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ABSTRACT

Results are presented from the JET Trace Tritium Experimental (TTE) campaign using minority
tritium (T) plasmas (n4/np<3%). Thermal tritium particle transport coefficients (D, vy) arefound
to exceed neo-classical valuesin al regimes, except in ELMy H-modes at high densities, and inthe
region of Internal Transport Barriers (ITB) in Reversed shear plasmas. In ELMy H-mode
dimensionless parameter scans, at ¢ value (0o ~ 2.8) and triangularity (& = 0.2), T particletransport
scalesin aGyro-Bohm manner intheinner plasma (r/a<0.4), whil st the outer plasma particletransport
behaves more like Bohm scaling. Dimensionless parameter scans show contrasting behaviour for
trace particle confinement (increases with collisionality v* and 8) and bulk energy confinement
(decreaseswith v and independent of ). In an extended ELMy H-mode dataset, with p*,v* ,Band
g varied, but with NTMs either absent or limited to weak, benign core modes (4/3 or above) the
multiparameter fit to the normalised diffusion coefficient in the outer plasma (0.65 < r/a < 0.8)
givesD/B; ~ p*'z'46 v 0B B oL q 203 In hybrid scenarios (q,,,i,~1, low positive shear, no
sawteeth), T particle confinement isfound to scale with increasing triangul arity and plasmacurrent.
Comparing regimes (ELMy H-mode, I TB plasma, and Hybrid scenarios) in the outer plasmaregion,
acorrelation of high values of Dy with high valuesof v isseen. The normalised diffusion coefficients
for theHybrid and I TB scenariosdo not fit the scaling derived for ELMy H-modes. The normalised
tritium diffusion scales with normalised poloidal Larmor radius (pe*qu*) in a manner close to
Gyro-Bohm (~p9* 3') with an added inverse 3 dependence. The effects of ELMs, sawteeth and
Neo-classical Tearing Modes (NTMs) on T particle transport are described. Fast-ion confinement
in Current-Hole (CH) plasmas, wastested in TTE by injection of Tritium NBI into JET CH plasmas.
v-rays from the reactions of fusion aphas and beryllium impurities (°Be(o,,my) 2C) characterised
the fast fusion-alpha population evolution. The y-decay times are consistent with classical apha
plus parent fast triton slowing down times (t1st1,s) for high plasma currents (I, >2MA) and
monotonic g-profiles. In CH dischargesthe y-ray emission decay timesare much lower than classical
(T15+749), indicating alpha confinement degradation, due to orbit losses and particle orbit drift
predicted by a 3-D Fokker Planck numerical code, and modelled by TRANSP.

1. INTRODUCTION

The JET Tokamak is the only magnetic confinement fusion device currently having the capability
of operating with deuterium-tritium (D-T) plasmas, including Tritium Neutral Beam Injection (NBI).
D-T plasmas with concentration ratios in the range 10:90 < T:D < 90:10 have been exploited in
previous campaigns studying fusion plasma phenomena [1,2]: including the generation of fusion
power up to 16MW; the demonstration of apha-particle heating in high performance regimes; and
scaling of the ELMy H-mode behaviour of D-T plasmastowards I TER. Tritiumisalso useful inthe
study of particletransport. The evolution of thetritium spatial distribution can be detected in “trace”
quantities (typically ny/(np+n4)<3% is used in experiments) by observation of the 14MeV neutron
emission, allowing non-perturbative transient experiments using a fuel ion species. Thus, “trace



tritium” experiments allow the tritium convective velocity (vy) and the diffusion coefficient (D)
to be measured separately, in conditions where the bulk plasma parametersarein steady state. This
is unlike particle transport studies on deuterium ions in steady-state plasmas, where only the ratio
Vp/Dp, can be measured, and there are significant problems of sourceidentification andion density
measurement. There are of course possibilitiesto evaluatethe D and vy separately in perturbative
experiments such as those involving modulated gas puffing, but these have uncertainties on the
precise values of the bulk plasma conditions under which the measurements are made. Previous
‘“trace tritium’ experiments have been conducted on JET in 1997 [3, 4] and on TFTR [5, 6].

The JET Trace Tritium Experimental (TTE) campaign, reported in this paper, took place in
September — October 2003, and whilst the core of the campaign focussed on particle transport,
many other physicsissueswere addressed. The campaign featured experiments on: thermal particle
(fuel ion) transport in a number of regimes and scenarios; fast ion transport and confinement;
effects of MHD phenomenaon thermal and fast-ion transport; and lon Cyclotron Resonance Heating
(ICRH) of tritium minority species. This paper gives an overview of results in the first three of
these fields and indicates work still in progress. The campaign also produced significant resultsin
development of 14MeV neutron diagnostics. These are reported in reference [ 7].

2. GENERAL EXPERIMENTAL CONDITIONS

Technical details of the systems involved in the TTE Campaign are given in [8]. Tritium was
introduced into JET by short, 80ms, T, gas puffs of < 6mg, or by short (typically 200ms) pulses
with T-NBI (~100keV, IMW). The time evolution of the tritium gas source entering the plasma
was accurately measured locally with 10ms time resolution from T, emission on a line-of-sight
local to theinlet valve. The detailed shape of the gas flow could be measured in L-mode discharges
and was established asinvariant in all discharges where it was measured, giving an accurate time-
stamp for the start of the tritium transport data, which is required for accurate transport analysis
(see section 3). Following the gas puff, about 10% of the tritium puffed was found inside the
plasma by the time of peak neutron emission (in contrast to T9-NBI which has near 100% fuelling
efficiency). The rest of the tritium gas after the puff was in the vessel wall and divertor tiles.
Tritium released from these components acted as a source and could affect the transport results (see
below). To minimise the effect, frequent ‘ clean-up’ pulses were run in pure D-D plasmas, keeping
the tritium wall inventory to a minimum.

The ratio of tritium ions to deuterium ions (ny /(Np+ny)) in the TTE plasmas was monitored
throughout the campaign using Silicon diode detectors [9] which measured the integrated yields,
within ashot, of 2.5MeV neutrons (from DD reactions) and 14MeV neutrons (from DT reactions).
The history of tritium concentration throughout the campaign can be seen in Fig.1, where the
intermittent D-D clean-up periods are evident. Also plotted on the figure is the prediction of an
empirical model based on the amount of fuelling (minority tritium and majority deuterium). This



model is based on one derived during the first JET tritium experiment, the Preliminary Tritium
Experiment (PTE) [1], which was applied to the later JET 'DTEL1’ campaign [10]. For the TTE
campaign, it was found that the tritium removal’ from those wall reservoirs which exchange with
the plasma was more accurately predicted if the scaling according to D, fuelling was included by:
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where f(n) isthetritium fraction in the plasmain the nth pulse of the Campaign (which startswith
apulse with QlT tritium atoms), and F(m) is a dilution function describing the background tritium
level in the mth pulse, with deuterium fuelling QmD atoms, following the introduction of QjT
tritium atoms in the jth pulse of the Campaign. QOT and QOD are normalising constants of the
model.

Over the whole TTE Campaign, atotal of 380mg of tritium gas was puffed into over 80 JET
plasma pulses. The tritium NBI into the plasmas amounted to an integrated time of 20 beam-
seconds spread over 74 further JET pulses. The integrated 14MeV neutron yield for the campaign
was 4 108 neutrons.

Theneutron emission from DD and DT reactionswas measured spatially with anineteen-channel
neutron profile monitor [11]. The profile monitor hasten horizontal and nine vertical lines-of-sight;
these are overlayed on the emissivity contoursshownin Fig.2. All channelsare absolutely calibrated
at 2.5MeV for DD and 14MeV for DT reactions, and provide 10ms time resolution.

The outermost channels of the camera with good statistics were channels #9(horizontal) and
#19(vertical), with typically r/a=0.82. Thus valid particle transport results were obtained in the
TTE Campaign for the plasma inside r/a=0.85.

3. THERMAL PARTICLE TRANSPORT ANALYSISAND RESULTS

The TTE Campaign produced data that enablesinvestigation of several aspects of thermal particle
transport: fuel-ion particle transport dimensionless-parameter scaling in ELMy H-modes; fuel-ion
particle transport in various ELMy H-modes scenarios — high vs low density, plasmas with high
ICRF heating, impurity-seeded discharges; effects of sawteeth and ELMs on fuel-ion transport;
fuel-ion transport in Internal Transport Barrier (ITB) and hybrid scenarios; and confinement effects
on thermal ions of Neo-classical Tearing Modes (NTMSs).

3.1 GENERAL ANALYSISMETHOD
Thethermal particletransport analysis parameterisesthetransport of tritonsinan advection/diffusion
model:
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Where the subscript ‘T’ refersto tritons; I't represents aflux of tritons; oft) is the time dependent
triton source; and D and vy are thetriton diffusion coefficient and convective vel ocity respectively.

Data from selected channels of the 14MeV neutron profile monitor are shown in Fig.3(a).
Following the tritium puff, the 14MeV signal rose on all channels as the tritium ions diffused
inward. During this rise phase, the data are used to derive values for D+ and v In the following
phase, once the tritium ion profiles were centrally peaked, the gradients drove the ions from the
plasma, and during this relaxation, only the ratio v/D+ can be determined as a cross-check. Asthe
tritium gas puff did not perturb plasma parameters, the transport coefficients are assumed to be
constant in time for ELMy H-Mode and hybrid scenario discharges, whereas radial movement of
transport barriersisallowed for ITB discharges. The details of the least-squares fitting of datafrom
the neutron profile monitor and neutron yield with atransport model for tritium with free parameters
for the spatial profilesof Dy and vy and theinflux are giveninreference[12]. The modeling includes
neutral transport and losses from charge exchange with cold neutrals and fast beam neutrals. The
tritium ion density, is calculated using the SANCO 11/,-D impurity transport code [13], and
processed using the TRANSP code [14] obtaining coefficientsrelating to the 2D emissivity profile
to the line-of-sight integrals obtained by the neutron camera[12]. D+ and vy are obtained by the
best |east-squares fit to the 19-channel neutron time history datais. The least squares fitting and
post-processing are performed by the transport analysis package UTC [15]. The majority of
discharges in which thermal particle transport was studied were performed in matched pairs, one
with tritium gas puff and one with ashort pulse of T° NBI intoidentical conditions. Asindicated in
section 2, in the gas puff shots the majority of the tritium went straight to the walls and divertor.
This tritium was released later in the shot as a result of energetic loss processes (eg:ELMs), and
affected the decay rate of tritium seen on the 14MeV neutron signal. The T° NBI shots were not
prone to this delayed source and hence their tritium content decayed much faster oncethe T* fast
ions had thermalised. The decay rate in these shots was used as the consistency check on v{/D+
derived from the gas puff shots. Aswill be shown in section 4, comparison of the relative plasma
tritium content decay ratesin the NBI and gas puff cases also yields data on fuelling efficiency and
wall residence time.

3.2ELMYH MODE RESULTS

Thefitsto the data show that tritium transport exceeds neo-classical levelsin most ELMy H-mode
cases studied, only approaching neo-classical levelsin ELMy H-modes at high densities near the
Greenwald limit (see Fig.3(b)). For the majority of the ELMy H-mode dataset, and for all the
ELMy H-modes discussed in this section, strong NTMs were absent, with NTM activity being
limited to weak higher order (4/3 and 5/4) modes in the plasma core. Almost all these discharges
had sawteeth however. The transport coefficients discussed in this section are averaged over the
occurrence of sawteeth and ELMs. The effects of these discrete MHD phenomena are discussed
below in Section 4. Over the ELMy H-mode dataset a strong inverse correlation of the anomalous



tritium transport with plasmadensity isfound: the Dy isclosetoits neoclassical value (as predicted
using the NCLASS code [16]) at high density whilst the diffusion is strongly anomalous at low
density. Likewisethetritium pinch (vy) iscloser to the neoclassical onein high density plasma, but
it becomes highly anomalous at low density. As can be seen in the high density shot portrayed in
Fig.3(b), the measured D+ remains above neo-classical in the outer part of the plasma (r/a> 0.6),
but agreeswith neo-classical predictionswithinr/a< 0.5. Thethermal effective diffusivity does not
display such strong density dependence |leading to the density dependent ratio y/D+. [17].

Dedicated ‘ dimensionlessvariable’ scanswere al so performed to study tritium transport in NBI -
heated, low q(dgs = 2.8), low triangularity (6=0.2) ELMy H-modes. The detailsare givenin reference
[18].

Scans were performed in each of p* (lon Larmor radius normalised to minor radius), v*
(normalised collisionality ~ naq/Tez) and 3 (normalised plasma pressure), with the remaining two
variables held approximately constant over the scan. The results showed that astrong  Gyro-Bohm'’
like dependence on p* in theinner part of the plasma (DT/B¢o<p* 3'2&0'62, for O<r/a<0.45) with a
weaker ‘Bohm' like dependencein the outer part of thepl asna(DT/B¢oc * 1'9i0'38, for 0.6<r/a<0.85).
For the v* and 3 dependence the following fits are obtained:

-0.34+0.08 -0.55+0.09 .
Orimer /By =< P 0514017 ProuelBy = P 0.40+0.15
I:)T,inner/ Bq) o< VAT T I:)T,outer/ Bq) oc VE T (4)

The B and v* dependences for Dy arein strong contrast to the energy confinement scalings in the
scans [18]: the energy confinement is largely independent of S, whilst the dependence on v* is
actually in the opposite sense to particle confinement, with energy confinement decreasing weakly
as v* increases. These results for v* are consistent with the density dependence seen generally in
the /D ratio.

Thedataset of NBI heated EL My H-modesiswider than the datafrom the‘ dimensionlessvariable
‘scans’. The addition of other NBI-heated ELMy H-modes without strong NTMs increases the
dataset to nine discharges and introduces avariation in g. If this datais fitted then the normalized
diffusion coefficientsfor the plasmaregion 0.65 <r/a<0.8 show the following dependence (displayed
in Fig.4):

D, /B¢ < p Hhp gy Ky .ﬁ“ﬁ .q“f/ (5)

where a,=246%+0.2

a,=-023+0.05
a,=-1.01+0.08
a,=203+0.17

Although the coefficients for the variation of p*, v*, B have changed from the more restricted



dataset of equations (4), the basic S and v* dependences of the diffusion coefficient are maintained
and remain in strong contrast to the energy confinement scaling. It isnotable that asimilar inverse
[-dependence was found on DII1-D for helium particle transport [19].

3.3HYBRID SCENARIO RESULTS

Following the development in ASDEX-Upgrade [20] and DI11-D [21] of plasmaswith g,;,,~1, low
positive shear, and no sawteeth in the so-called ‘Hybrid' scenarios such discharges have been
investigated on JET [22]. For these discharges the tritium transport following gas puffs and TONBI
was studied. The plasmatriangularity was scanned (6 = 0.2 - 0.46), at approximately constant gain
factor G (G=H89B,\l/q952 ~ 0.32). The data was compared in two complimentary ways. The raw
decays of 14MeV neutron signal following thermalisation of tritium fast ions from NBI, where
wall sources were negligible, showed a global improvement in T particle confinement time (rpT*)
by ~50% over the scan. In addition, fits were performed to the 14MeV neutron signals following
tritium gas puffsinto identical discharges. Theresultsare shownin Fig.5. Theimprovementin rpT*
is found to be explained in terms of areduction in D across the whole plasma (although errors on
the fitsreduced the significance of thisfor r/a>0.5), whilst the values of vy areindependent of d. In
addition, |, and By were varied at constant g5 and low . The neutron decay following TONBI
showsrpT* scaled with| . and the detail ed fitsin the gas puff shots show that the changeisexplained
by areductionin D confined tor/a> 0.5, although with |less statistical significance than the changes
seen in the triangularity scan. Again the fitted values of v are independent of lp Br. IN al cases
the fitted values of D and vy are once again considerably above the neoclassical predictions.

3.4 INTERNAL TRANSPORT BARRIER (ITB) DISCHARGE RESULTS

In1TB dischargeswith astrong single barrier [23], three features are observed: areduction of D to
neo-classical values in the transport barrier; an increase of D+ to large values in the region within
the barrier; and a reduction of vy in the barrier, see Fig.6(c). The absolute value of vy within the
barrier remains above neo-classical values. The reduction of D inthe barrier impedestritium from
reaching the core, whilst the increased D+ in the region enclosed by the barrier speeds up both the
rate of rise to peak emission, and the decay rate after the peak emission seen by the innermost
channelsin agreement with the line integrals measured by the cameras. Details of tritium transport
with ITBs present are given in [24].

35TRITIUM FUELLING RESULTS

ELMy H-modes have been used to investigate the causes behind the global gas-fuelling efficiency.
Of order 90% of the tritium after a gas puff isin or on the vessel wall and divertor tiles. Tritium
released from these components acts as a fuel source and is responsible for the observed delay of
tritium decay from the plasma. For the analysis of tritium ion transport a simple model for the flux
in and out of the region observed by the neutron diagnostic has been used with a quasi-realistic



three-reservoir model (plasma, wall, divertor). The equations for rate of change of tritium content
in these reservoirs are:

ANpw/dt =X - Npy/twyr 6)
AN/t =fsoL fo [(LXT + Npyw/tyrl + eNgp - Nppltpr )

where Ny, Nyp Ny arethe tritium atom (ion) content in the wall, plasma and divertor

tiles respectively;
T, TeT, TDT are the tritium residence times in the wall, plasma and divertor tiles;
G isthe flux of tritium atoms from the gas valve;
fsoL isthe probability of atritium ion penetrating the scrape off layer (g5 )
fov isthe probability of tritium ion penetrating through to the region
seen by the neutron cameras (r/a<0.85) —afunction of D and v;
€ isthe fuelling efficiency from the divertor
X isthe fraction of the gas puff going directly to the wall

Equation (8) is effectively solved by noting

Equation (7) is solved by the SANCO code to get Nyp from the 14MeV neutron signal. In this
processwe set thevalue of Ty equal to the decay timein the accompanying T° NBI discharge, and
fgoL = 1.

Resultsusing thismodel yield physically plausible valuesfor the free parameters: the fraction of
tritium going direct to the wall was x ~ 0.6 (simple arguments of molecular breakup in the scrape-
off layer would give~ 0.5), and typical wall retention timest, ~ 0.3 -0.5s. are found (of the order
of the plasma energy confinement time). The divertor retention time is longer than 5s. The gas
fuelling efficiency data thus yields a picture in which: around 60% of the gas goes direct to the
wall, and is then desorbed easily by the plasma heat efflux on an energy confinement scale; and
~ 30% is transported quickly out of the outer region (r/a> 0.85), and deposited in the divertor,
with a much longer characteristic timescale for return.

The data on ITB discharges have been interpreted to give preliminary results on the relative
fuelling efficiency of tritium gas puffing, tritium recycled from the walls and T NBI. Fig.7(a)
shows ion temperature (T;) and electron density (n,) profiles for three identical ITB discharges
with a single strong barrier, the tritium fuelling being supplied by gas puff, T° NBI, and finally
solely from wall recycling. The barrier measurements were made at suitable times (for the shot
with TNBI when the fast T* ions had thermalised, as cal culated by the TRANSP code[14], for the
gas puff shot when the tritium arrived in the core). The 14MeV neutron emissivities for the three
discharges are shown in Fig.7(b). The ratio of the total tritium atoms injected during a gas puff to



that injected during the T NBI pulse was (3.1 10%°/82 1018) ~ 38, whilst the ratio of the core
emissivities in the two cases was ~1.6, indicating that TONBI is~ 25 times more efficient at core
fuelling. For discharges with weaker 1TBs, although the TONBI is always more efficient, the
difference is not as pronounced, indicating that the relative fuelling efficiency depends on
confinement inside the plasma.

Theratio of 25:1 advantagefor TONBI over T, gaspuffinginthe coreof I TB dischargescompares
to an approximate 10:1 advantage for an ELMy H-mode plasmaglobally, inferred from the ~10%
of tritium found inside the plasma at peak neutron emission following a tritium gas puff. This
indicates that there is a further barrier to fuelling the core presented by an ITB. Such fuelling
considerationswill be important in the transient phase of I TB scenarios used to start up burning D-
T plasmas.

3.6 COMPARISON OF PARTICLE TRANSPORT IN DIFFERENT REGIMES

For acomparison of the scaling of transport in the different regimes studied, the analysishasfocussed
on the outer region observed by the neutron cameras, i.e. 0.65<r/a<0.8. In the central region,
differences between ELMy H-Mode discharges (q,<1, exhibiting sawtooth behaviour), hybrid
scenarios (gg=1) and ITB discharges (g,>2 or even ¢,>3) can be expected. In contrast, tritium
transport well outside the central region should be comparable between all scenarios.

For all regimes, high values of D+ correlate with high values of v The ratio v;/Dy which
determinesthetritium profile shape, variesfrom ~3m* for high g, low density ELMy H-modesto
+0.1m ta low g, high density. Theratiosfor the hybrid scenarios generally follow the ELMy H-
mode, but the I TB discharges stand out with very high inward convective velocities (see Fig.8(a)).
The higher inward convective vel ocities are not sufficient to offset the dominant effect of the faster
diffusivetritiumlossin all regimes. Thisappliesup to valuesof Dt ~4mzsec'1, ascanbeseenin
the drop in globa decay time (rpT*) of the tritium density (as measured by the loss of thermal
tritons after thermalisation of a T° NBI pulse) shown in Fig.8(b). At higher values of D+ this
declinein rpT* seems to be reaching asymptotic values.

There is astrong correlation for all three scenarios of Dt with qgg (Scanned by varying current
and toroidal field) for 0.65<r/a<0.8. Energy transport in the same discharges, characterized by s,
is not strongly affected, and thus D+/y varies between 0.3 (high density, low gg5) and 2.0 (low
density, high ggs). Initial results show plasmas with added ICRH have a larger ratio of D/« a
phenomenon still under investigation. D correlates better with thelocal value of g, suggesting that
the orbit width of trapped particles could be an important parameter determining the scaling. Fig.9
shows the relationship of the normalized diffusion coefficient D1/B; [25] with the normalized
poloidal Larmor radius p* ) = gxp* (where p* ~Ti1/ 2/aB). Thisresultsin avery strong correlation
for the ELMy H-Mode discharges alone, which is better described by gyro-Bohm scaling (p* p0,3)
rather than Bohm scaling (p* po|2)- Note how the inclusion of g in the scaling parameter has now
atered the conclusion with respect to Gyro-Bohm/Bohm scaling reached in the dimensionless



parameter scans [18]. With P*pol 8 scaling parameter, differences appear for hybrid scenario
discharges and for discharges with significant ICRH heating, whilst the two I TB discharges agree
with the trend within errors. Fig.9 also shows an equally strong trend for v/ By with local p* pol- 1N
thisinset, the hybrid scenario discharges again follow the trend of the ELMy H-Mode discharges,
whereas the ITB discharges stand out.

The hybrid scenario discharges are characterised by larger 8, and the behaviour of Dy with Bis
consistent with the fits to ELMy H-mode data in the specific dimensionless parameter scans
(described above).

Finally, thefitted valuesof D+/ By for hybrid scenario dischargesand | TB discharges are plotted
on Fig.10 to compare with the multi-parameter fit derived for the outer region of the ELMy H-
mode discharges (equation (5)). In general this multi-parameter fit does not provide a description
of the hybrid and ITB data. It can be seen that the hybrid datapoints appear to divide into two
groups. one close to the fitted line, the other significantly shifted. Examination of the dataset
showsthat it isthe higher triangularity hybrid dischargeswhich lie closeto thefitted line, whilst the
lower triangularity (6 = 0.2) discharges are displaced. Thisisan odd result, as the lower value of
triangularity is shared by the bulk of the ELMy H-mode dataset (except for the point at very low
DT/B¢ nearest the origin). Further analysiswork to elucidate these effectsisin progress. A refit of
the dataset to the ELMy H-mode plus hybrid scenario discharges changes the exponents in the
multi-parameter power law expression of equation (5) to a,= 2.64; a,=0.17; ag= -1.26; a,=1.47.
The p* and 3 dependencies are hence largely preserved, with the v dependence changing sign but
still being close to zero, whilst the q dependence is reduced. The grouping of the hybrid scenario
discharges suggests however that applying thisfit to the wider dataset may not bevalid. An attempt
toincludethe ITB dischargesin the same manner deterioratesthe quality of thefit still further, with
only the exponent of (aﬁ) remaining largely unaltered.

4. MHD EFFECTSON THERMAL PARTICLE TRANSPORT
Sawtooth collapses resulted in tritium density-profile changes [17]. The dominant contribution to
the observed changes of the neutron lineintegralsisthe redistribution of fast NBI-derived deuterium
ions. At the time when they disappeared from the central channels (evident from adip in the central
line integrals), aburst of 14MeV neutrons was seen in channels with an impact parameter asfar as
r/la= 0.5. Sawtooth collapses that occurred during inward propagation of tritium, i.e. shortly after
the puff, did not exhibit this feature: the ejection of deuterium ions from the core being
compensated by the tritium ions being swept into the core, keeping the line integrals almost
constant. Sawtooth effects were most pronounced at |low density, where the NBI deuterium ion
density was more peaked.

ELMs that occured during the time of the puff resulted in a noticeable increase of 14MeV line
integrals with an impact parameter asfar into the plasmaas r/a= 0.5 within 10ms. We do not have
aquantitative understanding of this effect, but changesin ELM frequency should result in changes



to the fuelling efficiency of tritium on the assumption that Dy during an ELM rises significantly
above the level of Dy between ELMs [26]. The transient effects could be the result of deeper
fuelling due to charge-exchange as a result of the increase of the deuterium neutral flux after the
ELM, but note that simultaneously losses due to charge-exchange would also increase, leading to a
null effect. It is also possible that tritium neutral influx increases as a result of energy or particles
released from the plasma during the ELM, dislodging tritium from the wall or divertor. The
combination of all three effects will require further analysis to elucidate.

Theeffect of strong NTMswasstudied in pairsof dischargeswith near identical plasmaconditions,
one with and one without a 3/2 NTM [27] as shown in Fig.11. Changes to 14MeV line integrals
were observed for lines-of -sight with an impact parameter inside the region of g<3/2, with channels
outside the q = 3/2 surface being little affected. It can be clearly seen from the 14MeV neutron
emission (Fig.12) that shots with NTMs show more rapid transit of tritium to the plasma centre.
Analysis also demonstrates that there is a more rapid decay of the tritium density profile after
peaking. Allowing for the slight differencesin temperature and density between the discharges, the
major part of the changes require a change in the tritium transport, localized at, or within, the g=3/2
surface. Both changesin D+ and vy are consistent with the observations, but the effect of the NTM
on fast ions (which mainly determine the neutron emission in thisregion) requiresfurther modelling
to reach afirm conclusion.

5. FAST PARTICLE TRANSPORT

Tritium NBI ions were used in several fast particle transport experiments. The confinement of
tritium beam-ions was studied in reversed-shear (ITB) and ‘ current-hole’ plasmas. The effect of
Toroidal Alfven Eigenmode (TAE) and Fishbone modes on fast T ion transport was also studied.
For diagnosis of the alpha particles (o) produced in the D-T reactions the diagnostic method based
on g-rays from the 9Be(oc,ny)lzc nuclear reaction was used. During TTE the slowing down of
fusion born alphas was measured for the first time with this approach, using awell shielded high-
efficiency y ray spectrometer based on a bismuth germanate (BGO) detector [28].

In JET plasmas with a Current Hole (CH) the toroidal current density falls to near zero for
typically 30-40% of the minor radius [29], and there is an ITB near the edge of the CH. These
plasmas are expected to confine fast ions poorly as a result of the very low central poloidal field
(Bq). The effect of a CH on fast beam ions was demonstrated by measuring the 14MeV neutron
profiles from the interactions of 105kV triton beam ions with the background deuterium. Asthe D-T
reactivity (ovp) decreasesrapidly with triton energy, theinformation coversthefast triton behavior
in anarrow energy range E,-E<<E,, (where E,= 105kV). Tritons were injected into both CH and
Monotonic Current profile (MC) plasmaswith the same plasma current (1.5—2MA), and the triton
beams were injected both on and off the magnetic axis (in the vertical dimension). The poloidal
plane projections of the injected orbits are shown in Fig.13. For on-axis injection, the measured
neutron profiles demonstrate an outward shift induced by the CH (Fig.14(a)) whilst for off-axis
tritons (not shown) the peak is shifted inwards.
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The behavior of the fast beam tritons has been modelled with a 3-D Fokker-Planck code [30], and
also in TRANSP [31]. For individual tritons, consideration of the orbits shows that the maximum
ion density corresponds to a mid-plane radius where beam tritons execute near-* stagnation’ orbits,
withradial (v,) and vertical (v,) drift velocities near zero. For fast triton ions born near the magnetic
mid-plane (z = 0), the motion along field lines resultsin avertica drift v,=v, B,/ B. Thisdriftis
opposed by the curvature and VB drifts such that:

VZ:'Vd+ V//BZ/B =0 (9)
with vy the sum of curvature and VB drifts:
v, =] +3v))/o.R (10)

The equality of condition (9) leads to the trapping of the triton at the mid-plane and to the locally
enhanced fast ion dengity that, in principle, can be detected as a peak in the 14MeV neutron emission.
Equation (9) can only apply exactly at the mid-plane, asotherwisethereareradia drifts(v, = v, B,/ B).
In addition the cross-field (curvature and VB) drifts are relatively weak and hence the stagnation
condition isonly realized at low pitch angles. In CH plasmas however, there is an extended region
of low poloidal field, B, (By = B, at z = 0) and this givesrise to an outward radial extension to the
stagnation point [29]. This outward shift in the stagnation point |eads to a detectable outward shift
in the peak of the 14MeV neutron profile, as seen in Fig.14(a).

The results of the 3-D Fokker Planck model show a satisfactory explanation for the measured
14MeV profiles. As an example, Fig.14(b) shows the modelled profiles for on-axis triton beam
injection into a CH plasma, which compare qualitatively with the data. The TRANSP modelling
also shows qualitative agreement (Fig.14(c)). The centroid of the neutron distribution was measured
by averaging theyieldsin the camerainner channels. This centroid was seen to move asthe edge of
the CH region, asestablished by the M SE diagnostic[31], moved with the current profile evolution.
Occasiondly, the CH wasinstantaneously eroded by MHD activity, andin these casesacorresponding
step change in the neutron profile centroid was seen (Fig.15).

During TTE the first diagnostic measurements of y-rays produced from populations of fusion
o-particles were performed. The decay rates of y-rays from reaction 9Be(oc,ny)lzc following O
NBI pulseswere measured in many TTE discharges. Thisdecay rate can be related to the combined
slowing down of the parent beam tritons (zgp 1) and the alphas (7 ) subsequently produced [28].
Here the value of 7, , is understood as the time for an a-particle to slow down from its birth
energy (centred on 3.5MeV, dependent on the vel ocity of the beam triton) to the y-detector threshold
energy at 1.7MeV [28], and the value of g, 1 signifies the time for a triton to slow down from
injection energy (~105keV) to an energy where the cross section for o-particle production has
dropped by a factor ~t0 (approximately 70keV). The combined value of (g 1+ 7o ) Can be
compared to the measured y decay, as in Fig.16. In discharges with relatively high monotonic
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currents (Ip>2M A) the observed density decay of fast ionsinferred from y-ray measurements was
consistent with, or longer than, classical slowing down, whilein 2.5MA discharges with a current
hole as large as about 1/3 of the plasma radius the measured decay time was much shorter than the
classical dowing down time, indicating confinement degradation or radial transport of fast alphas
similar to that seen at low current (Ip:1MA). The confinement of charged fusion products (CFPs)
has been modelled with the 3D Fokker-Planck (F-P) code in reversed shear plasmas in the axi-
symmetric limit [30]. The 3-D code takes into account the combined effects of alpha loss and
transport out of the detector line-of-sight. A strong effect of reversed shear on CFP confinement is
o required to confine the fattest
bananas crossing the plasmacore[32]. |, increases with the size of the* zero” poloidal field region,
r«/a, and for typical JET CH discharges exceeds 4MA for 3.5MeV aphasif r./a > 0.4. In MC
plasmas, this critical current, |, is of order 2MA. The confinement of CFPs in CH discharges
(strong RS) with r./a > 0.4 is significantly degraded compared to MC plasmas even at relatively
high plasmacurrents| p=2-2.5MA. For low currents, where | ,<l¢r Strong RS resultsin asubstantial
reduction of the density of fast CFPs due to confinement degradation and spatial redistribution both
effected by the ion orbit topology modification. Calculated rates of decay of y-ray production by
fusion alphas, as seen along the y-ray spectrometer observation line of sight in JET, are displayed
inFig.17. Thecasewithlarge CH at l,=2.5MA correpondsto aTTE Pulse No: 61340 with measured
T(0) = 8.4keV and n(0) = 3.8 10" m™3. Other curves compare postulated plasmas with the same
T and ng profiles but MC profiles. The reductions in y-rate, and in y-decay time for the CH case
are clearly seen. Thus, in agreement with experiment, and TRANSP simulations (Fig.17), the 3D
F-P code shows that RS decreases the decay time of the fast al pha distribution.

Theevolution of T* fast ionsfrom TO NBI with vel ocities comparableto theAlfven velocity was
investigated in TTE discharges with B;=0.86 T, 1,=0.9 MA. The deuterium (DO ) NBI was used at
power levels > 5MW to destabilise TAE and n=1 Fishbones. The 14MeV neutron camera profiles
evolution was measured during four 50ms pul ses of TONBI injected on top of the D? heti ng. The
effects of fishbones were seen, as loss of central fast ions, on the T NBI deposition profiles:
although these effects were not as large as those observed in earlier JET 10:90 D-T plasma
experiments [33], at higher powers and similar plasma current and q. No appreciable effect was
found for low amplitude TAEs. Details of the experiment are given in ref [34].

found when the plasma current is less than the critical current, |

CONCLUSIONS

TheTTE Campaign has demonstrated the usefulness of tracetritium plasmasin deriving information
on the thermal fuel-ion and fast ion particle transport. The tritium particle transport coefficients
(D, vy) were measured successfully in three regimes of interest to ITER (ELMy H-mode,
Hybrid scenario and ITB plasmas), although work is still in progress, several conclusions can
aready be drawn.

i) Thevaluesof Dy and v were found to be substantially in excess of neo-classical valuesin all
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i)

vi)

regimes except for high density ELMy H-modes near the Greenwald density limit and ITB
plasmas in the region of the Transport Barrier itself.

Thestrong density variation of D+ in ELMy H-modesis not followed by the effective thermal
diffusivity, x €ading to adensity dependent D1/ x4 ratio, varying from 0.3 < D4/ x4 < 3.0,
in strong contrast to what is normally assumed in ITER predictions [35, 36].

Thetritium normalized diffusion coefficient (D1/ B¢) shows amixed Gyro Bohm/Bohm scaling
when the behaviour in dimensionless parameter scans is studied in ELMy H-modes. For the
central plasma (0 < r/a<0.4) the scaling is Gyro Bohm-like (~p* 3) whilst inthe outer part of the
plasma (0.65< r/a<0.8) the behaviour is more Bohm-like (~p* 2).

The tritium particle transport in ELMy H-modes shows a strong inverse 3 dependence, with
D+/B,, scaling between ﬂ"o'5 and ﬂ"l depending on the collection of parameters used in the
fit, the region of the plasmato which the fit is applied, and the class of discharges used in the
fit. Thisisvery different to the behaviour of energy confinement [18]. The behaviour with v
is less pronounced, but the weight of evidence points to mild inverse v dependence in all
plasmaregions. Thisv dependenceisconsistent with the density behavior established for D+
Again there is a contrast with the energy dependence established for ELMy H-modes.

In hybrid scenarios, increasing triangularity and plasma current raises tritium particle
confinement, but transport remains in excess of neo-classical values.

All three regimes show a strong dependence of D+ on the local safety factor () in the outer
region of the plasma (0.65 < r/a < 0.8). For ELMy H-modes this can be expressed by an
approximate q2 dependence. The multi-parameter fit to the ELMy H-mode dataset (equation
(5)) isnot followed by the Hybrid or ITB discharges, which exhibit lower particle diffusion at
the same values o the dimensionless parameter set (p*, v*, B and g). Bringing the Hybrid
discharges into the fitted dataset does however largely preserve the dependence on p* and B,
indi cating that there are some common underlying trends between EL My H-modes and Hybrids,
as might be supposed from their common origin.

All three regimes show a correlation between high values of D+ and high values of v

vii) The strong dependence on q and p* has led us to compare the dependence of the particle

transport parameters on the Poloidal gyroradius, Ppol : (=gx p*). For the outer regions of the
plasmathisisonly partialy successful (given the spread in 8 amongst the fitted plasmas) but a
Gyro Bohm-like dependence (D1 / By~ pyq *3) is seen for ELMy H-mode plasmas.

viii) The effects of sawteeth, ELMs and strong 3/2 NTMs can all be seen on the 14MeV neutron

profilesand, by inference, on thetritium transport. Inthe case of the 3/2 NTMs, the effectsare
confined within the NTM location (i.e. within q = 3/2 surface) and are found to deteriorate the
particle confinement.
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The effects of a Current Hole in the centre of JET plasmas on fast injected NBI ions can be seen as
outward shiftsin the deposition profile for on-axisinjection. Thisisqualitatively explained both by
3-D Fokker Planck numerical code and by TRANSP modelling. y-ray emission decay times from
nuclear reactions between fusion aphas and beryllium impurities (gBe(oc,ny)lZC) are consistent
with classical apha (and parent triton) slowing down times for high plasma currents (IIO >2MA)
and monotonic g-profiles. y-ray emission decay times are much shorter in CH plasmas, indicating
alpha confinement degradation and spatial redistribution, due to the effect of enlarged orbits,
predicted by the 3-D Fokker Planck code.
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Figure 1: Shot to shot variation in tritium concentration in TTE plasmas as measured from
14MeV and 2.5MeV neutron ratios (+) and compared to the model prediction (solid line) based
on a modification of the JET PTE model [10].
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Figure2: (Left) Schematic overview of the JET neutron camera, showing lines of sight. (Right)
Comparison of 14MeV emissivity contours for a shot with tritium gas puff. Top figure shows
contours 150ms after the puff, when thetritiumdensity is hollow. Bottom figure shows peaked
shape after 750ms once the tritiumdensity profile hasrelaxed. Initial crescent shapeisdueto
the poloidal distribution of fast NBI deuteriumions.
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Figure 5: Fitted tritium diffusion coefficient (D) and
convectivevelocity (v;) spatial profilesfor two hybrid scenario
discharges at different triangularities. The discharges were
performed at the same Ip and By, and the gain G= H,13N/q952
~ 0.32 was approximately constant for the two plasmas.
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Figure7: (a) lontemperature and electron density profilesfor threeidentical 1TB discharges, two with
tritium transient fuelling provided by T gas puff (Pulse No: 61352) and TONBI (Pulse No: 61347) the
third with tritiumwall recycling only (Pulse No: 61328). (b) 14MeV neutron camera profiles compared
for the three shots, at thetime of the profilesin (i). At thesetimes, for thetransient shots, the T° NBI fast
ions have slowed down (Pulse No: 61347) or the T ions from gas puff have reached the plasma core
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Figure 10: Experimentally derived normalized diffusion
coefficients (D1/B,) for the various regimes plotted
against the multiparameter fit to the ELMy H-modes only.

Figure 11: Time tracesfor two ELMy H-modes: one without
any strong NTM activity (Pulse No: 61362) and one where
thepulseconditionswere prepared to generatestrong 32 NTM
activity (Pulse No: 61359). Tritium gas was puffed into both
pulses as indicated at t = 26.5s. during a phase where
discharge parameters were kept constant until t = 28.5s.
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Figure 12: Time history of the 14MeV neutron radial
emissivity contoursfollowing thetritium puff at t = 26.5s.
for the dischargewith NTM (Pulse No: 61359) and without
NTM (Pulse No:61362). Thetime of peaking of the plasma
tritiumprofileisindicated by thearrows. Thefaster transit
of the tritium to the plasma centre in the NTM case is
evident.

Figure 13: Poloidal cross section of JET Current Hole
(CH) discharge showing:

- extent of current hole;

- poloidal projections of on-axis and off-axis TONBI
trajectories (red dashed lines); and

- neutron camera lines of sight.
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Figure 14: (a) Neutron emission profiles from the vertical and horizontal cameras for on-axis T° NB injection
in the case of current hole(CH) and monotonic current (MC) profile plasmas. Vertical dashed lines indicate
the axis of the plasma for the two views. (b) Comparison of Fokker Planck (F-P) code prediction for neutron
profiles and neutron camera data for the case of on-axis injection into the CH discharge. (¢) Comparison of
TRANSP code prediction for neutron profiles and neutron camera data for the same on-axisinjection caseasin
(b). Measurements and predictions correspond to the end of 200ms NBI pulses.
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Figure 15: Centroid movement for 14MeV neutron
emission profile (solid line) superimposed on the
shrinkage of the current hole (circles). Dashed line shows
the magnetic axis position.
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Figure 16: Measured 4.44-MeV gamma-ray decay-times
due to the Bet+alpha nuclear reaction vs. calculated
classical slowing down-times of T-beam ions and alpha
particles for plasma scenarios with: B;=2.25-3.2T,
I,=1.0-3.0MA. The TRANSP simulations (starred points)
were perfomed for the nearby Hybrid scenario point (star
near the dashed equality line) and for a nearby Current
Hole plasma (star inthe centre of the Current Hole data).

T,(0) = 8.4keV, n (0) = 3.8 10°m~3

1.2
Pulse No: 61340 — CH 2.5MA; 3D Model
--- MC 2.5MA; 3D Model
LO0Fseney -— MC 1MA; 3D Model
-~ NN e Sy, 1D Model
3 NN
808\ >
) \ R
© \ :
q \ N
=06 N
3 \\ N No alpha Loss
T : o
£ 04r \\ o /
2 \'\_ \\\\
0.2f RN g
~ e g
0 ! ! | e 23
0 0.1 0.2 0.3 0.4 0.5

Post NBI Time (s)

Figure 17: Normalised y-decay rate (post T-NBI) from 3-
D Fokker Planck (F-P) code simulation for |,=2.5MA
Current Hole (CH) Pulse N0:61340, with central
parameters as shown and CH radius p./a ~0.57(solid
curve). Dashed curvesare 3-D F-P resultsfor Monotonic
Current (MC) plasmaswith same T, n, profilesand I ;as
shown. Dotted curve shows 1-D F-P model for 1,=2.5MA
MC plasma.
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