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ABSTRACT

The properties of JET plasmas obtained in similar conditions, but using
different ion species, are compared. In hydrogenic limiter discharges with NBI
heating, particle confinement and sawtooth activity display a strong isotopic
| dependence. However, the improvement in global energy confinement from
hydrogen to deuterium is only approximately 20%, not consistent with the
square-root dependence 1g ~ A;'/2 often found in L-mode scaling relationships.
No significant change in energy or particle confinement is observed when

deuterium is replaced by helium-3.

INTRODUCTION

Many empirical scaling relationships for energy confinement in tokamaks
(e.g. [1]) include a dependence of the energy replacement time 1g ~ Ai¢ with
o = 1/2, A;j being the atomic mass of the plasma ion species. However, no |
convincing theoretical justification has so far been found for such a dependence;
classical transport would lead us to expect o = -1/, and so would some theories
of anomalous transport (e.g. those based on drift wave turbulence).

To study the problem in JET, a series of well diagnosed discharges has

been performed with different gas species, namely hydrogen (H}, deuterium (D)



and the helium isotope 3He. Care has been taken to avoid mixture of different |

ions and to obtain discharges with the same plasma configuration, current,
toroidal magnetic field, and similar density and power deposition profiles. These
aims have been achieved in discharges with neutral beam injection (NBI). The
main limitation has been the maximum NBI power with hydrogen beams which
could not exceed 7MW. This limitation has not allowed an extenéion of the study
to comparisons of hydrogen and deuterium H-modes, as the available power was
not enoug.h to achieve good H-modes in hydrogen. However, a complete set of
reference discharges has been obtained for H, D and 3He L-mode discharges in
the limiter configuration. The main plasma parameters are 1 = 3.1MA, B = 2.9T,
Pngl = 6MW with volume averaged electron density in the range <ng> ~ 1.5 -
3.5 x 1019m-3. D and 3He reference shots at Pyg = 12MW and densities up to

4.5 x 1019m-3 have also been obtained.

DEPENDENCE ON HYDROGENIC ISOTOPE

We first compare data from an L-mode density scan in hydrogen plasmas
{(with hydrogen neutral beam injection) with those from similar limiter discharges
in deuterium. The additional heating power is Pyg) = 6.0 + 0.5 MW. I[n the
hydrogen discharges the residual deuterium concentration, as measured by the
neutral particle analyzer, is less than 10% (which is consistent with the
measured D-D neutron yield).

The time evolution of two discharges, one in D and one in H, with similar

density and input power is shown in Figure 1. The (sawtooth-averaged) profiles

measured in steady state using interferometry and electron cyclotron emission are

compared in Figure 2. The central Tq signal in Figure 1 shows that sawteeth are
approximately twice as frequent in H as in D. The total energy content measured
by the diamagnetic loops is 15-20 % larger in deuterium. This is reflected in a

higher electron temperature, for the same plasma density.



In hydrogern only the central ion temperaiure has been measured, and Tjp ~ |
Tgo at all densities. Profile measurements in the deuterium discharges show Tj ~
Te to within 10% at all radii; study of the local power balance for the two fiuids
separately then indicates that the heat loss via the ion channel is at least as
important as that via the electron channel. Throughout the analysis that follows, it
has been assumed that Ti{r) =~ Te(r) also for the hydrogen plasmas - which has
similar implications for the relative heat flows. Impurity content, Ohmic and
radiated power are similar for both isotopes at all densities. _

The NBI injection energy was lower in hydrogen than in deuterium
(approximately 100 keV compared with approximately 140 keV). In addition, the
different neutralization efficiencies meant that more of the HO beam power was
delivered at reduced energy (the splitting into full/half/third energy components
due to molecular effects in generating the beams is approximately 40/30/30 in
hydrogen as opposed to 65/20/15 in deuterium). As a result, the particle source
was stronger in hydrogen, while the energy stored in the fast ion population was
larger in deuterium (which may account for the difference in sawtooth behaviour).
The power deposition profiles, however, are very similar both in their radial
distribution and in the ratio of ion to electron heating. These results are
summarized in Figure 3, based on calculations with the PENCIL code that have
been confirmed in selected cases by TRANSP.

The energy replacement time has been evaluated using the measured
plasma profiles and the NBI modelling referred to above, and is shown in Figure
4, where each data point corresponds to one discharge in approximate steady-
state conditions. The thermal energy confinement is higher in deuterium, with —
[te(D) - te(H))/ze(D) =(15 & 8)%. We regard the systematic difference as
statistically significant, even though the addition of absolute "error bars” on
individual data points (typically + 15%) could lead to an overlap of H and D data.
This is because the same diagnostic measurements and identical analysis

techniques were used in all cases. Inclusion of the fast ion energy enhances the



difference between g in H and D, which in average however does not exceed |
25%.

The difference between H and D is more marked if one looks at particle
confinement. This appears to be significantly worse in hydrogen, since similar
density profiles are sustained in spite of a stronger beam fuelling. Figure 5
shows the particle confinement time tp = JnedV/T¢ of electrons within ¥/, = 0.7,
where T'¢ is the local electron flux, for a radial position well outside the region
affected by sawteeth.

The global confinement properties are reflected in Figures 6 and 7 in terms
of "effective” local transport coefficients, evaluated outside the sawtooth region.
Figure 6 shows an electron diffusion coefficient defined as Dgff = - I'e/Vne, which
exhibits a clear isotopic dependence. (We cannot, of course, exclude the
possibility that the difference in particle confinement is due to a change in a pinch
term in the particle flux, with the actual diffusion unaffected). Note that at I/, = 0.7
the particle flux is due mostly to the neutral beam source, with a negligible
contribution from edge recycling.

Figure 7 shows the variation of a local one-fluid thermal conductivity,
defined as yeff = - (Qe + qi)conp/(ne VTe + nj VTj), at two radial locations in the
plasma as a function of the input power per particle; the total heat flux has been
split as qToTAL = dcoND + A I'T. xet may be marginally lower in deuterium than in
hydrogen (no difference is seen in fact it A = 5/2), but clearly this does not explain
the entire difference in global energy confinement. Part of this difference is due to
the fact that, as a result of the lower particle confinement, the cohvective heat flux
AT Tin hydrogen is larger than in deuterium. Even if this term accounts for only ‘
10-20% of the net heat flux, the effect contributes to the global difference. A
further contribution of approximately 5% is due to the more frequent sawteeth in

hydrogen.



COMPARISON BETWEEN DEUTERIUM AND HELIUM-3 DATA

Injection of 3He neutral beams into 3He plasmas has been performed up to
an input power of 12 MW, the main parameters are compared with those of a
similar deuterium discharge in Figure 8. The effort to keep all plasma parameters
unchanged, when replacing D with' 3He, was less successful than in the isotope
exchange experiment discussed above. The helium plasmas have higher
density, lower impurity content and lower radiative losses compared to the
equivalent deuterium .discharges. The plasma volume was also 10% larger in
the case of 3He.

Figure 9 shows that there is little difference in the eétimated thermal energy
replacement time between the two ion species. NBl modelling indicates that Wiast
is again larger in deuterium, and that 3He injection leads to more electron than
ion heating. The effective one-fluid thermal conductivity is systematically larger by
~ 20 % in the outer plasma in the case of helium, as shown in Figure 10. This
increase in transport offsets the favourable effect on the global confinement of
larger volume and lower power losses by radiation in 3He. No evidence has
been found for a significant difference in particle confinement between D and

3He.

DISCUSSION OF RESULTS
We have presented results of the first experiments in JET explicitly

designed and carried out to investigate in a controlled way the effects of a change

in the plasma ion species used. They show that energy confinement in the L-

mode regime is only weakly dependent on the ion mass.

in the hydrogenic plasmas, particle confinement and sawtooth activity are
observed to respond sensitively to the exchange of isotope; in this respect, JET
plasmas behave similarly to those of ASDEX [2,3]. The different sawtooth
behaviour is correlated with a difference in energetic ion population due to the

change in NBI parameters.



The observation that 1p ¢ increases by ~ 50% from hydrogen to deuterium 7

remains 'unexplained, but it does indicate that a change in ion species can affect
the local particle transport. Gilobal energy confinement, on the other hand, is iess
sensitive, increasing only by about 20% when deuterium replaces hydrogen.

This indicates that L-mode scaling relationships which suggest tg ~ Aj1/2
(as for exémple the ITER89IP scaling [1]) is not a good description of JET plasmas.
The isotope dependence of 1g in JET is weaker than that reported in ASDEX [3],
but appears to be consistent with observations in larger tokamaks, such as DIII-D
[4] and TFTR [5]. |

We interpret the observed difference in tg between hydrogen and
deuterium plasmas as being due to several small factors: the effect of particle
confinement and sawteeth on the energy balance, the reduced fast ion population
in hydrogen and possibly a modest decrease in conductive heat transport in
deuterium.

No improvement in thermal energy or particle confinement is observed in
JET L-modes when deuterium is replaced by helium - 3. On the contrary, local
analysis of the 3He data shows a slight degradation in the conductive transport

near the plasma edge.
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Fig. 1 Time evolution of the main plasma parameters for L-mode discharges in

hydrogen and deuterium.
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Fig. 2 Measured plasma profiles at t = 13.5 sec for the discharges in Figure 1.
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