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ABSTRACT

The scaling of the energy confinement in H-mode plasmas with different hydrogenic isotopes

(H, D, D-T and T) is investigated in JET. For ELM-free H-modes the thermal energy confine-

ment time τth is found to decrease weakly with the isotope mass (τth ~ M-0.25 ± 0.22) whilst in

ELMy H-modes the energy confinement time shows practically no mass dependence (τth ~ M0.03

± 0.1 ). Detailed local transport analysis of the ELMy H-mode plasmas reveals that the confine-

ment in the edge region increases strongly with the isotope mass whereas the confinement in the

core region decreases with mass (τthcore ∝ M -0.16) in approximate agreement with theoretical

models of the gyro-Bohm type (τgB ~ M-0.2).

1. INTRODUCTION

The scaling of the thermal energy confinement τth with the isotope mass M has been studied

extensively on many devices using mainly hydrogen and deuterium isotopes [1-4]. More re-

cently studies were completed in TFTR [5] with mixtures of deuterium and tritium in a variety

of pulse types. For all pulse types the confinement increased with isotope mass τth ∝ Mα with α
ranging from 0 → 0.85. A positive value for α is in conflict with simple theoretical expectations,

from which one would expect a small negative value for gyro-Bohm turbulence (α = - 0.2) and

α = 0 for long wavelength turbulence of the Bohm type. Various explanations have been put

forward by the theoretical community to explain this discrepancey, such as the effect of the

different isotopes on the shear flow and the resultant modification of the ion-temperature gradi-

ent driven turbulence.

Previous JET investigations [4] of the scaling of confinement with ion mass were in L-

mode plasmas and H, D and He3 isotopes were used. The hydrogen-deuterium comparison gave

a weak scaling with mass τth ∝ M0.2
 and the He

3 and D comparison gave no change in τth with

mass at all. Likewise there was no mass scaling of τth in ohmic plasmas, this at least seems to be

a common result in all the devices.

During 1997 a campaign of D-T experiments was carried out on JET mainly in H-mode

plasmas and this was then followed up by a short hydrogen campaign. An overview of the

results from the D-T campaign has been presented elsewhere [6]; in this paper we concentrate

entirely on the scaling of the confinement and transport with the isotope mass. The main study

was in the ELMy H-mode regime, the perceived operational mode for ITER, the next step de-

vice, although data on the mass scaling of the ohmic, L-mode and ELM-free regions have been

obtained. In all regimes we find that the global confinement scaling is only weakly dependent on

the mass. A key result is that in the ELMy H-mode we find that the plasma core has a mass

scaling which is in line with gyro-Bohm scaling i.e. τth decreasing with mass whilst in the edge

region the scaling of τth is strongly positive with mass, in particular the edge pedestal energy is

almost proportional to the mass. The combination of these two opposing mass scalings gives

rise to the approximate mass independence of the total scaling.
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The paper is structured as follows. In section II we give a brief summary of the mass

dependence of some of the present H-mode scaling expressions obtained from the ITER data-

base [7-8]. Section II also lists the expected mass scaling of a few basic theoretical models for

the plasma transport. Then in section III we present the main experimental results on the global

confinement scaling of a selected set of JET discharges. In section IV the scaling of the edge and

core regions are examined and in section V the local transport analysis from the TRANSP code

is presented. This analysis is found to confirm the different mass scaling of the core and edge

regions. The main conclusions of the paper are then listed in section VI.

II. EMPIRICAL AND THEORETICAL CONFINEMENT SCALINGS OF H-MODE

PLASMAS

The ITER multi-machine database group has recently published a log linear scaling [7] for the

thermal energy confinement time τth of ELMy H-modes, in terms of the engineering parameters

this has the form:

τ ε κITERH EPS y I B P n R M−
−=97

0 90 0 20 0 66 0 40 2 03 0 19 0 92 0 20 029( )
. . . . . . . .. (1)

where the variables and units are τth(s) energy confinement time, I (MA) current, B(T) toroidal

field, P(MW) loss power, n (× 1019 m -3) density, R(m) major radius, ε inverse aspect ratio a/R,

κ elongation and M the effective mass.

A new expression was also derived in reference (7) for the ELM-free scaling however this

was almost identical to the ITERH93-P [8] ELM-free scaling. Hence we shall compare the

ITERH93-P expression with the data, this has the form

τ ε κITERH P I B P n R M−
− −=93

1 06 0 32 0 67 0 17 1 79 0 11 0 66 0 410 036. . . . . . . . .  (2)

where the variables and units are the same as for Eq. (1)

Both of these forms satisfy the high β Kadomtsev constraint in terms of the dimensionless

physics parameters (ρ* normalised Larmor radius, ν* collisionality, β beta), they have the form:

B

M
M ELMyITERH EPS yτ

ρ β ν− − − −∝97 2 88 0 68 0 09 1 03( ) . . . .* * (3)

B
M

M ELM freeITERH Pτ ρ β ν− − − −∝ −93 2 81 1 22 0 30 1 61* *. . . .  (4)

Both these scalings have a positive mass dependence, with the ELM-free scaling being stronger

than the ELMy. The mass dependence arises through comparisons of hydrogen and deuterium

data mainly from the smaller devices in the database. A further scaling for ELMy H-modes with

an even weaker mass dependence M0.11, has also been derived in reference [7], by equal weight-

ing of the machines in the database.
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Most theoretical models, but not all, assume that the turbulence which produces the trans-

port has a scale-length of the order of the ion Larmor radius ρi with a decorrelation time of the

ion diamagnetic drift time (ω*) -1 . The resulting thermal diffusivity would then scale as follows:

χ ω ρ κ ρ ρθ~ * ~ ~
/ /

i i
th

n
i

n

V
L

T
B

T M
BL

2 2
1 2 1 2

(5)

Here it has been assumed that the dominant poloidal wavenumber κθ ~ 1/ρi.

Eq. (5) shows that χ should scale as M1/2 with a resulting scaling for τth given by

τth
nBa

T
BL

T M
~ / /

2

1 2 1 2 . Converting this expression to the conventional form as a function of the

power P and density n etc. it becomes,

τth B a n P M∝ − −4 5 3 3 5 3 5 1 5/ / / / (6)

where we have assumed Ln ~ a, the minor radius.

Hence in this form τth should decrease weakly with mass M. One can derive similar scalings

for long wavelength turbulent (Bohm) transport and stochastic transport, here the mass depend-

ence is found to be M0 for Bohm and M1/5 for stochastic transport. Although the precise value of

the index in the stochastic transport will depend on the β dependence of the loss mechanism it

will nevertheless always be positive. The fact that all of the above scalings have a weak mass

dependence, implies that physical mechanisms other than conventional turbulent transport (such

as atomic physics processes) must be responsible for the strong mass dependent scalings re-

ported in some of the devices.

III. GLOBAL CONFINEMENT SCALING

The set of discharges that have been used in

the analysis have the same geometry and the

set includes H, D, D-T, T discharges. The heat-

ing of the discharges was by Ion Cyclotron

Resonant Heating and neutral beam injection

where the same species was injected as the

background plasma. Care was also taken fully

to condition the walls with the same plasma

specie as the main plasma. Discharges were at

a fixed qψ95 = 3.4 apart from one high fusion

yield D-T pulse at a q95=2.7. The remainder of

the geometrical and plasma parameters for the

set of pulses are listed in Table I.

Table I

retemaraP eulaV

)M(R 88.2

)M(a 39.0

δ/κ 30-2.0/7.1

)T(B 4-1

)AM(I 5.4-1

)WM(P 52-4

01(>n< 91 m 3- ) 8-8.1

q
59

4.3-7.2
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The stored energy is measured by two different techniques, a) by the diamagnetic loop and

b) a full kinetic analysis. To evaluate the thermal stored energy from the diamagnetic measure-

ment, the fast ion contribution is calculated numerically using the PENCIL Fokker Planck code,

which has been benchmarked against the TRANSP code. In the kinetic analysis the electron

temperature and density are obtained from Thomson scattering measurements (Lidar [9]) and

the ion temperature and Zeff from the charge exchange recombination diagnostic [10]. The two

techniques are found to be in close agreement for the complete set of pulses. For the remainder

of this section the first technique is used. The isotope concentration was measured

spectroscopically through the ratio of the Tα/Dα or Hα/Dα lines at close to the outer strike

point and used to estimate an effective mass, M, defined as M = (nH + 2 nD + 3nT)/(nH + nD + nT).

a) ELM-free scaling

Significant ELM-free phases were seen in the D, D-T and T plasmas, however in the hydrogen

plasmas no clear ELM free phases were observed. The longest ELM-free phases are observed in

the Hot-ion H-mode regime described in [11].

In Fig. (1) the thermal energy confinement time is shown versus the ELM-free scaling

ITERH-93P. From the figure it can be seen that the confinement in the pure tritium data is

systematically below that of the deuterium which suggests that the strong mass dependence of

ITERH-93P i.e. M0.41 is probably incorrect. Refitting the data by using the same form as equa-

tion (2) but allowing the mass dependence and the constant to be varied, results in a better fit

τth = 1.1 τITERH-93P (M/2) -0.65 (7)

This reduces to a scaling of τth with mass

which is actually negative τth ∝ M -0.25±0.22 and

in line with the expectations of gyro-Bohm scal-

ing, Eq. (6).

Introducing this D-T data set into the full

ITER multi-machine database may result in the

other dependences (i.e. such as P or n) being

changed and as a consequence this may result

in a smaller change in the mass dependence.

Nevertheless the mass dependence of the

ITER93H scaling expression is too strong to

describe these discharges. The effect on the

predicted ITER ELM-free confinement time of

the mass dependence with a negative exponent

is only small, since the decrease in energy con-

finement time due to this mass dependence is

partially offset by the increase in the constant

term.

0.2
τ ITERH93–P (s)

τ th
 (

s)

0
0

0.2

0.4

0.6

0.8

D
D–T
T1.0

1.2

0.4 0.6 0.8 1.0

JG
98

.3
14

/2
1c

1.2

Fig. 1. Comparison of the τth for the ELM-free data ver-

sus the ITERH-93P ELM free scaling. The squares are

the deuterium data, the diamonds the 50:50 D-T data

and the triangles the tritium data (10:90 D-T).
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b) ELMy Scaling

In Fig. 2 the ELMy thermal energy confinement time is compared with the ELMy scaling of Eq.

(1) which has a fairly weak mass dependence M0.2. The data is fairly well described by this

scaling form as can be seen from Fig. 2 and repeating the same exercise as for the elm_free

scaling, i.e. refitting the mass dependence we get

τth = 1.02 τITERH-EPS97(y) (M/2)-0.04±0.06 (8)

∝ M0.16±0.06

This result indicates that only a small change in the mass dependence is required.

Comparing pairs of pulses with the same input power and density in pure D and T plasmas,

suggests that the mass dependence may be weaker still. A good example is shown in Fig. 3

where the stored energy, electron density, Balmer α light Dα, Tα
 and power traces are shown for

comparative ‘pure’ D and ‘pure’ T pulses. The densities are essentially identical and the energy

in the tritium pulse is essentially the same as that of the deuterium pulse indicating that τth is

independent of mass.

0.8 NBI ICRH

0.7

0.6

H
D
D–T
T

0.5

0.4

0.3

0.2

0.1

0
0 0.1 0.2

τITERH–EPS97(y) (s)

τ th
 (

s)

0.3 0.4 0.5 0.6 0.7 0.8

JG
98

.3
05

/2
a

Fig. 2. Comparison of τth for the ELMy dataset with the

ITERH-EPS97(y) scaling eq. (2). The solid symbols are

the NBI data, the open symbols ICRH data, the symbols

are t  H, n D, u 50:50 D-T, and s  10:90 D-T.
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Fig. 3. Time traces for two pulses at 1MA/1T, the solid

trace is for T into T and the dotted D into D. The traces

are diamagnetic energy, line average density, Tα, Dα
and neutral injection power.

If we constrain the dataset to pairs of pulses in D, T and H in which the density and power

levels are close (powers within 5% and densities within 25%) then we find that the mass de-

pendence of the energy confinement time is very small indeed

τth ∝ M0.03±0.1 (9)

The fit is shown in fig. 4.
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Fig. 4. Comparison of the τth for the restricted data set

versus the scaling in equation (9). The data are NBI only.

The symbols are t H, n D, s  10:90 D-T.
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Fig. 5. Time traces for two pulses at 3MA/3T, the solid

trace is for T NBI into T, and the dotted one for D into

D. The traces are diamagnetic energy, line average den-

sity, Tα, Dα and neutral injection power.

A possible explanation for the lower value of the exponent of the mass dependence in this

reduced dataset compared with the multi-machine scaling is due to a collinearity in the ITER

database between the density and the mass dependence. In fact the JET data set itself exhibits

this collinearity between density and mass very clearly at higher values of field and current. For

example in Fig. 5, deuterium and tritium plasmas at 3T/3MA are compared with the same input

power. The much lower density in the deuterium pulse is a consequence of the more frequent

ELMs. A similar effect is seen in the hydrogen plasmas where we find that the operating density

is always significant less than that of the deuterium plasmas at the same power level.

IV. SCALING OF THE EDGE PEDESTAL AND CORE CONFINEMENT

To understand the origin of the weak mass scaling in the global energy confinement time, in this

section, we separately calculate the stored energy in the pedestal and core plasma regions. Then

we compare the scaling of these two energies with the isotopic mass.

The edge pedestal energy is calculated using data from a high resolution ECE diagnostic

[12] which measures the edge electron temperature profile. A typical example is shown in Fig. 6.

The knee in the profile is identified manually. The density is determined from the interferometer

vertical chord at 3.75m. The stored electron energy in the pedestal region which is shown

schematically in Fig. 7 can then be calculated. We assume that the ion temperature at the pedes-

tal is equal to the electron temperature so that the total pedestal energy can be calculated. The

core energy is then calculated from the difference of the total thermal stored energy and the

pedestal energy.
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Fig. 6. Electron temperature profiles from the ECE di-

agnostic in the edge region for a series of time points

during the steady state ELMy phase of a typical pulse.
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Fig. 7. A schematic representation of the stored energy

density versus radius, the shaded region is the stored

energy in the pedestal and the unshaded region is the

stored energy in the core.
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The symbols are t  H, n D, and s  10:90 D-T.
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Fig. 9. Comparison of the thermal confinement in the

plasma core versus the scaling expression of ITERH-

EPS97(y).

First the scaling of the edge pedestal, in Fig. 8, the stored energy in the edge pedestal is

shown versus the toroidal field for the matched power and density dataset of the previous sec-

tion. The points to note are, first the strong dependence on toroidal field (or current), since the q

is fixed in this dataset, and second the almost linear dependence on isotope mass. A simple fit to

the data has the form

Wped = 0.45 B1.2 (M/2)0.96 (10)

A possible explanation for the strong mass dependence may be due to the diverse nature of

the ELMs. For pulses in H, D and T with the same power input it is found that the fraction of
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input power lost by the ELMs decreases when going from hydrogen to tritium, i.e. the power

lost through the ELMs decreases with mass. A future paper [13] will discuss the effect of chang-

ing the isotope upon the ELMs in greater detail.

For the scaling of the core plasma we use the power and density matched dataset and

compare τthcore = (Wth - Wped)/Plosswith the scaling expression for the ELMy H-mode Eq. (1) in

Fig. 9. In this figure we can see that there is a clear offset in τthcore between the deuterium and

tritium datasets. To eliminate the separation of the two data sets we find that we need to multiply

equation (1) by M-0.36 giving a mass dependence for the core of τthcore ∝ M-0.16±0.1. This is close

to the expected gyro-Bohm scaling for the core of M-0.2. Thus to summarise the weak positive

scaling of the total thermal stored energy mass is a combination of a negative index for the mass

scaling of the core with a strong positive mass scaling of the edge.

V. LOCAL TRANSPORT ANALYSIS

A local transport analysis of almost the complete dataset was carried out using the TRANSP

code. The main inputs to the code were the electron temperature and density profiles from the

Lidar diagnostic [9] and the ion temperature and Zeff profiles from the charge exchange diag-

nostic [10].

The main analysis of the data set has been concentrated on the same small set of pulses

having the same density and power input of Section II. In Fig. 10 the ion thermal diffusivity χi is

shown versus radius for the pairs of deuterium and tritium pulses of Fig. 3. In the core confine-

ment region the χi of the tritium pulse is larger than that of the deuterium pulse, however to-

wards the edge region χi of the deuterium pulse exceeds that of the tritium.

The above analysis has been repeated for all of the shot pairs in the power matched data

set. It is found that the pattern of Fig. 10 is repeated at other currents, i.e. the tritium χi being
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Fig. 10. Ion thermal conductivity versus normalised ra-

dius for the Deuterium and Tritium pulses of Fig. 3. The

T pulse is 42776 and the D pulse is 42501.
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reduced dataset.
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higher in the core region than the deuterium and the reverse occurring in the edge region. The χi

at the r/a = 0.5 position is shown for the full dataset in Fig. 11. Here the χi has been normalised

with respect to Ti
3/2 (at the r/a = 0.5 position). This particular normalisation presumes a gyro-

Bohm type of scaling, however the scaling with mass is only slightly changed if a Bohm nor-

malisation Ti is used. The reason for the normalisation is to account for the small differences in

density between some of the pulses. Fig. 11 clearly shows that the χi increases with mass and the

gyro-Bohm form χi ∝ M1/2 Eq. (5) is consistent with the data. Fitting the complete dataset to a

form χi ∝ Mα Ti
3/2/B2 gives α = 0.73±0.4 slightly stronger than gyro-Bohm.

The scaling of both χe and χeff with M has also been investigated. Due to the small power

flow through the electron channel the scatter in χe is found to be too large to obtain a scaling.

The χeff was found to scale in a similar fashion to χI with a positive but somewhat weaker, mass

dependence.

VI. SUMMARY

The dependence of the confinement of both ELM-free and ELMy H-modes on the hydrogenic

isotopes H, D, D-T, T, has been analysed. The global confinement time in the ELM-free data has

been found to decrease weakly with the isotope mass τth ∝ M-0.25 ± 0.22, whilst for the ELMy data

the τth is essentially independent of mass. By separating the core and pedestal energies in the

ELMy dataset we have shown that the core energy confinement decreases weakly with the iso-

tope mass (τth core ∝ M-0.16 ± 0.1). In contrast the edge pedestal energy is found to increase almost

linearly with mass M. The behaviour of the plasma core has been confirmed by a local transport

analysis using the TRANSP code. The confinement in the core deteriorating with mass number

in the form χi ∝ M0.73±0.4.

The above scalings are in line with the theoretical expectation of the core region being

dominated by gyro-Bohm transport and the edge dominated by the effect of the ELMs, an MHD

phenomena.
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