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ABSTRACT

Sets of simil&;'TFTR discharges with varying amounts of D and T are
compared. The T content is altered by varying the mix of D and T NBI at
approximatelyconstant total NBI power. The total plasma current, toroidal field,
central Zeff, and wall conditionsare very similar in each set. The electron density
profilesare approximatelysimilar.The sets containpairs of dischargeswith D-only
and DT-NBI. Severalsets alsocontaindischargeswithT-only NBI.

The dischargesare analyzedusingthe TRANSP plasmaanalysiscode.Good
agreement with measured parameters is achieved. Profilesare computed for the
isotopicmass of the hydrogenicthermal speciesA, and for the hydrogenicthermal
plus beam species Atot.Their volume averages increase approximatelylinearlyas
the fractionof T-NBI power increases, and they are slightlypeaked for DT and T-
only NBI discharges. The total energy and the total energy confinement time
increaseapproximatelylinearlywith Atotup to 30 %. The beam fractionof the total
energyat 0.5 sec of NBI remainsrelativelyconstant,= 40 - 50 % as Atotvaries.The
thermal ion fraction increases slightly,and the electron fraction decreases. The
isotopic and alpha heating effects contribute in roughly equal amounts to the
increaseincentralTe.
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1. Introduction

Experiments with deuterium-tritium (DT) plasmas started in TFTR during 1993
[1,2]. Recent results with neutral beam injection (NBI) heated DT discharges have
produced 9 MW of fusion power with a peak power density of 1.8 MW/m3. The
stored energy and the energy confinement time in these plasmas is observed to
increase up to 30 % above the values in comparable D-only NBI discharges. The
central ion and electron temperatures also increase.

The thermonuclear fraction of the neutron emission rate reaches 35% of the
total. At the times of peak stored energy and neutron emission, the beam energy is
25-45 % of the total. The beam ion deposition, slowing down, and plasma heating
change as the isotopic mix of the beam ions varies, so it is important to include
beam ion effects in assessing isotopic scaling and alpha heating.

This paper analyzes the phenomenology of these increases in energy,
confinement, and temperatures us=ngthe TRANSP time-dependent plasma analysis
code [3]. The modeling provides detailed information about the beam ions, as well as
profiles of the D and T densities, the hydrogenic isotopic mass, and the alpha
heating. These are correlated with the observed increases.

To study the isotopic effect and alpha heating, sets of similar discharges with
varying amounts of D and T are compared. The T content is altered by varying the
mix of D and T NBI at approximatelyconstant total NBI power, PB.The total plasma
current Ip, toroidal field BT, central Zeff, and wall conditions are very similar in each
set. The electron density profiles are approximately similar. The sets contain pairs of
discharges with D-only and DT-NBI. Several sets also contain discharges with T-only
NBI.

2. TRANSP modeling and comparisons with measurements
The TRANSP code uses measured plasma parameters and minimal

additional assumptionsto model discharges.The time evolutionsof particle and
energy profilesare computedin one dimension.For the resultsdescribedhere, the
modelingincludesthe thermalH, D, and T, the fast D and T ions fromthe NBI, the
fusionalpha particles,and carbonimpurity.Measuredprofilesof the electrondensity
(from infrared interferometry), electron temperature (from electron cyclotron
emission)and of the carbontemperatureand toroidalrotationvelocity(fromcharge-
exchange recombinationspectroscopy)are used. The Zeff is deduced from the
visiblebremsstrahlungemission.The neutralbeam parametersare calculatedusinq
Monte Carlotechniques.

Hydrogenicrecyclinghas importanteffects, such as introducingD intoT-only
NBI discharges,and relativelysmall, but significantamounts of T into D-only NBI
discharges. The hydrogenic recycling rates are calculated from the measured
H_+Da+T_ emission,converted to ionizationrates usingthe DEGAS neutralscode
[4]. Spectroscopyindicatesthat about 18-35 % of this emission is from H, and at
most - 7 % is fromT [5]. For the TRANSP modelingof D-onlyNBI discharges,the T
fraction is assumed to be constant during each discharge, and is adjusted from
dischargeto dischargeto matchthe measuredpeak DT neut"on_ fission rate.The
resulting values are within 30 % of the values measured using a Fabry-Perot
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interferometer [5]. The modeling of DT- and T-only NBI discharges is insensitive to
the choice of th_sparameter.

There are u:lcertainties about the particle transport of the hydrogenic species.
, Several classes of models are available in TRANSP. Only one is successful in

modeling all the discharges. The thermal hydrogenic density is determined from the
symmetrized electron density, and the computed Zef f, andbeam ion density. The
relative H, D, and T fluxes can be specified by assuming either 1) their profile
shapes are the same, 2) their radial velocities are the same, or 3) by constraining Dj
and Vj in

Fj(x,t) = -Dj * grad (nj) + Vj * nj, with j= H, D, T
The choice 1) is unsuccessful in modelin_ the neutron emission, especially for the T-
only NBI discharges. Choice 2) is numerically unstable in the case of three thermal
hydrogenic species, and has not been studied in detail. A non-unique set of
constraints for choice 3) gives good agreement with measurements, and is used for
the resultspresentedhere.

Examples of comparisonsthat test the accuracy of the modeling are the
neutronemissionratesand profiles,whichtest the accuracyof the calculatedbeam
and thermal ion density distributions,and the stored energy and the Shafranov
shifts,which test the calculatedbeam ion energy.The resultsgenerallyagree with
measurementsto 1.5 _. Examplesof neutronemissioncomparisonsfor one of the
dischargesin a tripletare shownin Fig. 1. Eachdischargein thistriplethas R = 2.52
m, a = 0.87 m, Ip = 2.1 MA, BT = 5.1 T, PB = 21 MW, and lithium pellet wall
conditioning.The agreementshownis typicalof the resultsachieved,even for the D-
onlyand T-only NBI discharges.
3. Isotopic Mass Effects

The computedthermal hydrogenicprofilesare dissimilar for the hydrogenic
particlemodel used due to their differentsources.An example is shownin Fig. 2 for
the discharge in Fig. 1 at the time of peak neutronemission.The dischargesin this
triplet have an unusually large amount of H recycling, with measured Ha /
(H_-D(z+T(z) = 35%. The relative T density,can be summarized by the average
isotopicmass of the thermalhydrogenicspec=es,

A- (nH+2no+3nT)/ (q-I+nD+nT)
Profilesr)f A at severaltimes for the tripletare shownin Fig.3.

Sincethere is uncertaintyaboutthe degreeto whichthe beam ionscontribute
to the isotopiceffect,we consideralso Atotdefined analogouslyto A, butwiththe D
andT beamion densitiesincludedwiththe thermaldensities.The volumeaverageof
A increasesapproximatelylinearlywiththe fractionof T-NBI power, PT/PB. At 0.5
sec of NBI, whichis near the time of peak neutronemission,it increasesas

<A> = 1.9+0.7*(PT/PB)
At thistime <Atot>is approximately15% higherthan <A>.

The magneticallydeterminedtotalenergyconfinementtime, _'Eincreaseswith
<A> and <Atot>. The ratios of '_Ewith DT-NBI to "_Ein comparable D-only NBI
dischargesare plottedversus<Atot> In Fig.4. The leastsquaresfit givesa powerof

• 0.72 for thisenhancement.The powerfor the fit to <A> is 0.75.
The plasmaplusbeam energyandthe totalenergyconfinementtime increase

~ 15-20 % in chan_ingthe NBi mix from D-onlyto ==50:50 D:T, and againanother ~
' ~ 8-10,% in changingfurtherto 100 % T-NBI. Effectscontributingto these changes

are 1) increasedstoredenergy in the NBI ions, 2) altered heatingof T beam ions,3)
stored energyof the fast alpha particles,4) alpha heating,and 5) an isotopicmass
effect. Simulationsmade beforethe DT campaign[6] incorporating1-4 indicatedthe
change wouldbe abouthalfof what is observed.



The fractionof the totalenergy stored in the beams is large during the first 0.3
sec of NBI, and decreases in time as the electron density increases and more of tho
beam ions thermalize. At 0.5 sec of NBI, the beam fraction decreases to 40-50 %.
This fraction is plotted versus<Atot> in Fig. 5 for the sets of discharges used in Fig.
4. It does not vary significantly with <Atot>, so changes in the beam ion energy do
not have a significant direct effect on the increase in total energy with <Atot>. The
energy fraction in thermal ions shows a slight increase with <Atot>, and the fraction
in electrons shows a slight decrease. The energy fraction in alphas peaks near 5 %
for intermediate <Atot>, which is where the fusion yield is largest.

The profiles of A in DT-NBI, and especially in T-only NBI discharges peak
near the plasma center. The profiles of the increase in total energy density, Z_WtotDT
- WtotDT - WtotD and AWtotT -- WtotT - Wj.otDhave shapes that are similarto the profiles
of AAtotDT - Atot DT - Atotu and AAtot = - Atot/ - Atotu. This suggeststhat the strong
isotopic scaling existsthroughoutthe plasmaprofile.
4. Alpha Heating Effects

Althoughthe volume-integratedelectron energy is relatively insensitive to
<Atot>,as shownin Fig.5, the centralTe measuredby ECE increasesupto 2 keV in
DT plasmas.Except in plasmaswith extreme lithiumpellet conditioning,the central
.electrondensity is relat=velyconstant, and We(0) increasessignificantly.Significant
increases in Ti profilesare also observedwithDT-NBI. The increase in Te could be
caused by 1) alpha heating, 2)ion-electron coupling,and 3) an intrinsicisotopic
effect. The computed peak alpha-electron heating is 0.15 MW/m_. The beam-
electronheatingwithT-NBI iscalculatedto decreaseWe(0).

These various effects can be studiedby comparingmodelingresultsfor D-,
DT-, and T-NBI discharges. The electron thermal conductivity,Z,e deduced by
TRANSP from D-onlyand DT-NBI dischargescan be crosssubstitutedfor predicting
Te. Also the NBI parameterscan be cross substituted,and alpha heating can be
turnedon or off.The resultsof thismodelingindicatethat the isotopicand the alpha
heatingeffects each cause about 1/2 of the observed _We DT. The profiles of AWeDT
and AWe"are peaked at the plasma center, similarto the computedprofilesof the
alpha-electron heating, and more peaked than the broad profiles of z_AtotDT and
L_AtotDT.

5. Summary
The approximateagreementof the TRANSP modelingwithvariousmeasured

parameters indicates that the profiles of the computed beam ion and D and T
densities are realistic. The beam fraction of the total energy at 0.5 sec of NBI
remainsrelativelyconstant,--40 - 50 % as the isotopicmassvaries.The totalenergy
andthe totalenergyconfinementtime increaseapproximatelylinearlywiththe mass
by up to 30 %. The isotopicand alpha heating effects contributein roughlyequal
amountsto the increasein centralTe.
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Fig la - Neutron Emission Components Fig lb - Chordal DT neutron emission profiles
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