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AbstrAct
The empirical Bohm-gyro-Bohm (BgB) transport model implemented in the JETTO code is used 
to predictively simulate the purely Ohmic (OH), L-mode current-ramp-down phase of three JET 
hybrid pulses, which combine two different ramp rates with two different electron densities (at the 
beginning of the ramp). The modelling is discussed, namely the strategy to reduce as much as possible 
the number of free parameters used to benchmark the model predictions against the experimental 
results. Hence, by keeping the gas puffing rate as measured whilst tuning the line-araverage electron 
density via the recycling coefficient (which in the modelling is taken at the separatrix instead of 
the wall), it is shown that the BgB model reproduces well the experimental data, as far as both 
average quantities (plasma internal inductance, linear-average electron density and volume average 
electron temperature) and profiles (electron density and temperature) are concerned, with relative 
errors remaining mostly below 20%. The sensitiveness with respect to the recycling coefficient, 
the ion effective charge and the energy of neutrals entering the plasma through the separatrix are 
assessed, being also shown the need for a proper sawtooth model if experimental results are to be 
reproduced. The strong non-linear coupling in a OH plasma between density, temperature and current 
(essentially via interplay between the power-balance equation, Joule’s heating with a temperature-
dependent resistivity and the dependence of BgB transport coefficients on profile gradients) is put 
in evidence and analyzed in light of modelling results. It is still inferred from the modelling that the 
real value of the recycling coefficient at the separatrix (basically, the so-called fuelling efficiency 
times the actual recycling coefficient at the wall) must become close to one in the final stages of 
the discharges, when the gas puffing is switched off and so recycling comes to be the only source 
of particles. If the wall recycling remains close to one (as standard for tokamaks), this may indicate 
that the fuelling efficiency also approaches unity, apparently consistent with the observed fact that 
the plasma is pushed towards the machine wall at the end of the current ramps.

1. IntroductIon
The simulation and modelling of plasma scenarios has always been a major activity in magnetic 
fusion research and one which, particularly in view of ITER, has seen a significant increase in the 
latter years and has become mostly focused on integrated tokamak modelling [1, 2, 3, 4, 5, 6, 7, 8, 
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For their most part, tokamak modelling 
activities have addressed the so-called ramp-up and  at-top phases of tokamak pulses, and not that 
much attention has been paid to the termination of tokamak discharges, when the plasma current 
is ramped down to zero. The ramp-down, current-decay phase of a tokamak pulse must not be 
regarded as a matter of lesser interest, and the modelling effort allocated to it must not be less (in 
proportion at least) than that which is dedicated to the rest of the discharge. Indeed, and as long as 
tokamak operation is not steady state, pulses should be safely terminated and so appropriate ramp-
down modelling must become available, inasmuch as additional concerns arise about such things 
as disruption, stability, and volt-second saving [13, 14, 18, 20, 25, 26, 27, 28, 29, 30]. Reflecting 
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the importance that ramp-down simulation and modelling has acquired, various reports on the 
subject have started to appear in the literature [12, 13, 14, 18, 20, 25], yet all of them (but one 
[25]), taking prescribed plasma density profiles (i.e., predictively evolving the current density and 
temperature profiles only) and none giving a full account of how well the transport model chosen 
fares when used to fully predict ramp-down data from actual experiments (i.e., to simultaneously 
predict the time evolution of density, temperature, and current profiles). The main purpose of this 
paper is precisely to provide a first, comprehensive report on how one of such transport models, the 
Bohm{gyro-Bohm (BgB) model implemented in the JETTO code [1, 2, 3, 4, 5], is bench marked 
on the purely Ohmic (OH) L mode ramp-down phase of JET hybrid discharges [25, 31]. This type 
of discharges has been chosen not only because of its importance for the JET programme aiming 
at the qualification of ITER operating scenarios, the hybrid scenario being a promising route for 
ITER to achieve fusion-grade performance at lower plasma current and, therefore, longer pulse 
duration, but also to complement the considerable effort that has been put in the understanding and 
modelling of such a scenario [25, 31].
 The empirical BgB model is well-known and has been applied (here and there with a few 
adjustments) to a wide variety of situations and with a fair amount of success, not least because 
of the rapidity with which it allows transport simulations to be performed and still because it is 
not hindered by the numerical stability problems that often plague first-principles codes [1, 2, 3, 
4, 5, 6, 8, 10, 12, 17, 20, 22, 24, 25]. Although reference to its use and test in the simulation of 
L-mode ramp-down plasmas in JET can be found [12, 25], no comprehensive analysis has yet been 
published on the benchmarking of the BgB model on the terminal phase of tokamak discharges. 
More recently, a detailed investigation of how the BgB and other transport models are capable to 
reproduce the experimental data in ASDEX Upgrade current ramps has come out [24], but it has 
actually been concerned solely with current ramp-up and only temperatures and current density have 
been predicted, whilst plasma density has been treated interpretatively. Therefore, the BgBmodel 
(in its original L-mode form [1], albeit with slightly modified tuned coefficients) will be used 
herein to simulate the final, ramp-down phase of three JET hybrid shots (Pulse No: 75225, Pulse 
No: 76793 and Pulse No: 77922), which combine different current rampdown rates and different 
plasma densities. Using as input as much of the experimental data as possible (e.g., radiated power, 
effective ion charge, gas puffing rate and initial and boundary conditions for density, temperature 
and current), the BgB model in JETTO is used to evolve in time the profiles for plasma and current 
densities and electron and ion temperatures. A further motivation for the present work comes from 
the reporting that simulations of current ramp-down including the so-called H- to L-mode back 
transition show an overestimated density after the latter has occurred (when the plasma is already 
in L-mode or in OH) [32], which can be attributed to some inaccuracy either in the BgB transport 
model, in the density-dependent power threshold for the back transition or in assumptions for the 
effective particle recycling. Hence, to check the capability of the BgB model to accurately predict 
the density and temperature evolution during the current ramp-down phase, this model has been 
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applied to plasmas where the H to L back transition occurs at the end of the current plateau (before 
the beginning of the ramp-down phase), so it does not become an issue in the modelling of the 
subsequent current ramp, which takes place entirely in a OH plasma. As for the way this paper is 
organized, the experimental scenario is described in section 2, where a brief discussion is also given 
on which diagnostics and signals are used in the analysis, whilst in section 3 details of the simulation 
model are presented, with the L-mode BgB equations within JETTO being recalled for completeness 
and the strategy of the benchmarking being outlined. In section 4, the results of the comparison 
between predictive simulations and experimental data are given and discussed, the sensitivity of 
model predictions a summary being provided and conclusions being drawn in section 5.

2. ExpErImEntAl scEnArIo
2.1 Discharge characteristics.
As stated in section 1, three hybrid discharges representative of JET (Pulse No’s: 75225, 76793 and 
77922) have been selected for the modelling of the current ramp-down phase, which discharges have 
been performed at different reference magnetic field Bref, electron density ne and plasma shape during 
the current flat-top. The hybrid phase in these discharges is terminated when the injected neutral-
beam power is switched off (during the current plateau), the ramp in plasma current IP starting in 
OH plasmas 5-7s later, with IP being ramped from IP ≈ 1.7MA down to IP

 ≈ 0.4–0.5MA at a rate of 
dIp/dt ≈ 0.17–0.21MA/s. The two discharges with the faster ramp-down rate (dIp/dt  ≈ 0.21MA/s for 
Pulse No’s:75225 and77922) start from different linear-average electron densities ne at the beginning 
of the ramp-down (respectively, ne

 ≈ 0.8 and 1.1×1019 m–3), whereas the two low-density discharges 
(ne

 ≈ 0.8×1019 m–3 for Pulse No: 75225 and Pulse No:76793) present different ramp-down rates 
(respectively, dIp/dt ≈ 0.21 and 0.17MA/s). The toroidal magnetic field (which is lower for Pulse 
No: 75225 and Pulse No:76793) reduces by 43–46% during ramp-down, whilst the plasma shape 
slightly evolves, approaching the wall at the top and inner part of the chamber at the end of the ramp, 
with the plasma volume exhibiting little variation (3.0–3.6%, except for a 7% volume reduction at 
the very end of the ramp-down for Pulse No:75225). This volume reduction is a common feature 
seen when, in the course of the current ramp-down, IP becomes low enough so that the plasma shape 
cannot be controlled well and a so-called soft-stop procedure becomes into effect (typically around 
t ≈ 22.2–23.5s) to terminate the discharge safely [33], this very final stage of the discharge being 
often accompanied by a degradation in the quality of the measured data. Soft X-ray measurements 
are available for Pulse No:76793 and Pulse No: 77922 only and show small sawteeth that become 
more frequent until disappearing nearly at the end of the ramp (at t ≈ 21–22s and lasting longer for the 
latter shot), their period decreasing from 0.1 to 0.05s while their inversion radius goes from 0.25 to 
0.3 (in the flux coordinate ∈ defined later), as inferred from electron cyclotron emission (ECE) data. 
The scenarios for the three discharges are graphically summarized in figure 1, where time traces are 
shown not only for IP, Bref and ne, but also for plasma internal inductance li (as given by equilibrium 
reconstruction using EFIT [34, 35]) and volume-averaged electron temperature 〈Te〉.



4

2.2 experimental Data.
Measurements of electron density and temperature have essentially relied on the high-resolution 
Thomson scattering (HRTS) diagnostic, whose resolutions in space and time are of about 1.7cm 
and 50ms, respectively. However, and since the HRTS line of sight is below the mid-plane and 
so does not cover the plasma center, ne measurements in this region have been performed with a 
Thomson scattering LIDAR system with a spatial resolution of 5cm and temporal resolution of 
250ms. In addition to HRTS, an ECE diagnostic covering the whole plasma, with space and time 
resolutions of 5cm and 22ms, respectively, has been used for Te measurements. These have been 
the experimental data which have been fitted to obtain the initial ne and Te profiles (with the initial 
ion temperature profile Ti taken identical to Te). In OH plasmas, where charge exchange (CX) 
measurements of the profile for the effective ion charge Zeff are not available, bremsstrahlung data 
for vertical line-averaged Zeff have been used (considering Carbon impurity only) and a radially  
at Zeff profile has been assumed in the simulations (an analysis of how sensitive model results are 
with respect to its value being left for section 4). Measurements of the total bulk radiation Prad have 
been obtained for all three discharges using the vertical bolometer camera, but reconstruction of 
profiles for the radiative power density Qrad has only been possible before the current ramp-down 
phase, so Qrad profiles have been reconstructed at t = 55s and the same shape (duly normalized to 
Prad) has been kept in time during simulations. Figure 2 depicts the time traces for the line-averaged 
Zeff, the gas puffing rate Gpuff (a particle source discussed in section 3) and the total radiated power 
Prad, together with their respective linear (or piecewise linear) fits used as inputs for the simulations, 
whilst the initial profiles for ne, Te, the safety factor q (as provided by EFIT [34, 35]) and Qrad are 
given in figure 3.

3. modEllIng frAmEwork
3.1. l-moDe BgB moDel.
In essence, the L-mode BgB model is an empirical transport model in which the electron and ion 
thermal diffusivities (∈e and ∈i, respectively) are sums of Bohm-like and gyro-Bohm-like terms, 
each multiplied by a coefficient suitably tuned with recourse to a large profile database assembled 
from different tokamak experiments [1]. The BgB model equations are thus [1, 2, 3, 4, 5]:

χ
χ

χ

χ
∂

χ

χ χe,i = B-e,i + gB-e,i ,

B-i = 2 χB-e ,

gB-i = 0 .5χgB-e ,

B-e = 2 × 10
− 4 a0

B0

q2

ne

(neTe)

∂ρ
,

gB-e = 5 × 10
− 6 Te

B20

∂Te

∂ρ

and

D = S
χeχ i

χe + χ i
,
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where D is the particle diffusivity (with S a weighting function decreasing linearly with the  flux 
coordinate r from S = 1.0 on axis to S = 0.3 at the edge), a0 = (Rout – Rin)=2 (with Rout and Rin the 
outer and inner major radii of the last closed magnetic surface, respectively), B0 is the magnetic 
field on axis, q, ne and Te are the local values of the safety factor and of the electron density and 
temperature, respectively, r = �F/pBref (with F the toroidal magnetic flux and Bref the vacuum 
magnetic field at some reference geometrical centre, typically at Rref = 2.96m in JET)1, and all 
quantities are in SI units but for Te, which is in eV.

3.2 equiliBrium, current Diffusion anD sawtooth moDel.
Plasma equilibrium has been self consistently recalculated internally in JETTO every 45 ms with 
the xed-boundary ESCO solver, the separatrix being imported from EFIT, the reference vacuum 
magnetic field Bref varying as in figure 1. For sawteeth, and prescribing a minimum crash period 
of 0.1 s, Kadomtsev’s sawtooth mixing model has been used [36, 37] which, after a sawtooth crash, 
modifies the safety-factor, density and temperature profiles inside the mixing radius (defined by the  
flux surface that reconnects with the magnetic axis of the pre-crash configuration). Conservation 
of particles and energy combine with Kadomtsev’s helical- flux-mixing algorithm to re-distribute 
particles and energy in such a way that they follow the reconnection of magnetic  flux surfaces, 
which determines the instantaneous temperature and density reductions during the crash. Basically,  
flux surfaces with the same helical  flux are reconnected inside the mixing region whilst conserving 
the toroidal flux, the net effect being generally to  flatten plasma profiles. In particular, the q values 
are increased inside the q = 1 surface and reduced outside (between the q = 1 and the mixing radii), 
the post-crash q profile having q = 1 on axis. It will be shown in section 4 that the inclusion of a 
sawtooth model in the simulations is crucial to ensure agreement with experiments. In-between 
sawtooth crashes the evolution of the q profile is simulated using the current diffusion equation, the 
neoclassical resistivity and bootstrap current being computed by the NCLASS module implemented 
in JETTO [38], the evolution of temperatures and density being simulated using the energy and 
particle transport equations.

3.3. transport calculation anD sources.
The set of plasma transport equations is solved in JETTO including both anomalous and neoclassical 
transport, the former given by the above L-mode BgB diffusivities and the latter provided through the 
NCLASS module (also used in the diffusion equation for the current density j) [38], thus yielding the 
profiles for ni (with ne obtained from the quasi-neutrality condition), Te, Ti and j as functions of the  
flux coordinate r. The boundary condition for the j equation is the total plasma current Ip, depicted 
in figure 1, whereas for temperatures boundary conditions have been taken constant in time and 
the same for both ions and electrons, and for all three shots, namely, Teb = Tib = 100eV. Regarding 
density boundary conditions, they have been given for ions in the form of time polygons (whose 
vertices are joined via straight lines) according to: for Pulse No: 75225, nib = 0.4×1019 m–3 between 

1Whenever profiles are plotted as functions of r, the latter coordinate is renormalized to its value at the plasma boundary.
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t = 15s and t = 17s, nib = 0.3×1019 m–3 between t = 18s and t = 19s, nib = 0.2×1019 m–3 between t = 
20s and t = 23s, and nib = 0.1×1019 m–3 for t = 24s; for shot Pulse No:76793, nib = 0.2×1019 m–3 for
t = 15s and nib = 0.1×1019 m–3 for t = 24s; for Pulse No:77922, nib = 1.0×1019 m–3 for t = 15s and
nib = 0.3×1019 m–3 between t = 15.03s and t = 24s. Various heat sources and sinks enter the equations 
for Te and Ti, the ones  computed being OH heating, electron-ion collisional energy exchange and, 
for the ion energy balance, CX losses, whereas radiative losses in the electron energy balance are 
taken as measured with the levels and profiles given in figures 2 and 3. There are two particle sources 
in the equation for ni, gas puffing and recycling, an average energy of Eneut = 300eV being allowed 
in JETTO for all incoming neutrals (a rationale for its choice being postponed to section 4), which 
neutrals are modelled with recourse to FRANTIC (called every 50 time steps) [39]. The present 
simulations concern only the plasma conned inside the separatrix, so gas puffing and recycling 
are particle sources that must be understood here to be taken at this boundary (the first giving the 
rate at which fresh particles are fed into the modelled plasma domain, the second the fraction of 
outgoing particles that are re-injected into it). Strictly speaking, the actual recycling coefficient 
Rw

cyc is a physical quantity defined at the machine wall (as the ratio between the particle  fluxes 
from and into the latter) and usually close to unity, which differs from a recycling at the separatrix 
Rs

cyc because of the so-called fuelling efficiency f (the fraction of neutrals starting at the wall the 
reach the conned plasma within the separatrix), whence Rs

cyc
 ≈ f Rw

cyc (assuming all the ion out 
flux at the separatrix reaches the wall) [40].

3.4 Benchmarking methoDology.
In what follows, the gas puffing rate Gpuf is taken as measured, and as shown in figure 2, whereas 
the recycling coefficient Rcyc in the model (which gives the fraction of the outgoing ion  flux 
across the separatrix that is returned as neutrals) is adjusted to x the average electron density and 
temperature levels given by JETTO so that they follow in time the experimental traces as best as 
possiblex. Of course, the same tuning exercise could have been performed using a mix between 
Rcyc and Gpuff (since both are particle source terms in the transport equations) but, stemming from 
a rationale of restraining as much as possible the freedom in choosing the input for the JETTO 
modelling, the choice has been made to use R as a single free parameter to fix the average electron 
density and temperature levels given by JETTO so that they follow in time the experimental traces 
as best as possible2. In fact, whereas no reliable measurement of particle recycling is available, 
the rate at which particles enter the vacuum chamber through the gas valves is nonetheless known 
and given by Gpuff. In any case, such has been essentially a modeller’s option (deemed to be the 
best suited to minimize the arbitrariness in the choice of free parameters one is allowed to play 
with), and probably no great physical meaning should be attached to the absolute values of Rcyc 
and Gpuff (except when the latter becomes nil before the end of the current ramp, as discussed later 

2Both Rs
cyc and Rcyc designate recycling coefficients defined at the separatrix but they are not necessarily identical, 

since the former represents the actual physical quantity fRw
cyc whilst the latter gives the value which is necessary to 

keep the modelled line-averaged density at its appropriate, experimental value and, as discussed later in section 4, 
only in some particular circumstances one has Rcyc

 ≈ Rs
cyc.
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in section 4), but rather to their relative value and variation (which have to be such as to reproduce 
the measured linear-averaged density).

4. modEllIng rEsults And dIscussIon
4.1 moDel preDictions versus experiments.
The comparison between modelled and experimental time traces for li, ne and 〈Te〉 is shown, for 
the three JET shots under analysis, in figures 4 to 6, where are also given the time traces for the 
particle sources Gpuff (as measured) and Rcyc (as tuned). The first general conclusion to be drawn 
is that, by simply adjusting the recycling coefficient Rcyc, the BgB model is capable to follow 
quite well the time evolution of li, ne and 〈Te〉, which are the average plasma parameters linked to 
the current (or poloidal magnetic field), density and temperature profiles, respectively. To check 
that good agreement is not limited to these integrated quantities, a comparison between modelled 
and experimental ne and Te profiles (as given by HRTS and its synthetic diagnostic counterpart in 
JETTO) is presented in figures 7 to 12 as well.

4.2 quantitative error analysis.
To better quantify the agreement between model and experimental results (identified below by 
mod and exp, respectively), time-average and overall profile relative errors have been defined and 
computed according to [41]3.

and

where Y (t) designates the time-evolving plasma parameter Y (which can be here li, ne or 〈Te〉) and 
X(R, t) the time-evolving profile of the quantity X (which represents here either ne or Te). Moreover, 
Dt is the time spanned by the traces in figures 4 to 6, Rmin and Rmax dene the interval spread over 
major radius by the profiles in figures 7 to 12, N is the number of experimental time samples (which 
needs not be the same for the dierent Y’s), and M the number of experimental radial points (which 
are not equally spaced in R)4. The relative errors defined above are given in table 1 for the global 
3J.P.S. Bizarro appears as J.P. Bizarro in some earlier papers [41].
4The predicted Ymod(tn)’s and Xmod(Rm; t)’s, taken at the same tn’s and Rm’s as the measured Yexp(tn)’s and Xexp(Rm; t)’s, 
have been obtained via interpolation of the simulation results, with the additional conditions Xmod(Rmin; t)  Xmod(R1, t) 
= Xmod(R2, t) and Xmod(Rmax, t) Xmod(RM, t) = 0.

Y =
1
∆ t

t+∆ t

t
dt
|Ymod (t) − Yexp (t)|

Yexp (t)

~=
1
N

N

n=1

|Ymod (tn ) − Yexp (tn )|
Yexp (tn )

Σ

∈

X (t) =
R max
R min

dR |X mod (R, t ) − X exp (R, t )|
R max
R min

dRX exp (R, t )
≡

Rmax
R min

dR∆ X (R, t )
R max
R min

dRX exp (R, t )

=
M − 1
m =1 [∆X (Rm +1 , t) + ∆ X (Rm , t)](Rm +1 − Rm)
M − 1
m =1 [X exp (Rm +1 , t) + X exp (Rm , t)](Rm +1 − Rm)

,

∈

~ Σ
Σ



8

plasma quantities li, ne and 〈Te〉, and in table 2 for the ne and Te profiles. If one excludes the last 
second or so of the current ramps, already at very low plasma current (and well within the soft-stop 
phase of the discharge mentioned in section 2), when measurements may become less reliable and 
measured values quite small (as can be checked in gures 9 and 10 to be particularly true for Pulse 
No: 76793 and explaining its abnormally high values of ne and Te at t = 24s shown in table 1), only 
very few relative errors are significantly above 20% which, as far as tokamak transport modelling is 
concerned, can be seen as indicating good agreement between model predictions and experiments.

4.2 responsiveness to rcyc anD moDel Behavior.
To gauge the responsiveness of the model to variations in recycling and because, of all three shots, 
Pulse No:75225 is the one showing the poorest agreement between the predicted and measured 
〈Te〉, a better t to the latter has been sought by retuning Rcyc (thus yielding the green curves instead 
of the blue ones in figures 4, 7 and 8). One sees that improving the t to 〈Te〉 is indeed possible (with 
also a slight improvement in the t to li), but at the expenses of visibly worsening the agreement 
between model and experimental data for ne. In fact, one of the features that has been recurrent 
in the present simulations using the BgB model is this trade-off that emerges when trying to 
refine the agreement in electron density and temperature: if both time traces ne and 〈Te〉 are not 
simultaneously reproduced satisfactorily by tuning particle recycling (as has been the case with 
Pulse No:75225), any attempt to better the agreement in one of them always implies degrading 
the agreement in the other. More precisely, whenever one goes up, the other comes down as if the 
product between these two quantities were to remain roughly constant. Indeed, OH plasmas are 
characterized by a strong coupling between the time evolutions of electron temperature, density 
and current density. Temperature and current strongly affect each other via the j dependent Joule’s 
heating and the Te dependent resistivity, a coupling that is further enhanced in the BgB model by 
the q2 dependence of the Bohm contribution cB-e to thermal diffusivity. Moreover, when density is 
evolved self-consistently with temperature and current, variations in ne affect Te, not only due to 
the power balance equation, but also because of the cB-e dependence on the density and its gradient. 
So, when in figure 4 the density increases because of a stronger recycling, the electron temperature 
would reduce if the total heating power Pheat to electrons were kept fixed (for instance, by means of 
auxiliary heating) and the plasma were in a quasi-steady state since, in such a case, (d/dt) ∫ neTedV ≈ 

0 and power balance would yield Pheat
 ≈ ∫ neTedV/t (the integrals being over the plasma volume V 

and t being the confinement time). However, in OH regimes the OH heating power POH depends on 
Te via resistivity, more precisely, the respective power density goes as dPOH/dV = jE|| ≈ hSpitzer

 j2 ~ 
Te

–3/2 j2 (with E|| the parallel electric field), so a reduction in Te leads to a rise in resistivity and OH 
heating becomes more efficient (at fixed current density j), partly compensating for the Te reduction. 
This explains why, in figures 4, 7 and 8, the decrease in temperature is less pronounced than the 
increase in density. As for the transport coefficients, the increase in ne and therefore in its gradient 
tends to enhance BgB transport whereas the Te reduction works the other way around by depleting 
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diffusivities and also particle diffusion. As a result, the transport coefficients are nearly the same at 
high and low recycling which implies, in conclusion, that the temperature response to a higher Rcyc 
is mainly determined by the non-linear coupling between ne and Te induced by OH heating rather 
than by transport. This analysis and conclusions have been corroborated by time-sampling profiles 
of electron density and temperature, plasma current density, electric field, OH-heating power density 
and electron thermal diffusivity for the two cases (blue and green) compared in figures 4, 7 and 8. 
An example for shot Pulse No:75225 at t = 19s is shown in figure 13, where one can check that, 
when Te comes down, ne, E|| and dPOH/dV do go up, whereas j and e remain essentially unchanged.

4.3 sensitiveness to Zeff.
Considering that ne

 ≈ ni /[1 – (Zeff – 1)/5] in a quasi-neutral Deuterium plasma with Carbon as 
main impurity, the influence of Zeff has been assessed, in particular to see if, by readjusting its 
value within the experimental uncertainty, the behavior alluded to above can be circumvented. 
The simulations for shot Pulse No: 75225 have thence been repeated by varying Zeff in ±10%, the 
outcome being depicted in figure 14, which shows there is no significant impact on model results, 
the most noticeable effect being on li via the influence of Zeff on plasma resistivity and, therefore, 
on current diffusion [24].

4.4 choice of eneut.
Assuming equipartition, note that the average energy of Eneut = 300eV taken for neutrals entering 
the plasma through the separatrix corresponds to a temperature of Tneut

 ≈ 150eV, slightly above 
the boundary value of Tib = 100eV taken for ions, which ensures adequate neutral penetration. 
Actually, and to be on the safe side, neutral energies Eneut of 50eV and 150eV have been used in 
trial checks for Pulse No:77922, the outcome being given in figure 15 and showing these values 
make it virtually impossible to reach the required density level (inasmuch as, according to figure 
6, gas puffing is already switched off and recycling is already at its maximum value of one for a 
significant part of the current ramp).

4.5 importance of sawtooth moDel.
It is also interesting to check how important it is to couple the BgB transport model to a sawtooth 
model, an assessment that has been conducted by switching off the latter and repeating the calculations 
for Pulse No: 77922. As shown in figure 16, there is a remarkable impact on li (concomitant with 
a less pronounced, but still significant, effect on 〈Te〉), which indicates that the current diffusion 
calculation has completely changed and demonstrates how crucial the role of the sawtooth model
is in ensuring correct reproduction of the experiments (in which, it is worth recalling, sawteeth have 
indeed been observed). Note that simply retuning Rcyc wouldn’t do because, to lower the predicted 
li and 〈Te〉 in figure 16, one would necessarily have to increase ne (according to the discussion on 
model behaviour in a previous paragraph) and Rcyc is already unity (or very close to it) for most of 
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the current ramp (as can be checked in figure 6), precisely when the difference between the modelled 
li’s becomes larger and larger. To go into more detail, profiles at two different instants (before and 
during the ramp) are compared (with and without sawtooth model) in figure 15 for ne, Te, q and the 
flux-surface averaged poloidal field Bpol

+. When the sawtooth model is switched off, there is no 
longer a periodic redistribution of the q and Te profiles whose basic outcome is to  flatten them 
inside the mixing radius (here roughly at r ≈ 0.4), whence a significant increase in Bpol and Te in the 
inner plasma regions, which translates into a much larger li ~ 〈B2

pol〉 and also into higher ||Te||values. 
Note that it is important for ITER to limit the excursion of li during the ramp-down phase to ensure 
vertical stability [30], which the simulation without sawteeth is not capable to ensure.

4.6. physical meaningfulness of rcyc.
The recycling coefficient Rcyc has played the key role in this benchmarking exercise for the BgB 
model in JETTO since, as explained in section 3, it has been the only tuning variable allowed. Now, 
the question may arise whether the values thus retrieved for Rcyc have any physical meaning or no, 
as the same match between predicted and measured quantities could eventually have been obtained 
by a different combination of Rcyc and Gpuff, particularly considering that these two parameters vary 
almost in perfect opposition (as is apparent from figures 4 to 6). Nonetheless, in the final part of the 
current ramps Gpuff becomes zero, which leaves Rcyc as the only source term in the particle transport 
equation and thus as the only means to control the plasma density, not only in the model but in the 
experiment as well. When this happens, it is highly plausible that the tuned Rcyc become very close 
to the actual recycling at the separatrix Rs

cyc, which allows one to infer that in the end of the ramps 
the true recycling coefficient at the wall Rw

cyc is indeed close to unity (summing up, recall that Rs
cyc

 ≈ 

fRw
cyc while simultaneously, in this part of the discharge, Rcyc

 ≈ 1 and Rcyc
 ≈ Rs

cyc) [40]. Interestingly 
enough, such an inference (in essence, that the fuelling efficiency increases and becomes close to 
one, f < 1) is consistent with the experimental fact that the plasma is indeed displaced towards the 
machine wall in the final stages of these discharges, as illustrated in figure 18 for Pulse No: 75225, 
where it is clear that the plasma boundary touching the wall is much larger at t = 23.5s than at t = 
15.0s. However, note there may be an alternative explanation for having fRw

cyc
 ≈ 1 at the end of 

the ramps: that the wall may be loosing particles simply because it is heating up due to increasing 
plasma proximity, which would correspond to a situation where Rw

cyc > 1 whilst keeping f < 1. 
Thus, although the type of modelling performed here (which concerns plasma transport inside the 
separatrix) may allow some conjectures to be drawn about recycling and fuelling, it must be kept in 
mind that it cannot provide a definite answer to the complex interplay between the wall reservoir, 
recycling, transport in the scrape-off layer and fuelling efficiency.

5. summAry And conclusIons
This paper reports on the use of the L-mode version of the BgB model in JETTO to fully predict 

5The Bpol profiles in figure 17 do not come directly from the equilibrium but from Faraday’s equation, and so account 
for poloidal-field diffusion between calls to the equilibrium solver.

~
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transport (more precisely, the profiles for current and plasma densities and for ion and electron 
temperatures) during the current ramp-down phase of JET hybrid discharges. A good agreement 
between model and experiments has been obtained by tuning the particle sources in such a manner 
as to follow as best as possible the measured time traces for the linear-average density and volume-
average temperature. A quantitative error analysis conducted on the deviations between model 
and experimental time traces for internal inductance, linear-average density and volume average 
temperature as well as for profiles of electron density and temperature yields relative errors falling 
mostly below 20%. Of the two available particle sources entering the model, namely, gas puffing 
and recycling (considered here at the separatrix), the option has been made to take for the former 
the actual rate at which gas is injected into the vacuum vessel and to vary the latter (for which 
no trustable experimental value truly exists) so as to keep the plasma density at the appropriate 
level. JETTO solves for plasma transport inside the separatrix, so the rate at which, in the model, 
neutrals are fed into the core plasma through the latter is not necessarily identical to the actual rate 
at which gas is puffed into the vessel (what happens in the scrape off layer is not accounted for in 
the modelling), implying that recycling (the fraction of outgoing ions through the separatrix that are 
returned as neutrals) in the model may not be the same as in the experiment (without mentioning its 
difference to the actual recycling at the machine wall). Even so, in the final stages of the discharges 
(when gas puffing is switched off) the model recycling coefficient (tuned to follow the experimental 
linear-average density) eventually becomes close to the real recycling at the separatrix because it 
is the only particle source, both in experiments and in the simulations. It is then possible to infer 
from the modelling that the product between the wall recycling and the fuelling efficiency (which 
product defines the recycling at the separatrix) approaches one at the end of the current ramps, a 
possible indication that fuelling efficiency also becomes close to one (if roughly unit wall recycling 
is assumed), which is moreover consistent with the fact that the plasma does become into contact 
with the vessel’s inner wall at this stage.
 A feature found in the modelling has been the strong non-linear coupling between electron density 
and temperature: any attempt to make the model yield a better agreement with the experimental 
data for one of these quantities (by retuning the recycling coefficient) demands a trade-off on the 
agreement for the other, the two varying in opposition. Basically, this behaviour is present when 
trying to maintain quasi steady- state power balance with an approximately constant heating power 
(in which case an increase in electron density brings about a decrease in electron temperature and 
vice-versa), but a finer analysis brings to the front the intricate couplings that exist in the BgB 
model of a OH plasma between current density and electron temperature (via Joule’s heating with 
a temperature-dependent resistivity and a Bohmlike thermal diffusivity depending on the safety 
factor), and between electron density and temperature (through the dependence on the respective 
gradients of the BgB transport coefficients). Because the effects arising from the variation in the 
density and temperature gradients in the BgB diffusivities tend to cancel each other (when density 
and temperature change in opposite manner), the Spitzer-like dependence of plasma resistivity on 
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temperature (the former increasing when the latter decreases, thus enhancing Joule’s heating when 
expressed in terms of the current density instead of the electric field) explains why, in the end, changes 
in electron temperature are less pronounced than in density. This stiffness in the product between 
electron density and temperature (hence also in plasma pressure and energy density) manifested by 
BgB transport in a OH plasma has two strong consequences: if model predictions are well tuned 
to experimental results both in density and in temperature, the corresponding agreement is robust; 
otherwise, and all other things kept constant, there must be a trade off as a better match between 
model and experiments for one of the two quantities will generally imply a poorer agreement for 
the other. The sensitiveness of the modelling with respect to the ion effective charge has also been 
evaluated, having been found that varying this parameter within 10% (always keeping a constant 
profile across  flux surfaces) has no significant impact on the simulation results. Assessed as well 
has been the choice of the value for the average energy of neutrals entering the plasma across the 
separatrix (either from gas puffing or recycling), a value of 300eV having been found to ensure 
penetration consistent with the experimentally verifid density level. In addition, the importance of 
incorporating an appropriate sawtooth model (as Kadomtsev’s used here) in the simulations has 
been shown; without it, model predictions could not be made to properly t the experiments. 

conclusIon
The usefulness of the BgB model as a predictive modelling tool for plasma transport in tokamaks 
has been reinforced by showing its robustness in reproducing, within acceptable uncertainty, the 
data measured during the OH current-ramp-down phase of JET pulses for different experimental 
conditions (different ramp rates, plasma densities and reference magnetic fields). Although lacking 
the appeal that first-principles models always have, empirical models such as BgB (easy to use 
and fast in running) remain nonetheless the workhorse of tokamak transport modelling, whilst 
benchmarking exercises as the one reported here continue to be important in well characterizing 
their domains of validity and in clearly identifying both their weaknesses and their strengths.
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#75225 #76793 #77922

li (%) 2 .2 3.1 3.3

n̄ e (%) 5 .5 12.4 5.7

Te (%) 20 .9 20.3 8.2
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∈
∈( )

∈ ∈n e (%) Te (%)

t (s) #75225 #76793 #77922 #75225 #76793 #77922

15 7.6 10.8 9.0 19.0 17.7 12.9

16 14.7 20.8 9.0 16.7 16.1 13.6
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22 14.5 14.9 11.9 20.8 25.9 12.8

23 15.1 31.0 15.6 33.0 31.7 19.8

24 20.8 86.0 21.6 27.2 138.3 20.7

Table 2. Overall profile simulation errors in ne(R; t) and Te(R; t), at different time slices, for Pulse No’s: 75225, 76793 
and 77922.

Table 1: Time-average simulation errors in li (t) ne(t) and 〈Te〉 (t) for Pulse No’s: 75225, 76793 and 77922.
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Figure 1: Experimental time traces for JET Pulse No’s: 75225, 76793 and 77922: plasma current IP, toroidal magnetic 
field Bref , plasma internal inductance li, line averaged electron density ne and volume-averaged electron temperature 
〈Te〉 versus time t.

Figure 2: Experimental (dashed) and input (solid) time traces for JET Pulse No’s: 75225, 76793 and 77922: ion eective 
charge Zeff, gas pung rate Gpuff and total radiated power Prad versus time t. 
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Figure 3: Input initial profiles for JET Pulse No’s: 75225, 76793, and 77922: electron density ne, electron temperature 
Te, safety factor q and radiated power density Qrad versus the flux coordinate r.

Figure 4: Model and experimental time traces for JET Pulse No: 75225: gas puffing rate Gpuff, recycling coefficient 
Rcyc, plasma internal inductance li, line-averaged electron density ne and volume-averaged electron temperature 〈Te〉
versus time t.
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Figure 5: Model and experimental time traces for JET Pulse No: 76793: gas puffing rate Gpuff, recycling coefficient 
Rcyc, plasma internal inductance li, line averaged electron density ne and volume-averaged electron temperature 〈Te〉 
versus time t.

Figure 6: Model and experimental time traces for JET Pulse No: 77922: gas puffing rate Gpuff, recycling coefficient 
Rcyc, plasma internal inductance li, line-averaged electron density ne and volume-averaged electron temperature 〈Te〉 
versus time t.
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Figure 7: Model and experimental density profiles for JET Pulse No: 75225: electron density ne versus major radius 
R for dierent times t.

Figure 8: Model and experimental temperature profiles for JET Pulse No: 75225: electron temperature Te versus major 
radius R for different times t.
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Figure 9: Model and experimental density profiles for JET Pulse No: 76793: electron density ne versus major radius 
R for different times t.

Figure 10: Model and experimental temperature profiles for JET Pulse No: 76793: electron temperature Te versus 
major radius R for different times t.
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Figure 11: Model and experimental density profiles for JET Pulse No: 77922: electron density ne versus major radius 
R for different times t.

Figure 12: Model and experimental temperature profiles for JET Pulse No: 77922: electron temperature Te versus 
major radius R for different times t.
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Figure 13: Model profiles for JET Pulse No: 75225 
(comparing simulations during the current ramp, namely at 
t = 19s, for dierently tuned recyclings): electron density ne, 
electron temperature Te, current density j, parallel electric 
eld E||, OH power density dPOH/dV and electron thermal 
diusivity ce versus flux coordinate r.

Figure 14: Model and experimental time traces for 
JET Pulse No: 75225 (comparing the reference model 
results with simulations with Zeff varying within 10%): 
ion effective charge Zeff, plasma internal inductance li, 
line-averaged electron density ne and volume-averaged 
electron temperature 〈Te〉 versus time t.
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Figure 15: Model and experimental time traces for JET 
Pulse No: 77922 (comparing the reference model results 
with simulations with Eneut equal to 150eV and 50eV): 
plasma internal inductance li, line-averaged electron 
density ne and volume-averaged electron temperature 
〈Te〉 versus time t.

Figure 16: Model and experimental time traces for 
JET Pulse No: 77922 (comparing simulations with and 
without sawtooth model): plasma internal inductance li, 
line averaged electron density ne and volume-averaged 
electron temperature 〈Te〉 versus time t.
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Figure 17: Model profiles for JET Pulse No: 77922 (comparing simulations before and during the current ramp, 
respectively at t = 18s and t = 22s, with and without sawtooth model,): electron density ne, electron temperature Te, 
safety factor q and flux-surface averaged poloidal magnetic field Bpol versus flux coordinate r.

Figure 18: EFIT equilbria for JET Pulse No: 75225 at t = 15.0s and t = 23.5s.
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