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Abstract. To assess the effect of edge neutrals on the low-to-high confinement transition
threshold, a broad range of plasma discharges has been analyzed. From this analysis, the
transition power divided by the density, at constant magnetic field, appears to be a function of a
single parameter measuring the neutrals’ effect. This parameter cannot be uniquely identified.
For instance, it may be the radial decay length of the neutral profile or the charge-exchange
damping rate at about r/a = 0.95. This results suggest that there is a missing parameter linked

to the neutrals in the power threshold scaling laws.
1. Introduction

One of the characteristic properties of the transition from the low confinement mode
(L-mode) to the high confinement mode (H-mode) [1], (2] is a power threshold. From the
early experiments, the power threshold, Pth, generally increases with line-averaged electron
density, 7, and magnetic field, B [3]-[5]. A scaling law of the form P, e nB was proposed
(6]. This scaling is found for single null divertor configurations with the VB direction
towards the X-point. A power-threshold database exists from several devices operating in
conditions similar to those of the present International Thermonuclear Experimental Reactor
(ITER) design. These data permit the refinement of this scaling law, and variants have been
obtained by requiring dimensionally correct parametric dependences and by including the
device size dependence [7],[8]. However, there is not yet a scaling law that describes the
data well cnough to allow an extrapolation to ITER conditions with reasonable certainty.
The observed variability of the power threshold with the wall conditioning in man)" devices
suggests that atomic physics may be important.

Evidence for the importance of atomic physics effects surfaced in the first experiments
that showed that access to the H-mode requires careful wall conditioning and a reduction in
the wall recycling [9]. It is also well known that changes in wall conditioning and

configuration can cause significant changes in the power threshold [10]. However, there is
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very little information on how wall conditioning affects the low to high L-to-H transition.
An obvious potential mechanism is the coupling of the neutral dynamics to the transition
mechanism, as indicated in several experiments [11]-[14]. Theoretical models have
included the effect of neutrals on the L-to-H transition dynamics [15]-[19]. One of the

main mechanisms is the change of the ion momentum balance through charge exchange[f%/
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In this paper, we report the results of an analysis of the effect of the neutrals on the L-
to-H transition experiments carried out in DIII-D Tokamak [20]. We have reconstructed the
neutral distribution prior to the transition by combining measurements at the plasma edge,
scrape-off-layer (SOL), and divertor with two-dimensional (2-D) modeling of these regions
[21]. Having computed the necutral density, it is possible to calculate some key neutral
parameters, such as energy loss and poloidal velocity damping rates. We have considered a
broad range of plasma discharges with varying conditions: gas puff and pumping rates,
position of the X-point, and line-averaged density. These different conditions give a highly
scattered set of values for the power threshold when plotted versus line-averaged electron
density at a constant magnetic field {20]. From the present analysis, a clear correlation has
emerged between the charge exchange damping rate (or neutral density) in the edge region
(rirg = 0.95, where r is the averaged minor radius of a flux surface and rg the averaged minor

radius of the separatrix ) and the power threshold data.
2. Analysis of the gas puff, pumping, and density scan experiments

The data used in this analysis is a subset of discharges from two power threshold
experiments performed in DIII-D as part of the ITER physics studies [8]. Both scans were
carried out at fixed toroidal magnetic field B =2.1 T. All these discharges are lower single-
null divertor discharges with the shaping parameters similar to the ITER shape and the ion
VB drift toward the X-point.

The first experiment, which was performed in 1994, is a power threshold density scan
(22]. The power threshold is defined as the power through the separatrix, Pgep, at the
moment of the transition. It is calculated as P,,, = Py, + Py, — F,,; —dW/dr where PNBI
is the power deposited by neutral beam heating, PQOhm is the ohmic power (PQhm =
IpVsurf - dWB/dr, where Iy is the plasma current, Vgyrf is the surface voltage, and Wg is the
energy stored in the magnetic fieldy, Praq is the radiated power within the separatrix, and the
last term is the rate of change in the total plasma energy. The power threshold dependence
on line-averaged density has the characteristic shallow U-shape observed in several devices.

The second experiment that we analyzed corresponds to a set of DIII-D discharges
carried out in 1996 to test the neutrals’ effects on the power threshold {20]. To do so,
similar discharges weré run under varying conditions. Three variants were tried with the
intention of changing the neutral density without changing the plasma parameters too much.
A first set of discharges was run with a strong gas puff from the top of the machine to
increase the ratio of neutral to electron density. A second set of discharges was run with the
cryopump on, with the goal of decreasing the neutral density. Finally, as another way to
incrcase the neutral density near the X-point, a set of discharges was carried out with the X-
point moved closer to the target plate. The power threshold for the discharges with the
cryopump on is 70% larger than that for the gas puff discharges, and the densities are about
20% to 40% lower. The results of this experiment seem to be counter-intuitive, with the
discharges for which the goal was to increase the neutral density having lower power

threshold than the ones for which the goal was to decrease it.



In the procedure adopted for this work, the analysis of the data involves two steps.
Since the neutral density distribution at the plasma edge is not measured, we first reconstruct
the neutral density and temperature distributions and the corresponding plasma-neutral
reaction rates. The second part of the analysis is the evaluation of parameters that may
characterize the role of neutrals in the L-to-H transition, such as the charge exchange
damping rate, vCX, and the neoclassical poloidal flow damping rate, fneo. The primary
numerical tools used in the reconstruction of the neutral density distribution are the B2.5
code [23], a 2-D multifluid edge plasma transport code, and the DEGAS code [24], a 3-D
Monte Carlo neutral particle transport code. These two codes are used iteratively but not
coupled. Details of the analysis are given in Ref. 21.

The calculated density profiles of neutrals in the SOL show that the neutral density
responded as expected in the experiment. That is, the discharges with added gas puff and
lower X-point have larger neutral density in the SOL than the standard case. On the other
hand, the discharges with the cryopump on have lower SOL neutral density. The neutral
density response inside the separatrix is the opposite to what it is in the SOL. The gas puff
and lower X-point discharges have lower neutral density than the standard discharge, while
discharges with the cryopump on have higher neutral density. This behavior of the neutrals
is caused by the nonlinear character of the fueling dynamics. When gas is puffed, the
neutral density in the SOL increases, causing an increase in the particle source. Because of
the enhancement in the particle source, the plasma edge density increases. Since the neutral
ionization mean free path is inversely proportional to plasma density, the neutral profile
inside the separatrix must readjust itself and its decay length becomes shorter. When a
steady state is reached, the resulting profiles are such that, in relation to the standard
discharge, the ncutral density is larger in the SOL and smaller inside the separatrix. In spite
of the reduction of neutral density in the edge layer, the particle source remains larger for
the gas puff discharges than for the standard discharge. That is, in the edge layer, the
increase in plasma density is enough larger than the decrease in the neutral density to
increase the core fueling.

For the strong gas puff discharges there is a reduction of neutral density in the region
around the X-point, although a secondary peak appears in the poloidal distribution at the
gas puff position (top of the chamber). However, the secondary peak is very low (a factor of
10 lower than the peak near the X-point). Because of the change in neutral density, there is
a similar change in the charge-exchange damping rate. At the X-point, where we observed
the peak of charge-exchange damping rate, its value for the three gas puff discharges is
lower by a factor of 5 than the value for the standard discharge.

When the X-point is brought closer to the plate, the neutral density increases close to
the X-point, as does the particle source. In this experiment, there is a small increase in the
line-averaged density and the edge density when compared with the standard discharge.
The edge temperatures are 20% lower. Of course, the conditions for the discharges are not
the same, because the power input at the transition is higher in the standard discharge.

These discharges with a lower X-point have an enhanced particle source term, with



properties similar to a discharge with a very mild gas puff. Therefore, the argument from
the case of gas puff discharges carries over to this case.

The argument just presented explains the apparent paradox of increasing the neutral
density by gas puff and having a lower power threshold. Furthermore, for these discharges,
the charge exchange damping is always lower than the neoclassical damping over the whole
poloidal cross section for flux surfaces inside the separatrix. Therefore, we can expect
neutrals to play a very small role in the transition, and these discharges should have the
lowest power threshold. The discussion of the gas puff discharges can be applied in reverse
to the discharges with the cryopump on. For these discharges, the charge exchange
damping dominates over the neoclassical damping near the divertor region. Neutrals can
play an important role in the cryopump discharges, which have the highest power threshold
of all discharges considered.

For the 1994 density scan experiments, the two factors discussed above again play a
role in determining the neutral density inside the separatrix: (1) the particle source term
which increases as the line-averaged density increases, and (2) the neutral density
penetration length, that decreases with increasing line-averaged density. Since the neutral
profiles decay toward the inside of the plasma in a quasi-exponential fashion, the reduction
in decay length quickly becomes the dominant factor. Therefore, in the inside of the
separatrix region, the low line-averaged-density plasma ends up with higher neutral density
than the high line-averaged-density plasmas.

3. Discussion and Conclusions

All the experiments analyzed here are at a fixed magnetic field, and the surface area of the
separatrix varies very little from one to the other. Therefore, if the increase of power
threshold with density is a real plasma physics dependence, Pup /ﬁ should be essentially a

function only of the ‘“‘hidden” parameters controlling the transition. Hence, we can now
look for correlations between P, /i and parameters linked to neutral effects. In the
following discussion, we express power in MW, and density in units of 1020 m-3. For
averaged radius in the region 0.9 > r/rg > 0.95, we have found good correlation of P, /n
with either the charge-exchange damping rate or the neutral density. It is useful to consider
dimensionless parameters representing the effect of neutrals. Since a mechamism possibly

responsible for the neutrals’ effect on the transition threshold is a change in the damping of
the poloidal component of the EXB shear flow, we consider the parameter (VCX)M/LL,W.

Here (ch )M is the maximum value of the charge exchange damping rate on a fixed flux
surface.  In Figure I, we have plotted P, /n as a function of (ch)M/Hm for the
rirs = 0.95 surface. The correlation is very good considering the scattering of the initial

data. A fit to the data gives Pep=h'[O.37+0.63(vcx);/uio]. Since (Vey )y /Mneo

S

increases (decreases) with decreasing (increasing) line-averaged density. The combination
of n increasing and (ch)M/Hm decreasing gives a U-shape dependence for Psep as a

function of #. This dependence is simlar to the one observed in the threshold density scan

experiments. The goodness of the fit does not depend strongly on the density scaling



assumed for the power threshold, taking P, < i with 1.3>a > 0.6 we obtain equally

sep

good fits.
A good correlation is also obtained between Pzp/n and Ap/rs, where, Ap is the

poloidally averaged neutral profile radial decay length (from the separatrix inwards).
However, such a fit gives a weak U-shape dependence of the power threshold on density.
Other parametric dependences are possible. However, having studied experiments from
only a single device, it is not possible to discriminate among these possible parameters.
Neither is it possible from data correlations to resolve whether the neutrals are the cause or
just a reflection of some other mechanism.

We have also tested the correlation of the neutrals with the edge plasma parameters at

the transition. For both ion and electron temperature, we have also found good correlation
with the nomalized charge-exchange damping rate, (VCX) o /pm, in the same radial region

as for P, /n. The threshold edge electron density shows an increasing trend with

(Ver ) o /Hneo

Among other possible correlations between local plasma edge and neutrals parameters,
these data also show a correlation between V; and n,/n, at r/rg=0.95, as also seen in JT-

60U [13], (14]. As can be expected, V; also correlates well with (Vey ), /M, (Figure 2).
This correlation may be consistent withthe change of the V; = constant threshold criterion

[25] when modificd by the neutral effects [16]. The mechanism assumed to be responsible
for this threshold modification [16] is the momentum loss to neutrals by charge exchange,
which is consistent with the foregoing discussion. For the L-to-H transition model from
Ref. 18, which includes an additional ion loss through collisions with neutrals, the threshold
condition at constant pressure gradient can also result in such a correlation.
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Figure 1. Pnp/ﬁ as a function of (VCX)M/pm for the r/a = 0.95 surface.
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Figure 2. (Vc\. )M /pm as a function of v¥*j at the r/a = 0.95 surface.
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