I: !_II=
JOINT EUROPEAN TORUS m

JET-P(89)35

G.A. Cottrell, V.P. Bhatnagar, M. Bures, L.G. Eriksson, T. Hellsten,
J. Jacquinot D.F.H. Start and JET Team

Non-Thermal DT Yield with
(D)T ICRH Heating in JET



“This document contains JET information in a form not yet suitable for publication. The report has been
prepared primarily for discussion and information within the JET Project and the Associations. It must
not be quoted in publications or in Abstract Journals. External distribution requires approval from the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK".

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

The contents of this preprint and all other JET EFDA Preprints and Conference Papers are available
to view online free at www.iop.org/Jet. This site has full search facilities and e-mail alert options.
The diagrams contained within the PDFs on this site are hyperlinked from the year 1996 onwards.




Non-Thermal DT Yield with (D)T
ICRH Heating in JET

G.A. Cottrell, V.P. Bhatnagar, M. Bures, L.G. Eriksson, T. Hellsten,
J. Jacquinot, D.F.H. Start and JET Team*

JET-Joint Undertaking, Culham Science Centre, 0X14 3DB, Abingdon, UK

* See Appendix 1

Preprint of Paper to be submitted for publication in
Plasma Physics and Controlled Fusion






NON-THERMAL DT YIELD WITH (D)T ICRH HEATING IN JET

G.A.Cottrell, V.P.Bhatnagar, M.Bures, L.G.Eriksson™, T.Hellsten,
J.Jacquinot and D.F.H.Start.

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, United Kingdom.
T Chalmers University, Sweden.

Abstract — Projections of the (D)T fusion yield expected during fundamental ICRH
heating of D in JET tritium plasmas are presented. The highest fusion multiplication
factor, Q (= Pys / Pyy), is achieved for a relatively high plasma density (ng > 5 10
) and minority concentration ratio np/nyp ¥ 20% —40% with dipole antenna (k| ~
™ ) The latter reduces mode conversion and maximises the rf power coupled to the
minority ions. We have used ray—tracing and global wave ICRH codes to calculate
power deposition profiles; 80% is cyclotron damped by deuterium and 17% is coupled
directly to electrons via TTMP and Landau damping. With launched rf power
Pr=12MW deposited »0.3m off—axis, we predict fusion powers Pgy5 up to s SMW for
a range of JET plasmas with achieved plasma pressure ng, T, = 6x10"%keV m™ and
Zeff=2. Projecting to Prf = 25MW, Py, increases to 17TMW with Zag=2.



1. INTRODUCTION

In a two—ion component plasma, the fast magnetosonic wave can be damped on
a minority ion species at its fundamental eyclotron resonance causing the minority ion
distribution function to develop a non—-Maxwellian velocity distribution with a high
energy tail. The tail will also enhance the fusion reaction rate with the background ion
species (STIX, 1975). Earlier JET experiments (COTTRELL et al, 1988} using ICRH
heating in the (*He)D minority regime have produced ¥ 1MJ of fast 3He ions in the
plasma (with particle energies up to a few MeV) and a *He—D reaction rate R < 2x10'°
™ (= 60kW of fusion power). Measured fast ion energy content and fusion reactivity in’
these experiments have since been modelled in detail (BOYD et al, 1989;
ERIKSSON et al., 1989) using Fokker—Planck and global wave codes. Good agreement
between experiment and theory was found, consistent with i} classical slowing down of
fast ions and ii) the cyclotron damping profiles on the 3He. The possibility of producing
enhanced fusion reactivity using the deuterium cyclotron resonance (D)T scheme has
been suggested (JET TEAM, 1988) for the JET active phase but the method is also of
potential importance in reactor ignition studies. This paper discusses optimisation. of
the scheme with particular reference to JET. -

2. UNDERLYING THEORY

Cyclotron damping of the incident magnetosonic wave can transfer energy to
the resonant minority ion distribution. The ions essentially increase their velocities
perpendicular to the direction of the tokamak magnetic field. This group of minority
ions becomes much hotter than-the bulk plasma electrons (E > kT,) and the
distribution becomes non—Maxwellian. A description of the development of an
energetic distribution of this type has been described earlier (STIX, 1975) where the
'Fokker—Planck terms of the Boltzmann equation included a quasi—linear rf diffusion
coefficient to describe the diffusion of ions in velocity phase space as they cross the rf
resona.nce'layer. In the limit of high,energy, the rf power is not isotropized. The
minority (tail) distribution can still be approximated by a bi—Maxwellian function.
The effective perpendicular temperature of the tail is then determined by the electron
density, temperature and RF power. At lower energies, the minority distribution
becomes isotropized by collisional pitch angle scattering and the slope of the
distribution function then becomes sensitive to the composition of the background ions.



In the velocity range of interest for (D) T non—thermal processes: vy < v <<
vTe , Where vp; and vy, are, respectively, the bulk ion and electron thermal velocities,
the following expression relates the local minority tail temperature,

T 1+ (vg /v)° + f{rj:

= 3 1)
1 + (v /v)
to the Stix parameter,
rg=prf7s [ 3 np (ET), (2)

where prf is the local value of the rf power density coupled to the minority ions, 74 the
classical ion—electron slowing—down time and ng, the number density of minority ions.
The parameter ¢ is related to the number of degrees of freedom available to the fast
ions and depends on assumptions about the degree of isotropy of the tail; at very high
energies (5rf>> 1) € = 3/2, and at lower energies ¢ = 1. The characteristic velocities
v and vgin Eq.(1) are defined (ANDERSON 1983) by
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where Zjis the atomic charge of background ions of mass m; having number density ng
and temperature Tj. When T;= T, , v4= vg = Vg The critical velocity, v,, is related
to the critical energy by E, = mv?:/ 2 where

Ep=148 T, [(A}/2] ng) 5 (n; 7 (A3 (5)

and A fand A; are the atomic mass numbers of the fast and background ion species
respectively. Eqs. (1) to (5} show the role of the background ions on the friction
experienced by the fast ions. When £ >> E, , the slowing—down rate is determined by
ion—electron friction; conversely when E << E,, the slowing—down rate is dominated
by ion—ion collisions. In the case 5rf = 0 and with common ion and electron
temperatures, Eq.(1) shows that the minority tail relaxes back to the bulk



electron temperature, Ty = T,.

To illustrate the expected reactivity of the non—thermal tail from Stix's theory,
we initially approximate it by a Maxwellian. The number of fusion reactions per unit
volumne per second is given by

REpr=apnp< ov>, (6)

where np and np are the number densities of deuterium (in this case the minority

species i.e. npy = n,y) and tritium (the majority species) respectively and < gv > is the-

fusion cross—section—velocity product averaged over two Maxwellian distributions of
temperature Tj (for the deuterium tail) and T; for the warm background majority ions.
When € {,r>> 1, Egs. (1)~(6) give

Rpr= €C(npng) ppfTe /25 (Ty) (7

where we have incorporated in the function s all the cross—section and
energy—dependent terms, |

_ < ov>
Tl + (Bo /Ty’ 2] - Tyt + (Bg/Tp*ly)

s(Ty) = (8)

the constant C = 3.16 x 10™ (Af/ Zaffn A ) and #n A is the Coulomb logarithm.

Fig.1 shows the function s (Ty), computed using a modified version of the fusion
cross—section (ASHER-PERES, 1979; SADLER 1989) assuming Tj = T and Zgfr= 2
for a plasma composed of D,T and impurity C species. For background ion
temperatures in the range 5 keV — 10 keV, s has a maximum which occurs for an
-optimum tail temperature Ty & 100 keV. For fixed plasma conditions, Rpr has a
maximum which we associate with an optimum tail temperature. At this optimum,
RpT may only be significantly increased by maximising the tritium concentration
term (np /n,); this underlines the importance of producing clean plasmas with low
impurity content. The increase in reactivity with electron temperature also implied in
Eq.(7) is, however, likely to be limited because the electron temperature in typical
JET discharges is beyond the level where ion—ion’ collisions start to dominate the
slowing—down of minority particles having energies near the maximum in the fusion
cross—section, i.e. Ty ® E,. This is evident for the two cases in Fig.1: increasing the



common temperature from 5 keV to 10 keV increases 'T83/ 2 in Eq.(7) by a factor 2.8
whilst the maximum value of the function s decreases by a factor 1.8. The net gain in
reactivity is therefore only a factor of 1.6.

Using the curves of Fig.l and Eq.(7), we next estimate a value for the
maximum theoretical Q. For typical JET central conditions: T, = T?E = 10 keV;
Zefr= 2 and fn A = 16, but with a hypothetical DT composition: np = 1.8x 10 m;
3 8 nr [ne = 0.5, the maximum value in the
energy and cross—section term, s {Ty)| ™MaX = 3 x 102 m3keV!, occurs at a tail

temperature of T % 100 keV where the maximum fusion multiplication factor is

np=3x10"m% no=02x 10" m’

Qqfl MBX = €C (n] [ng) ¥ T'l2 s (Ty)| max (9)

where the fusion energy liberated is Y = 17.6 MeV per reaction. For the plasma
parameters described above, we find E, = 165 keV and Q.| ™% = 1.1. For a similar
plasma but having lower temperatures T, = T; = 5keV we obtain E, = 83 keV and
Qrf| 18X = 0.6.

Naturally this simple estimate of Q¢ ™2X is only relevant in an ideal
‘homogeneous plasma slab. The local description remains useful because it provides a
reference value for Q¢ 2% which can be compared with results of other models. For
realistic tokamak plasmas having radial profiles of temperature, density and rf power
density, the optimum conditions implied by Eq.(9) are unlikely to be obtained in the
whole volume where 1f is absorbed on the deuterium. Thus, in general, the value of
Qpfl ™MaX represents an upper bound on the experimentally attainable Q. We next
~discuss a more realistic model of the tokamak plasma, which includes aspects of wave
damping and the effects of experimental plasma and rf deposition profiles.

3. MODELLING
3.1 Wave Demping
The discussion of section 2 highlights the important requirement that, in order
to maximise Q for DT reactions, it is essential to create an optimal minority

distribution having temperatures typically » 100 keV. For typical JET plasma
conditions and rf power densities, this requirement makes it necessary to consider using



higher (np/ne ® 10%—30%) minority concentrations than have been used in previous
JET experiments. In the absence of experimental data in these conditions, we have
therefore estimated wave damping in simulated (D)T plasmas using both global wave
and ray—tracing codes. We assume that it will be possible to produce DT plasmas
having the same confinement properties (i.e. the same densities and temperatures for
the same fixed input power) as those which have already been obtained using
deuterium in JET. We have therefore based our modelling on a reference set of
parameters (discharge A; Tablevl) which, apart from the different ionic species, closely
resembles the current—rise {type II) discharge described in section 4.

TABLE I

Plasma parameters for reference discharge A

Coupled RF power, Prf 12MW
Damped RF power on D minority, Pp 10MW
Central electron density, ng, 6x 10 m™
Central electron Temperature, T . 10 keV
Central ion Temperature, T} 10 keV
Temperature profile exponent, yp 2.0

Density profile exponent, 7, ' 4.0
Deuterium—to—Tritium density ratio, 5 0.23

Initially, we have calculated single-pass damping rates for a fixed value of k“
= Tm™ (corresponding to the maximum in the radiated spectrum of the JET dipole
" antenna) using the 1D FREMIR code which is based on the theoretical model of
JACQUINOT (1978). The code uses the WKB approximation to calculate the rf power
damped on the D minority ions throggh cyclotron absorption and electron Landau
damping and TTMP to calculate the rf power damped on the electrons.

The cyclotron resonance, w = w,p , was placed at the plasma centre E = 3m
corresponding to a central magnetic field B(p(()) = 3.3 Tesla and RF frequency f= 25
MHz, parameters which are relevant to the JET system. Fig.2 shows the normalised
absorbed power plotted as a function of radius from the launch point of the wave on



the low field side of the torus (R =4.1m). The single—pass absorption on the
deuterium was Pp/Pps= 87% for k|| =7 m . The electrons absorbed P,/ Pri= 6%
whilst 7% remained unabsorbed after a single pass of the wave. The sensitivity of the
single—pass absorption to k” variations is shown in Fig.3. The deuterium damping is
mgmﬁca.nt over a wide range of k I exhibiting a broad maximum centered on kN 5
m™ and reaching a maximum value of Pp/ P,.f 88%. Below ko2 m’’ » Pp/Pyrsfalls
below 80%. In the range k” v 1 m -8 m’, the electron damping is below 10%. At a
fixed value of k“ 7m’, we also investigated the sensitivity of the damping on the
ion mixture ratio, n = nD/nT, in the range 0.05-0.4 (Fig.4). Above 5 = 0.15, Pp/Prf
> 80% whilst Pg/Ppris below 10%.

The result of a ray—tracing calculation (BHATNAGAR et al., 1984) of the full
k” spectrum of the JET toroidal dipole antenna is shown in Fig.5. Of the launched rf
power, 80% was damped in a single pass on the D minority, 17% was deposited on the
electrons via TTMP and Landau damping and 3% was unabsorbed. Accordingly, in the
cases studied below, we define the rf power fraction damped on the deuterium minority
lons as Pp/Prs= 0.8.

3.2 The Stiz Model

Because the DT reaction rate is sensitive to the profiles of electron and ion
temperature and density, and the rf deposition, the effects of both rf and tokamak
profiles must be taken into account in any realistic model. In the model described here,
this was done by calculating the fusion reaction rate in a large number of circular
- radial shells tentered on the magnetic axis of the plasma. The circular approximation
is reasonable in the central zone of the plasma (z = r/e < 0.5) where flux surface
geometry has small elongation and triangularity ratios and the highest rf and DT
fusion power densities will be produced. The plasma profiles for ions and electrons were
modelled with the common parabolic form

¥(2) = y(a) + [4(0) — y()}-(1 ~ 7)Y (10)

where y(a) and y(0) represent edge and central values respectively. The exponent v
was determined by fitting to experimental data. The plasma model contained an
admixture of three ionic species: D, T and Cimpurity. Given a fixed and required ratio
of n D /7e , the concentrations of T and C were then adjusted to equate the model Zeff



with that of the discharge being simulated with the profile of Zyg initially assumed to
be flat. The rf power density profile was assumed to have a Gaussian form:

Prf( r) = ppp(r,) ezpl- (- AWE] (11)

where "o and rg represent, respectively, the distance between the cyclotron resonance
and the magnetic axis and the e—folding rf deposition width.

To calculate the fusion yield we used a gaussian radial power deposition profile
and the explicit solution of the deuterium distribution function (STIX, 1975)

—2a1” (/3'02)l |
I ) eap = J Bt + 2Kkv® 12

where o and 8 are the Coulomb diffusion coefficients, K = pps/3npmp, and mp is the
deuteron mass. Inclusion of finite ion Larmor radius effects and, in particular, the E_
component of the rf electric field in the Fokker—Planck calculations results in a more
energetic tail which tends to reduce the fusion yield compared with the Stix model. For
high D minority concentration (np/ ne <30%), |E_| /| E4| » 12, and the reduction is
typically 20%. '

4 EXPERIMENTAL BASIS

We based our projections of (D)T performance on model plasmas having the
same temperature and density profiles as have already been obtained experimentally on
JET. Measured profiles for three types of ICRH heated discharge (JACQUINOT ¢t al.
1988) were studied and used as the basis for predictions. These were: type I) 3MA
peaked profile (pellet) cases (BHATNAGAR et al, 1989; HAMMETT et al., 1989),
type II) 5MA current—rise heating cases (BURES et al, 1989) and type III) 3MA
'monster' sawtooth (CAMPBELL et al., 1988) cases. In the pellet fuelled discharges
(Figs.6 and 7) the plasma density profiles were derived from inversion of
multi—channe! far—infrared (FIR) laser interferometer data and were peaked with
ya) /y(0) ¥ 0.2 and v ¥ 4. For the electron temperature profiles (measured from
electron cyclotron emission), we found y{a) / y(0) =0.1 and 7=2. Fig.6 shows the
temporal evolution of the plasma parameters in a typical peaked profile discharge. The
FIR radial density profiles for this discharge are shown in Fig.7 In the current—rise



(CR) heating case (BURES et al., 1989), application of ICRH power delayed the onset
of of sawtoothing activity and allowed access of a regime with higher central electron
pressure than could be obtained With-a.pplying the 1f power during the current flat top
(FT) phase (Fig.8). Compared with FT heating cases, the CR discharges also show a
10%—20% enhancement in global energy containment time.

The Stix model was applied (Fig.9) initially to type I discharge data assuming,
for simplicity, T/=T, and Zegg=1. In this example, we show the effect of varying the
density whilst maintaining a constant rf power and central electron pressure. We have
therefore assumed the central electron energy confinement to be approximately
independent of density.

4.1 Projection to High ICRH Power

To calculate the DT fusion power for applied rf heating powers higher than in
the example above, it is necessary to consider the effect of the extra power on the
background plasma conditions as well as the deuterium tail parameters. To do this
(Fig.10), we have used measured empirical temperature scaling laws based on existing
JET results. Each of the datasets for discharge types I-IIT could be described by the
offset—linear relation: . |

Tj(keV) = aj+ B; [Py (MW) [ng (10°m™%)] (13)

where j = electrons or ions and P; (= Py + Pyp) the total radio frequency plus ohmic
input power. In making these extrapolations, we have assumed no degradation in
- heating efficiency (i.e the coefficients f; are independent of power). The coefficients
are, for type I @p=0.8, ,89—41 =11, (;=3.6; type II: 0p,=0.8, fp=4.1, o5=1.1,
$;=2.6; and type III: ap=0.7, f,=2.7, 04=2.3, f;=1.2. Results for the higher power
projections are given in Fig.11 showing that optimal Q values can now be obtained
with higher central electron densities (ngy» 1 x 102°m'3).

4.2 Sensitivity Analysis and Impurity Dilution Effects

Next we illustrate the sensitivity of the ICRH—driven fusion yield with respect
to variations in resonance location (r,,} for reference discharge A (Table I) assuming a



fixed rf deposition gaussian width rg =0.2m. Variations in the fusion yield about
condition A with respect to r,, and Zegf are shown in Fig.12. A maximum in the fusion
yield occurs at r,, » 0.3m where the deuterium tail temperature is close to the
maximum in the DT fusion cross—section (T3 © 140 keV). If the ICRH power is
deposited too centrally, the minority ions are driven to energies beyond the maximum
in the DT cross—section and there is a reduction in fusion ‘reactivity. Conversely, if the
ICRH power is deposited too far off—axis, the tail energy falls below the maximum in
the fusion cross—section and the tail is generated in a low temperature region of the
plasma where the slowing—down time is small. In Fig.12, we have neglected any
variations in the heating efficiency with r,, Fig.13 gives the calculated radial
variations of various quantities associated with the minority tail showing both tail
energy and temperature as well as DT reactivity to be peaked ® 0.3m off—axis.

In the scan of variations in Zgg, we varied the assumed density of carbon
impurities with 4 fixed value of np/np = 0.23 in the reference discharge A.
Experimentally, we find that in the peaked profile (case 1), the volume averaged Zegs
falls to ~ 1 immediately following pellet injection; but ® 1 sec later, when the central
electron pressure attains its peak value, Zegf has risen to approximately 3. Additional
spectroscopic observations show that impurities accumulate on the axis after pellet
injection. For the current—rise heating case II, Zoff»2, and, in the 'monster' sawtooth
case (type III), Zgg values range between 4.0-2.5. We define a multiplicative fusion
yield degradation factor, & = {(ny/n.)/ (nq/n,),), where (n/ng), is the triton dilution
factor obtained in a Zgg= 1 plasma. Fig.12 shows that the fusion power has
degradation factors, 6, equal to I) 50%, II) 75% and IIT) 20%—66% respectively for the -
three types of discharge (the lower limit on & corresponds to the upper limit of Zgg). In
case IT), analysis of the central neutron emissivity (from the neutron profile monitor)
and T (from neutron spectroscopy and doppler broadening of Ni impurity lines) gave
a central concentration ratio np/n,=90% + 10%. If the dilution is identical when
P p=20MW (corresponding to Py = 25MW), the optimum fusion powers (for
np/ng=30%) are: I) Pgyq ¥ 13MW (Qrn 50%), II) Py #17TMW (Qpg #67%) and III)
Py % (4-12)MW (Qpr~14%—46%).

~ Adopting the observed experimental scaling: Zegr « 1/n, , and extrapolating it
to the optimum density (nep 1x 10 m™ ) shown in Fig.11, we find degradation
factors: 1) 6= 81%, II) 6 = 96% and III) § = 67%—92% for the three discharge types
respectively. We note that both the peaked—profile (pellet) and the current—rise
heating cases were not in steady—state conditions. More detailed analyses of these

-10-



discharge types can be found in BHATNAGAR et al (1989), HAMMETT et al. (1989)
and BURES et al. (1989).

5. CONCLUSION

Based on the observed behaviour of ICRH-heated JET discharges, we have
performed a theoretical study to examine the possibility of producing significant levels
of ICRF—driven DT fusion reactivity in projected JET plasmas in which the deuterium
has been replaced by a hypothetical mixture of deuterium and tritium. Calculations of
the rf damping on the deuterium minority show that even with mixture ratios as high
as np/np ¥ 40%, the deuterium damping is & 80% with most of the remainder being
damped _on' the thermal electrons via Landau damping and TTMP. The analysis of tail
reactivity in model plasmas shows the possibility of reaching Qpf (EPgys/Prf) ® 70%
provided impurity dilution can be kept to a reasonable level. Particularly encouraging
is the DT projection based on the 5SMA current—rise heating case {at density Mg, = 6x
10%%m® ) where values of the central electron pressure of Mgy L gy = B 10 keV m™® and
Zegf©2.0 have been obtained simultaneously.
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electron power densities for the case of central heating in simulated (D)T plasma based
on experimental conditions of peaked—profile (pellet) discharge (Type I) but with
assumed values ap/ny = 0.23 and P p=20MW. :
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Figure 6.— Temporal evolution of plasma parameters in a peaked profile discharge
(type I). A 2.7mm diameter deuterium pellet was injected at time 2 seconds followed
by a 4mm diameter pellet at time 3 seconds.
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Figure 7.— Multi—chord far—infrared (FIR) laser interferometer profiles of electron
density in the peaked profile discharge of Fig.6 ‘
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_Figure 8.— Evolution of central electron pressure comparing rf heating during the
current rise (Type II discharge, CR heating, narrow line) with that during the flat top
(FT heating, bold line). The two discharges were otherwise similar with Prf = 1MW
and Ip= 5MA. '
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Figure 9.— Stix code results for ICRH dnven DT fusion power with fixed central
electron pressure ng Tgy = 6¢10* keV m™ and damped rf power Pp = 10MW (P =

12MW). Off-axis (rj,= 0.3m) rf heating was modelled with gaussian deposition width
rg =0.2m.
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Figure 10.— Variation of central (a) electron and (b) ion temperatures with Pi/ng, for
each of the three types of ICRH discharge studied. The fitted lines were used to obtain
- the coefficients in the offset—linear temperature scaling laws.
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Figure 11.— 5tix code results for three projected cases (with Py = 25MW, Pp=
‘20MW): I) peaked profiles (pellet injection), 1) current—rise heating and III) 'monster'
sawtooth cases. Off—axis (r,,=0.3m) rf heating was modelled with gaussian deposition _

width rg = 0.2m.
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Figure 12.— Sensitivity analysis (case A) of the variation of a) DT fusion power and
minority tail temperature with rf power off—axis displacement and, b) DT fusion power
and carbon impurity density with Zgr.
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Figure 13.— Calculated radial variations of (a) tail temperature (maximum value = 140
keV), (b) kinetic energy and (c) fusion reactivity for the reference discharge A.
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