP assumes rigid rotation with w, = 1/2x1I,.Q7 . where I, is the moment
of inertia and $2,, is the toroidal rotation rate profile. Typically the toroidal angular momentum balance is studied
instead of the power balance.

The electron particle balance equation is:

on,
Se = She + Sev + Sew + Sez = 8—; + Sdiv (5)

with s, the effective electron source rate, sp. the beam ion deposition electron source rate, sey the volume neutrals
electron source rate, Sew the wall neutrals electron source rate, se, the impurity source electron source rate, and Ssqiv
the divergence of the electron flux. In the core the last two terms on the left are negligible.

The balance equations are solved very accurately with small relative errors. across the whole TRANSP radial domain

(from the plasma center to the last-closed-flux surface in the limiter discharges in TFTR, or for diverted discharges in



JET, to a flux surface close to the inboard side of the separatrix).

The thermal ion energy conduction coefficient x; in engineering units is computed in TRANSP using
/ dav Pi—cond = C Xi S ny VT’l (6)

with ¢ the energy conversion factor, S the flux surface area and n; the thermal ion (hydrogenic and impurity) den-
sity. The electron conduction coefficient y, is defined similarly. The energy convection coefficients are defined from
f dV pi_conv and f AV Pe—cony using the stored thermal energies and average radial flows. The usual angular momen-
tum transport coefficient x4 is defined using the gradient of the toroidal rotation velocity. The electron diffusivity
D, is defined using sqiv. We do not start the analysis with the convection and conduction terms since there are no
reliable accurate models for them. In the usual TRANSP analysis mode the other terms in the balance equations are
calculated from measurements and the conduction and convection terms are calculated self-consistently from those
equations.
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discharge mode < A >hya|faer + 2| faw |Qpr |gpT(0) [ Pac J dVpac| [ dt [ dVpae
% MW /m?* | MW MJ

TFTR 80539 || DT supershot 2.48-2.58 |2.64 53 10.28 |10.8 0.300 2.5 0.7

TFTR 89402 || DT supershot 2.35-2.45 |2.70 25 10.29 10.45 |0.053 0.36 0.45

JET 42976 ||DT Hot-ion H-mode||2.41-2.43 |2.47 32 10.68 |1.2 0.060 ~1.5 1.8

JET 42856 ||DT Hot-ion H-mode||2.54-2.56 |2.52 34 10.68 |1.1 0.042 1.6 1.6

TABLE I: Summary of parameters for several DT discharges from TFTR and JET: The TFTR supershot 80539 with record
sustained Qpr and a TFTR DT supershot 89402 from the TFTR triplet and the JET Hot-Ion H-mode 42976 with record Qpr
and one of the alpha heating Hot-Ion H-mode discharges 42856. The values for < A >ynya and fxsr + 2 and faw (ratio of the
line-averaged ne to the empirical density limit) are given at the times of mazimum neutron emission. The computed values of
< A >nya are non-monotonic and the values given are the ranges within the half radii. The global QpT, and central values gpr
of the profiles are listed at the times of their peak values. Qpr spiked to 0.29 in 89402 just after Png was reduced from 13.8 to
8.4MW, then decreased to 0.2 at the end of the postlude NB phase. qor is defined as the ratio of the profiles of the fusion power
Por divided by the auziliary heating power. [3]. Values of the central alpha-electron heating rate density and it’s ratio to the
central total (ion-electron pie, beam-electron pye and Ohmic pon) heating rate densities at the times shown. The ratios increase
during the discharges and listed at times within the windows of CX data and before disruptions. In equilibrium fap — qoT /5.
The record fusion power TFTR and JET and an ITER prediction are discussed in [3].

JET Runld
1997

TFTR Runld
1994-1995

DD 40365 722
DD 41069 Z16
TT 42840 725
DT 42847 722
DT 42853 716
DT 42855 725
DT 42856 722
DT 42870 716
TT 43011 Z25
DT 42876 722
DT 42982 C51

DD 76649 A16
DD 76650 A18
DD 76651 A19
DD 76653 A12
DD 76654 A19
DT 80539 A49
DD 89364 A22
DT 89401 A36
DT 89405 A26

TABLE II: List of species, discharges used for this study, and well-validated TRANSP run ID’s
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FIG. 1: (colour online) Schematic of variations of central Tj, T., and pie x (77 — Te) with the hydrogenic isotopic mass
< A >pya. With constant ng + np + nt the DT fusion rate is parabolic. Variations of are shown with and without isotopic
mass enhancement. Measurement of 7; in comparable TT discharges could distinguish the cases.
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FIG. 2: (colour online) a)-c) evolutions of central values of T vs T3, d)-f) central we vs w;i and g)-i) central we vs ne from a DD
wall conditioning sequence series of TFTR discharges described in [6] with increasing temperatures to supershot conditions; a
set of TFTR supershots [4, 5]; and a set of JET DT and TT discharges. The start times of the trajectories are the start of
NB. The end times for a)-f) are the ends of the CX data, and for g)-i) they were extended beyond the CX data time window.
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FIG. 3: (colour online) Time evolutions of parameters from the TFTR DD wall conditioning series: a) log of the electron
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to 4.3s. The abrupt decreases in Te between 3.7 and 3.8 S are due to sawteeth. Figure 3-b) shows the electron source rate

decreasing from discharge to discharge as wall conditions improved.
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FIG. 5: (colour online) Evolutions of central parameters selected from the JET alpha heating series a) log of the electron source
rate at the center x=0 and at x=0.9; b) log of the electron density at x=0 and at x=0.9; c) central beam ion - thermal ion

heating rate; d) central ion temperature; e) central electron heating rate; and f) central election temperature. Two DD, one
DT, and two TT discharges are shown in a) and b). The DD discharges have central electron source rate and ne values less

characteristic of the scan and thus are not closely comperable. The TT discharge 43011 had higher recycling than the others

in the scan which appears to have caused the unusually low central temperatures [4, 5]. Thus this discharge should not be
compared with the DT HIHM discharges.



A — B e e B meam e e L e e e e
n\Na TFTR DT 89402 | A2 p TFTR DT 89402 2 p |TTRDT 80539 |
J P, peak 4.9 i 1.040\.— ' postlude 5.375s _| EA i peak 3.75s |
. 1 ' B — o . -
1.0-] _ T ] Potn 1 s P bin ]
‘§ 1 1 %] P 1 3 bi 1
2, 4 054 -7 1
0.5+ — ] 1z 4 qe
.| o x i i}
1 g ] 1o ] 1
] {4 1 18 A 14
0.0 - 0.0-] - Jg ° y
al g ¢ ] 3
] i ] IE P ex g
T~ . ¥ ] Pie B 1 M~ i
-0.5—] 4% 1'p ‘F—“ -1 ie ]
1p 1e 05 ox £ £
X g - T T T T T T T T T " T T T T T T T T T T L
S B Js LI I A B I I A I I I IS
0.0 05 « 1.0 : : X : - 05 X :
0.~ 1T - S
1d {etR DT Boad2 | 1o TFTR DT 89402 | NP P TFTR DT 80539 +
| 49s e 53s ] T\ 375s 4
P e-nor mE 7 7
] { 51
0.4-{ 4 =] . 10—
« | g £ ]
S - {2 02 i3 2
=3 & q = &
2 ] 18 4 o e
0.2 4] o 05 5
1 £ 3
4 Ai‘ 1 E E.
0.0 LA L L L L B B B —{ 0.0 = 00 LA L L B L L B B =
0.0 05 « 10 00 05 « 10 00 05 « 1.0

15

FIG. 6: (colour online) Profiles for terms in p; and pe—norad = Pe — Praa defined in equations 3 and 4 for the TFTR DT supershot
89402 from the triplet scan described in [4] and for and for the supershot 80539 with highest sustained Qpr. Two times are
shown for 89042: 4.9 s near peak, and 5.3 s near the end of the postlude phase. The main NB phase for 89402 had P,, = 13.8
MW which lasted from 4 to 5s and a lower power postlude phase lasted to 5.39s. The CX data times were between 4.025 and

5.375s.
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FIG. 7: Profiles of terms for pi and pe_norad = Pe — Prad defined in equations 3 and 4 for discharges form the JET alpha heating
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FIG. 8: (colour online) Profiles for the TFTR DT supershot 89402 shown in figure 2 at equal time increments of the densities
of thermal a) ion energy, b) electron energy, c) toroidal rotation energy, and d) electron density; and of the time-integrals of the

effective e) ion heating power pj, f) electron heating power pe_norad = Pe —

source rate Se.
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FIG. 9: Profiles for the JET HIHM TT 42840 described in [4] at equal time increments of the densities of thermal a) ion energy,

b) electron energy,
heating power pe—norad = Pe

HIHM was featured in [4]. The NB phase with Py, = 10.6 MW lasted from 12 to 14.7 s.

¢) toroidal rotation energy, and d) electron density; and of the time-integrals of the effective e) electron
— Prad, f) ions heating power p;, g) toroidal rotation power p,, and h) electron source rate s.. This
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FIG. 10: Profiles for the JET poorly conditioned TT 43011 described in [4] at equal time increments of the densities of thermal
a) ion energy, b) electron energy, c) toroidal rotation energy, and d) electron density; and of the time-integrals of the effective
e) electron heating power pe_norad = Pe — Prad, ) ions heating power p;, g) toroidal rotation power p, and h) electron source
rate se. This HIHM was featured in [4] The NB phase with Py, = 10.6 MW lasted from 12 to 14.5 s.
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FIG. 11: Comparisons for the TFTR and JET record Qpr discharges of a) ft dt, and b) [dV dt.



