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Abstract Fusion alpha parameters are calculated for Tokamaks with high DT fusion rates using the
TRANSP plasma analysis code. Parameters include the fast alpha density, n,, fast alpha pressure nor-
malized to magnetic field energy, B4, and its normalized gradient, —R x V(8,). The plasma conditions
are taken from the plasmas in TFTR and JET with the highest DT fusion rates, and from examples
proposed for IGNITOR, FIRE, and ITER-FEAT.

1. Introduction

For Tokamaks to become practical sources of energy, large numbers of fusion ions must
be confined long enough to heat the plasma. The interactions of fusion alphas on the
plasma need to be understood to minimize detrimental effects and exploit beneficial effects.
Examples of coupling of fast alphas to the thermal plasma that could be deleterious include
stabilization of sawteeth [1,2] and TAE activity [3].

The goal of this paper is to quantify fusion alpha parameters from a selection of proposed
“next step” Tokamaks to facilitate assessments of their effects. The first detailed Monte
Carlo calculations for IGNITOR, FIRE, and ITER-FEAT are presented. Self-consistent
models of the plasmas including their time evolutions are constructed using the TRANSP
plasma analysis code [4]. Profiles of alpha parameters, along with the g gp profiles and
MHD equilibria are of use as inputs to codes such as HINST [5] for calculating TAE
instability. These results are also of use for codes that calculate the MHD stability and
micro-turbulence. Besides the summaries of the alpha parameters given here, electronic
files of the MHD equilibria and of the phase space distributions of the fast ions are
available.

Another use of these results is in designing experiments to study alpha parameters in
burning plasmas. It is likely that auxiliary heating of some form will be used in the next
step experiments, but if this generates fast ions (as can ICRH and NBI), these can mask
or complicate the measurement of fast alpha effects. One possibility is to abruptly shut
off the auxiliary heating in the burning plasma. If the auxiliary ions slow down faster
than the alphas, there could be a window of opportunity.

Three proposed Tokamaks are considered, IGNITOR [6], FIRE [7], and ITER-FEAT
[8,9]. One plasma from each is chosen for analysis. Ion cyclotron heating is assumed
for each, with the ICRH frequency tuned to resonate with the first-harmonic of the He?
ion-cyclotron frequency and the second-harmonic of T ions near the magnetic axis. In
addition, negative-ion NBI is assumed for ITER-FEAT to heat and drive plasma current.
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Present-day experiments have produced modest powers from the DT fusion reaction.
TFTR achieved 10.3 MW [10] and JET achieved 15.8 MW [11]. The identical analysis
techniques are applied to these plasmas for comparing their achieved alpha parameters
with those that can be expected from the three next step Tokamaks. One advantage of
using the same analysis tools for both present-day experiments and future experiments is
that the definitions used for parameters such as triangularity are the same, minimizing
the semantic ambiguities in extrapolating from present to future.

2. Analysis Techniques

The TRANSP plasma analysis code [4] is used to analyze the plasmas with the measured
or assumed plasma parameters and to calculate the heat deposition profiles. The MHD
equilibria are calculated in TRANSP solving the Grad-Shafranov equation. The heat
and particle fluxes are calculated from the continuity equations. The fusion ions (and
beam ions when NBI is used) are treated using Monte Carlo methods [12] to model their
source rates, neoclassical orbits, and slowing-down rates. There are various experimental
confirmations of the accuracy of the TRANSP fast alpha calculations [13,14].

The evolution of the gygp profile is calculated in TRANSP. To model effects of saw-
teeth, sawteeth crash times are assumed, and the TRANSP sawtooth model is used to
helically-mix the plasma current and fast ion profiles. Otherwise, poloidal field diffusion
is calculated assuming neo-classical resistivity and driven currents in the case of NBI. All
five plasmas studied have conventional, monotonic gy gp profiles, compared in Fig. 1
versus the toroidal flux variable, # = v/normalized toroidal flux, which is roughly equal
to r/a. Basic plasma conditions of the plasmas are summarized in Table 1.

The ICRH power deposition profiles are computed, using the SPRUCE full wave, reduced-
order package [15] in TRANSP. For the next step Tokamaks, a relatively close-fitting
antenna is assumed, with a strap separation of 30 cm. The relative phasing of the straps
is assumed to be 7.

The accumulation of alpha ash in FIRE and ITER-FEAT is simulated by assuming a
constant diffusivity and no pinch. The recycling coefficient of the He is assumed to be
20 %. Low (pessimistic) values for the diffusivity are assumed, but accumulation in the
plasmas does not reduce the DT fusion yield significantly.

3. Empirical energy confinement scaling laws

The next step plasmas are very different from present day plasmas in many ways, but
comparisons of their performance with empirical scaling laws could be useful for assessing
the likelihood of being able to produce the plasmas. Several empirical scaling laws for the
thermal energy confinement time have given accurate fits to existing data. One is the fit
for ELMy H-mode plasmas [16]:
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Here I, is the plasma current [MA], 7, is the line-averaged electron density [10%°/m?],
Bro is the toroidal magnetic field [T], A is the volume-averaged isotopic mass of the
hydrogenic species, and Py is the total heating of the thermal plasma [MW]. Generally



Pheq is assumed to be the external heating plus the alpha heating when applicable, but
the definition used here is slightly lower for the TFTR and JET plasmas which have non-
negligible losses of fast ions (shine-through, orbits intercepting objects, stochastic toroidal
field ripple, charge-exchange). Thus the definition of 7;7p9s, used here is slightly higher
than the usual definition.

This fit is not applicable to TF'TR supershots or to the JET Hot-Ion H-mode plasma, but
it agrees surprisingly well with the thermal energy confinement time (at the boundary),
Tr (1), as seen in Table 1. The fit is more relevant for comparison with the values calcu-
lated for the ELMy H-mode plasmas assumed for FIRE and ITER-FEAT plasmas. The
estimate of energy confinement time given by the ratio of the total stored energy and the
heating power is higher than 7p4,(1), since all the plasmas contain fast ion contributions
to the total energy.

There are other features of ELMy H-mode plasmas that effect their energy confinement.
They tend to have higher energy confinement when the triangularity of their boundary,
d(1), is large, and when their electron density profile is more peaked. They tend to have
lower confinement when 7, is high (or very low) relative to the Greenwald density defined
as ngw = I,/(ma®) [MA/m?]. An empirical correction factor that accounts for these
effects is given in [17]:

f=0.71+0.335(1) — 1.58(faw — 0.63)” + 0.58(7c/Mpea — 1) (2)

where few = ne/new and nyeq is the electron density at the top of the pedestal. The
corrected fit for the confinement time is the product f77ppgsy.

Another parameter listed in Table 1 is the L-mode [16] fit to 75 for L-mode plasmas:
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Table 1 shows that 7, is about 77pp, / 2 for the plasmas considered.
4. Plasma and alpha parameters

0.1 TFTR

The TFTR plasma was a supershot [10] achieved with extensive wall conditioning and in-
jection of Li pellets into the Ohmic phase to reduce the influx of hydrogenic and impurity
ions. The auxiliary heating consisted of 25.3 MW of T-NBI and 14 MW of D-NBI. The
plasma experienced a minor disruption late in the flattop, followed by a carbon bloom,
probably caused by a flake or limiter dust entering the plasma. This event caused the
total number of electrons in the plasma to increase by a factor of 2.6 in 200 msec, increas-
ing few from 0.46 to nearly 1.0, while broadening the density profile considerably. With
the decreased slowing down time, the alpha heating power increased about 30 % during
the bloom, and max{P,/Pheqs} increased by a factor of three. Due to the need for steady
state conditions in a reactor, the parameter values are quoted in Table 1 just before the
bloom.

Profiles of the plasma parameters in TF'TR, before the bloom are shown in Fig. 2. The
profile for the anomalous heat conduction, y.g, rises steeply from the core to the edge,



and is near 1.5 [m?/s] at the mid-radius (z = 0.5). Time evolutions of selected plasma
parameters are shown in Fig. 3. Table 1 gives a summary of some parameters of use for
quantifying effects of alpha particles effects such as the slowing down time (for energy to
slow to 1.5 T;) in the center.

0.2 JET

The JET plasma was a hot-ion H-mode [11] achieved by starting with a relatively low-
density Ohmically-heated plasma. The auxiliary heating consisted of 11.9 MW D-NBI,
10.5 MW T-NBI, and 3 MW ICRH tuned to resonate with hydrogen-minority ions near
the plasma axis. The plasma energy increased throughout an ELM-free period lasting
0.9 s. Then a series of three giant ELMs occurred. The values of the alpha parameters
quoted in Table 1 are at 13.35 s, just before the first giant ELM, and the end of the
charge-exchange spectroscopy data. Higher values are recorded [18] 100 msec after the
first giant ELM; however the giant ELMs do not appear compatible with practical reactors.

Input parameters and results of the ICRH modeling are summarized in Table 2. Pro-
files of the plasma parameters just before the first giant ELM are shown in Fig. 4. The
profile for x.g is relatively flatter than that for the TFTR supershot, and is near 0.4 [m?/s]
at the mid-radius. Time evolutions of some of the plasma parameters are shown in Fig. 5.

0.3 IGNITOR

IGNITOR [6] is designed to have a high toroidal field with normal-conducting magnets,
so the plasma durations will be relatively short. It is not designed to have a divertor, so
the plasma boundary will be shaped by limiters. High plasma current and high electron
density with a peaked profile are assumed. Some of the plasma parameters differ slightly
from those given in Ref. 6. Profiles during the flattop are shown in Fig. 6. Since the
limiters are designed to be made of graphite, the dominant impurity species is assumed
to be carbon with the Z.g profile shown in the Figure.

Although Ohmic ignition is envisioned, the case considered here has 24 MW of He3-
minority ICRH. Two frequencies are assumed, 12 MW at 120 MHz and 12 MW at 140 MHz
to resonate near the magnetic axis both during the ramp up of the toroidal field, and the
flattop. A contour plot of the power deposition is shown in Fig. 7. The value computed
for 74, (1) is larger than the L-mode fit, 7;,, but below the ELMy H-mode fit 7;ppos,-
Thus the assumed profiles and heating do not reflect the possibility of a dramatic en-
hancement of confinement that could result from extremely high n.(0) and peakedness.

The assumed time evolutions for the plasma parameters are shown in Fig. 8. The
computed value for xg is near 6 [m?/s] near the mid-radius and x = 0.4, and higher
elsewhere, i.e, more pessimistic. To get the same thermal plasma conditions (and alpha
parameters) without ICRH the minimum value of xs must be about 3 [m?/s] and 7 4, (1)
about 0.52.

The TRANSP sawtooth mixing model is used to helically-mix the current and fast ions
at a sawtooth period of 1 sec. This clamps ¢y p(0) to remain near 1.0. The sawtooth
mixing of the fast alpha particles reduces the alpha parameters in the center, as seen in



Fig. 8c.

0.4 FIRE

FIRE [7] is designed to have normal-conducting magnets, and a double-null divertor ge-
ometry. The plasma is assumed to be a standard ELMy H-mode plasma. Profiles of the
plasma parameters are shown in Fig. 9. Since the divertors are designed to be coated with
beryllium, the dominant impurity species is assumed to be Be with the Z.s profile shown
in the Figure. Accumulation of alpha ash is modeled assuming the ash has an anomalous
diffusivity of 0.5 m?/s with no pinch. With the computed alpha thermalization rate and
wall recycling rate (20%), the ash accumulates to the steady state profile shown in Fig.
9, which has little impact of depletion on the fusion rate. The confinement time of the
ash is computed to be 0.27 s.

The plasma is heated with ICRH at a frequency of 100 MHz to resonate with He® on
axis. The Pgrp is 20 MW early, and lowered to 11 MW as the alpha heating increases,
to keep P, + P.;; roughly constant. A contour plot showing the power deposition and
antenna position is shown in Fig. 10.

The computed value for 7, g(1) equals 77ppgsy, but. the enhancement factor given in
Eq. 3 would increase 77ppgsy by a factor of 1.6. The computed value for x.g is near
3 [m?/s] near z = 0.8, and higher elsewhere. The assumed time evolutions of plasma
parameters, motivated by simulations using the TSC code [19], are shown in Fig. 11.

0.5 ITER-FEAT

ITER-FEAT [8,9] is designed to have super-conducting magnets for long pulse duration,
and a single-null divertor geometry. The plasma is assumed to be an ELMy H-mode
plasma with profiles close to those in Ref. [9] with a target DT fusion yield of Ppr =
400 [MW]. Profiles of the plasma parameters are shown in Fig. 12. Accumulation of
alpha ash is modeled assuming the ash has an anomalous diffusivity of 0.8 m?/s with no
pinch. With the computed alpha thermalization rate and wall recycling rate (20%), the
ash accumulates to the steady state profile shown in Fig. 12, which has little impact of
depletion on the fusion rate. The confinement time of the ash is computed to be 1.15 s.
The boundary of the plasma is grown from circular to up/down asymmetrically shaped,
shown in Fig. 13. The assumed ICRH antenna position and computed contours of the
induced FE, are shown in Fig. 14. Time evolutions of plasma parameters are shown in
Fig. 15. The sawtooth period is assumed to be 10 s.

The external heating is assumed to consist of 20 MW of ICRH staggered with 33 MW
of NBI. This staggering allows study of the heat fluxes and fast ion parameters in three
cases with the same assumed plasma profiles: RF-only, RF+NB, and NB-only. The NBI
is assumed to consist of 1 MeV (D or T) neutrals from a negative ion-beam system in-
jected in the co-plasma current direction, at a tangency radius of 6 m. This generates
a beam-driven current profile that is broad with a total driven current of 1.8 MA. The
bootstrap current profile is large near the edge. The effects of both currents on the g pp
profile are shown in Fig. 1.



During the NBI the ratio of the beam and fast alpha density is near unity in the center
and increases to 20 near the edge. The average energy of the beam ions in the core is
0.4 MeV, about one-third that of the fast alphas. The slowing down time for the beam
ions in the center is 1.15 s, longer than 74, (0) of the fast alpha particles. This indicates
that the NBI would interfere with attempts to measure alpha effects.

The ICRH is assumed to be 53 MHz for He® on axis. The ICRH minority He® ions
will not have high energy, and thus should not be a complication in studying fast alpha
effects (and conversely, will not contribute to stabilizing sawteeth or TAE). Their tail
temperature, T;,;,(0) defined by (2/3)Wmin, perp(0)/Mmin(0), is close to T;, as shown in
Table 2.

The value of Tg,(1) is slightly below the 7/ppos, value. With the choice of a flat n,
profile, the form factor in Eq. 3 reduces 754, by a factor of 0.81. Since the profiles are
held fixed during the flattop phase as the heating power changes, s changes. The min-
imum values during the phase of maximum heating (20 MW ICRH, 33 MW NNBI, and
75 MW alpha) is 5 [m?/s]. The minimum drops to 4.5 [m?/s| after the ICRH is shut off
and later to 3 [m?/s] after the NBI is shut off. If x.g were held constant in time, the
stored energy would change as the heating changed.

Alpha parameters have been calculated [20] for two ITER-EDA plasmas producing 1.5 GW
fusion power. One had a nearly flat electron density profile, similar to the one used here for
ITER-FEAT. The other had a relatively peaked n.. The values for the alpha parameters
calculated in the flat profile case are very similar to those given in Table 1.

5. Summary and Discussion

This paper reports results from TRANSP analysis of five plasmas with high DT fusion
yield. The TFTR and JET plasmas achieved modest values of Ppy, helping to establish
the scientific feasibility of energy production in future Tokamak reactors. Three examples
of plasmas from the proposed next step Tokamaks with much higher Pp; are analyzed.
The results of this study include electronic files of the equilibria, plasma parameters, and
alpha parameters for use in studies of alpha effects and MHD and microturbulence insta-
bilities.

The assumed plasma conditions are similar to examples proposed by proponents of the
three next step Tokamaks. The assumed plasma profiles and computed heat deposition
profiles give values of 7x (1) close to the L-mode scaling in the case of Ignitor and close
to the ELMy H-mode fits (Egs. 1, 3) in the cases of FIRE and ITER-FEAT. It would be
useful to use physics-based and empirical models to predict plasma profiles that can be
sustained by the heating and fueling sources.

There are a number of interesting similarities and expected differences between the TFTR
and JET plasmas and those considered for the next step burning plasma experiments in
IGNITOR, FIRE, and ITER. Similarities include the values of (3,(0),v4(0)/v4ifven(0),
and max{—R x V(8,)}, which vary by a factor of at most four for the five plasmas. The
value of max{P,/Pheqs} varies by only a factor of 4.5.



One major difference is that T; >> T, in the center of TFTR and JET plasmas, whereas
they are assumed to be nearly equal in the next step Tokamak plasmas, as is expected
since the energy equilibration should be fast at higher density. Another difference is that
the TFTR and JET plasmas have large toroidal rotation rates due to the intense NBI
(with central Mach numbers of the carbon impurity being 0.25 and 1.6 respectively),
whereas the next step plasmas are expected to have very low rotation rates due to the
difficulty (cost) of injecting momentum into a Tokamak reactor. Both T; >> T, and large
rotation rates are correlated with high confinement in present-day experiments.

Another difference is that the slowing down times for the alpha particles (74,) is small
compared to the thermal energy confinement times in the burning plasmas, unlike the
situation in the achieved experiments.

Issues for future investigation include checking the MHD and micro-instability of the
plasmas assumed for the next step Tokamaks. For instance, the instability to ITG modes
depends sensitively on the temperature gradients. If the plasmas are instable, the pedestal
temperatures may have to be increased to reduce the gradients while keeping the central
values high enough for high Ppr. It appears that the temperature at the separatrix should
be below 1 [keV] to prevent excessive sputtering erosion of surfaces down stream in the
divertor [21]. These constraints suggest the need for a large decrease in T; between the top
and bottom of the pedestal. Experiments in JET suggest that if there is a large decrease
in the pedestal, the ELMs would be Type I with excessive losses of energy in each ELM
[22]. Gyrokinetic analysis of JET ELMy H-mode plasmas indicates that when the flow
shear and linear microturbulence growth rates near the top of the pedestal are compara-
ble, the energy confinement remains good [23]. This suggests that driving large flow shear
in next step Tokamaks might permit high confinement and central temperatures with low
pedestal temperatures.
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Tokamak: TFTR JET IGNITOR FIRE ITER
RUNID 80539A24 42976C10 30000B16 50000A10 03000A18
time 3.76 13.35 6.5 20.0 180.0
R [m] 2.52 2.92 1.32 2.14 6.2
a [m] 0.87 0.94 0.48 0.60 2.0
Kk (1) 1.02 1.80 1.80 2.00 1.85
§ (1) 0.02 0.35 0.40 0.49 0.49
Pyor [m?] 38.8 84.0 9.9 27.2 820
Bror [T] 5.5 3.82 13.1 10.0 5.28
I, [MA] 2.66 4.0 11.0 7.7 15.0
Thoor [MA] 0.65 0.40 0.90 1.9 2.1
Ap 2.20 2.53 2.5 2.5 2.5
T.(0) [keV] 13.2 11.0 9.9 11.9 23.5
T;(0) [keV] 40.0 23.0 9.9 11.9 19.5
<T; > [keV] 8.7 7.3 5.4 7.2 8.6
n¢(0)[10% /m?] 1.02 0.45 9.4 4.9 1.02
< ne > [102°/m?] 0.40 0.48 3.5 3.4 0.99
Ne/MGreenwald 0.46 0.32 0.35 0.59 0.84
Zes1(0) 3.1 1.5 1.2 1.39 1.54
< Brotar > (%) 1.03 2.17 1.10 2.10 2.70
< Binermar > (%) 0.60 1.79 1.07 2.00 2.45
Ba 1.85 1.95 0.63 1.63 1.90
Wit [MJ] 7.5 17.0 11.6 35.0 370
Ppr [MW] 10.3 15.8 78 152 408
Peyy [MW] 41.6 25.4 24.8 12.4 33
Py [MW] 1.1 2.1 13.1 24.9 59
Po—ion [MW] 0.1 0.3 2.7 5.7 23
P, [MW] 1.2 2.4 14.9 30.0 83
Pheat [MW] 27.0 16.4 45.0 42.6 117
Wit/ (Py + Pegy) [sec]  0.18 0.61 0.29 0.83 3.16
T5m(1) [sec] 0.13 0.59 0.25 0.79 2.85
TIPB98y [SGC] 0.14 0.55 0.42 0.79 3.10
71, [sec] 0.066 0.30 0.19 0.40 1.35
Tstow(0) [seC] 0.48 1.0 0.043 0.097 0.86
Tseat(0) [sec] 5.8 21 1.6 2.6 11.0
P,(0) [MW/m?] 0.28 0.08 14.1 5.0 0.43
max{ P,/ Pheat} 0.20 0.23 0.62 0.83 0.90
1n4(0)/n(0) (%) 0.17 0.28 0.12 0.18 0.55
Ba(0) (%) 0.30 0.4 0.27 0.30 0.70
< Ba > (%) 0.034 0.1 0.021 0.060 0.17
maz{—R x V(B,)} (%) 2.0 2.3 0.8 1.3 5.0
Ve (0) /v 1 fven (0) 1.72 2.52 2.04 1.60 1.80

Table 1: Summary of plasma parameters




Tokamak: JET IGNITOR FIRE ITER
RUNID 42976C10 30000B16  50000A10 03000A17
time 13.35 7.5 20.0 140.0
ICRH frequency [MHz] 51.2-56.5 120, 140 100 53
ICRH power [MW] 3.4 24 11.2 20
minority ion H He? He? He?
Nonin/Me Y0 2.0 2.0 2.0 3.0
Trnin(0) [keV] 150 ~40 10.2 17.0
Prr min/Prr % 60 59 60 44
Prr_1/Prr % 1 11 10 5
PRF—D/PRF % 17 5 2 4
Prr_¢/Prr % 13 24 26 36

Table 2: Summary of ICRH parameters

Figure Captions

Fig. 1 - Profiles of qprgp in the TFTR, JET, IGNITOR, FIRE, and ITER plasmas at the
times of analysis.

Fig. 2 - Profiles of the TF'TR supershot before the carbon bloom,

Fig. 3 - Time evolution of parameters in the TFTR supershot. The measured 7;(0) (for
carbon) became unrealistically low after the density became too high for good beam pen-
etration. Ppag jon is the heating power of the thermal plasma from the NBI and alphas.
E, is the average energy of the fast alphas in the core.

Fig. 4 - Profiles of the JET hot-ion H-mode plasma before the series of giant ELMs.

Fig. 5 - Time evolution of parameters in the JET plasma.

Fig. 6 - Assumed profiles of the IGNITOR plasma in the flattop phase.

Fig. 7 - Contours of the ICRH-induced Re{E,} in the IGNITOR plasma.

Fig. 8 - Time evolution of parameters in the IGNITOR plasma.

Fig. 9 - Profiles of the FIRE plasma in the flattop phase. The he* ash density, computed
from the fast alpha thermalization and assumed 20% wall recycling source rates using an
explicit diffusivity of 0.5 [m?/s], is in steady state at the time shown.

Fig.10 - Contours of ICRH-induced Re{E,} in the FIRE plasma.

Fig.11 - Time evolution of parameters in the FIRE plasma. The alpha parameters in c)
are volume-averaged out to the z = 0.1 flux surface to reduce Monte Carlo fluctuations.
Fig.12 - Assumed profiles of the ITER plasma The he* ash density, computed from the
fast alpha thermalization and assumed 20% wall recycling source rates using an explicit
diffusivity of 0.8 [m?/s], is in steady state at the time shown.

Fig.13 - Assumed boundary for the ITER plasma

Fig.14 - Contours of the ICRH-induced Re{E,} in ITER-FEAT

Fig.15 - Time evolution of parameters in the ITER plasma. The alpha parameters in c)
are volume-averaged out to the z = (0.1 flux surface to reduce Monte Carlo fluctuations.
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