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Abstract
Gas puff modulation experiments are performed at ASDEX Upgrade in L-mode plasmas.
We model the discharge with the ASTRA transport code in order to determine transport
coefficients outside of a normalized radius of ρpol = 0.95. The experimental data is
consistent with a range of particle diffusivities and pinch velocities of the order of
D = (0.20 ± 0.13) m2 s−1 and v = (−1 ± 2) m s−1, respectively. The electron temperature
response caused by the gas modulation permits to estimate also that heat diffusivity χe

increases almost linearly when collisionality rises due to fuelling. The fuelling particle flux is
amplified by recycling, overcompensating losses.

Keywords: particle transport, turbulence, neutral recycling, transport coefficients, pinch,
tokamak, plasma

(Some figures may appear in colour only in the online journal)

1. Introduction

The density and temperature profiles just inside of the sep-
aratrix are crucial for most edge phenomena. Additionally,
they set the boundary conditions for core temperatures and
densities, and thus fusion performance [1–3]. Without knowl-
edge about the mechanisms determining these profiles it is not
possible to predict the performance of future devices.

Our main focus is the density profile. It is determined by
the particle source from ionized neutral atoms, and particle
transport with diffusive and convective contributions. Inward
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convective transport is referred to as pinch. In the core plasma
the particle source is negligible or well quantifiable in most
scenarios, simplifying the analysis considerably. Situations
where the density profile is evolving, e.g. because the fuelling
gas flow is modulated, can then be used to separate parti-
cle diffusion from convection [4–9]. Disentangling the indi-
vidual contributions is more challenging at the plasma edge
because neutral atoms crossing the separatrix result in a parti-
cle source which is difficult to quantify. One approach is then
to compare different discharges with variations in density, and
therefore the neutral penetration, and compare the shape of
the edge density profiles to each other and to theoretical pre-
dictions [10–13]. Another approach to directly determine the
individual contributions is to study evolving plasma states, and
include the particle source in the analysis [14].

In this work we follow the latter approach and perturb the
plasma using a fast switching gas valve [15]. We then use the
transport code ASTRA [16–18] to model the kinetic profiles
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and determine the transport coefficients. ASTRA is 1.5 dimen-
sional, meaning the transport equations are one dimensional
because the quantities are assumed to be in equilibrium on each
flux surface, and the geometry is treated two dimensionally.

We not only analyse the evolution of the electron density
ne but also the electron temperature Te. Including Te allows
us to show that transport itself is perturbed by the modula-
tion, rendering the common assumption of temporally con-
stant transport coefficients incorrect. By virtue of the well
resolved measurements of ne and Te we can nevertheless deter-
mine particle transport coefficients, and quantify the modula-
tion of the heat diffusivity χe. The modulation of χe correlates
well with a modulation of the collisionality ν∗, as predicted
by theory [19–22]. Of particular interest for us is the pre-
dicted linear relationship between χe and ν∗ for drift-Alfvén
turbulence [23].

We start with an introduction to the experimental setup.
This is followed by a presentation and discussion of the mea-
sured data, where already first conclusions about particle trans-
port will be extracted from the data. Thereafter we model the
discharge with ASTRA and infer transport properties. We end
by collecting the main results.

2. Experimental setup and measurements

For our transport analysis the plasma is perturbed by modu-
lating the gas flow into the vacuum vessel utilizing fast acting
valves [15]. Transitioning from zero to full fuelling takes less
than 1 ms. The fuelling rate is 8 × 1021 deuterium atoms per
second (120 Torr L s−1) with a modulation frequency of 25 Hz,
giving a modulation period of 40 ms. The valve opens at t = 0
and closes at t = 22 ms. The valve, which was characterized
by Griener et al [15], is located at the outer midplane.

All experimental data is from L-mode discharge #37758
in the tokamak ASDEX Upgrade (AUG) [24] with a plasma
current of IP = 0.8 MA and a toroidal magnetic field of
Bt = −2.4 T. Central electron cyclotron resonance heating
of 590 kW is applied in addition to Ohmic heating of
440 kW, while the radiation losses are about 200 kW [25]. In
figure 1 we show selected quantities for the discharge under
investigation. The stored energy Wmhd (figure 1(a)) remains
constant except for experimental noise, while the electron tem-
perature (figure 1(b)) and the line integrated electron density
(figures 1(c) and (d)) oscillate with the fuelling modulation
around a constant background. In the following we will inves-
tigate the measured modulation in detail, we average over
the nine modulation periods to obtain a more accurate mean
response and the standard deviation thereof.

Edge density. The density modulation and its temporal
evolution are clearly visible in interferometry [26] measure-
ments. In figure 2 we show the core channel H1 and the
edge channel H5 (tangential to the flux surfaces at a normal-
ized minor radius of ρpol = 0.21 and ρpol = 0.88 respectively).
The other channels behave analogously and are not shown to
avoid clutter. While we show the full signal in figure 2(a) we
subtract the mean to highlight the modulation in figure 2(b).
After the valve is opened the density increases, it decreases
again when the valve is closed. Until t ≈ 9 ms the density

Figure 1. Overview of the discharge segment under investigation.
The fuelling valve is open in the grey shaded intervals, and closed in
the unshaded intervals. We show the stored energy (a), the average
electron temperature as measured by ECE channels between
ρpol = 0.8 and ρpol = 0.9 (b), and the line integrated density from
the interferometry edge channel H5 (c) and the core channel H1 (d).

increase is steeper than afterwards. The modulation is dom-
inated by the plasma inside the separatrix because the mea-
sured SOL modulation of≈±2× 1018 m−3 integrated over few
centimeters is small compared to the modulation amplitude
of ≈±1 × 1018 m−2. We will nevertheless include the SOL
effect later during modelling. Already without modelling we
can conclude that the modulation mainly comes from the
plasma edge: when we assume that the modulation measured
by the edge channel is exclusively due to a uniform den-
sity modulation between ρpol = 0.9 and ρpol = 1.0 we would
expect the red dotted line as signal for the core channel.
Because the red dotted line agrees well with the measured
signal from the core channel we conclude that the density mod-
ulation is, mostly, localized outside of ρpol = 0.9. When mod-
elling the discharge we will integrate the density accurately
and not rely on such assumptions.

Outside of ρpol ≈ 0.985 the lithium [27, 28] and thermal
helium beam [29, 30] diagnostics measure the density modula-
tion temporally and spatially resolved. The profiles are shown
in figures 3(a) and (b). The SOL density increases strongest,
with diminishing increases towards the core plasma: while
the separatrix density still increases this is not the case at
ρpol = 0.99. As a result the separatrix density gradient flattens
by 8% (lithium beam) or 9% (helium beam) when the valve
opens. Unless an increase in fuelling leads to less particle flux
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Figure 2. Interferometry channels H1 (core) and H5 (edge),
conditionally averaged. In the grey shaded intervals the fuelling
valve is open, and closed otherwise. We show the full signals (a) and
the signals with the mean subtracted (b). The red dotted line is the
signal one would expect if only plasma outside of ρpol = 0.9
modulates.

Figure 3. Edge density profiles from the lithium beam (a) and the
thermal helium beam (b) in the equilibrated phase before the valve
opens (−5 ms to 0 ms, dashed orange line) and the equilibrated
phase just before the valve closes (15 ms to 20 ms, solid blue line).
The temporal evolution is shown in (c) for the lithium beam and in
(d) for the thermal helium beam.

this shows that more particles are transported with a shallower
gradient, suggesting an increase in transport or a change of the
profile shape due to local ionization.

The temporal evolution is shown in figures 3.(c) and (d)
After the valve is opened at t = 0 density increases with a
delay of about 3 ms. The gradient flattens at t ≈ 10 ms, vis-
ible in the lithium beam data as a change from red to blue in
the confined region. Meanwhile the SOL density remains high.
According to the lithium beam data the density relaxes back to

Figure 4. The electron temperature profile from ECE and thermal
helium beam diagnostics, with the fit used in modelling (a), and the
temporal evolution of Te (b).

the state before the valve was opened after the valve closes at
t = 22 ms, again with a delay of ≈3 ms. The helium beam
shows an increase in density at t = 22 ms, which appears to
be a diagnostic artefact as the electron temperature increases
simultaneously.

Electron temperature: ECE and thermal helium beam.
In figure 4 we show the electron temperature profile and its
temporal evolution outside of ρpol = 0.7. The electron tem-
perature further inside does not influence our edge transport
studies, and the temporal evolution is dominated by saw-tooth
activity. The ECE is optically thick until ρpol = 0.965, result-
ing in reliable Te measurements. Further outside the thermal
helium beam is able to measure the temperature profile, the
modulation amplitude and the modulation phase, and agrees
well with the ECE diagnostic.

After the valve is opened at t = 0 the temperature in the
SOL drops by ≈10 eV over 3 ms, and recovers on the same
time scale after the valve is closed. This perturbation contin-
ues in the confined region as a cold pulse. By fitting a sine at
every radial position to the electron temperature we obtain the
amplitude and phase of the modulation, which are shown in
figure 5. Note that in this work we define the amplitude as the
prefactor of the sine, therefore a modulation amplitude of 1 eV
corresponds to a difference between minimum and maximum
of 2 eV. Starting from the separatrix with ±7 eV the amplitude
of the cold pulse increases strongly and peaks at ρpol ≈ 0.92
at ±11 eV. Going further inwards the amplitude decays
to ±5 eV at ρpol = 0.7. The phase delay increases when mov-
ing inwards, starting at 2.5 ms. Initially the propagation speed
is comparably slow (large time difference for small change in
ρpol), with the delay increasing to 9 ms at ρpol = 0.98. Then, the
propagation speeds up, reaching ρpol = 0.7 with a total delay
of 14 ms. Noise, both on the profile and the temporal evolution,
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Figure 5. Amplitude (a) and phase (b) of the electron temperature
modulation as measured by ECE (orange circles) and the thermal
helium beam (blue crosses). Additionally we show the fits used in
modelling in red.

disturbs the transport analysis we will perform in section 3.
We therefore remove the noise by using the red fits shown in
figures 4 and 5 instead of the raw data.

3. Modelling

We use the 1.5D transport code ASTRA to model the plasma
profiles in realistic geometry. The profiles are evolved accord-
ing to the transport equations
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where we omit geometrical factors which are given else-
where [16]. ne is the electron density, ni ≈ ne/Zeff the ion
density with Zeff = 1.2, ρ the normalized flux coordinate, Se

the electron particle source, Pe the power density heating the
electrons, and Pi the power density heating the ions. The inter-
action between neutral atoms and the plasma occurs through
Se, Pe and Pi.

The transport coefficients in equations (1)–(3) are not nec-
essarily constant, but are allowed to change as function of time
or of plasma parameters. We modelled the discharge with con-
stant transport coefficients and additional off-diagonal terms
such as thermodiffusion, but reproducing both the tempera-
ture profile and the cold pulse propagation was only possible
by allowing an evolving χe. With χe not being temporally
constant, the experimental data does not allow to draw con-
clusions about the off-diagonal terms, which we will therefore
not consider in the following.

Another aspect to be discussed is the description of trans-
port as diffusive and convective. This assumption is well-
founded if the transport exhibits Gaussian statistics [31], what

is the case close to the separatrix [32, 33]. Perpendicular trans-
port in the SOL on the other hand is dominated by large inter-
mittent filaments [34, 35]. But even though this intermittent
transport is not Gaussian, we can describe it as diffusive on
the comparably long millisecond time scale we are investi-
gating [36]. We can therefore expect that our description of
transport with equations (1)–(3) is valid, even if intermittent
contributions from filaments are present.

We simulate 50 periods to equilibrate, resulting in a sim-
ulated time of 2 s, and take data from the last period. In
the following we describe the setup for the transport coeffi-
cients and source terms in equations (1)–(3). Because many
quantities appearing in the transport equations are not known
a priori we have to introduce several unknown parameters. The
treatment of these parameters will be discussed in section 4.

Particle transport. We use the lithium beam data for
ρpol > 0.99, further inside we perform predictive simulation
as for T i. We prescribe the transport coefficients D and v and
predict the resulting density profile and its evolution. Previ-
ously, when discussing figure 3, we found indications that the
particle transport might evolve with time. To investigate how
strongly our analysis is influenced by this uncertainty we con-
sider two different cases: a temporally constant D and a D that
modulates outside of ρpol = 0.95. Phase and amplitude of the
D modulation are two parameters of our model.

We cannot determine whether a nonzero pinch velocity v
exists in the plasma edge, as will become apparent when dis-
cussing the results. We will therefore not investigate a tem-
poral evolution of v, as this would be a comparably small
change in a poorly determined quantity, and keep v con-
stant. We prescribe piece wise constant profiles with jumps at
ρpol = [0.5, 0.7, 0.95] for the particle transport coefficients.
We position these jumps to coincide with abrupt changes in
the gradients of the experimental profiles. These positions are
therefore not universal for L-modes in general but depend on
the analysed discharges. The outer position ρpol = 0.95, which
is the only one relevant for our edge transport studies, is how-
ever typical for AUG L-modes. Inside of ρpol = 0.7 we only
fit the ratio of D and v because we cannot disentangle them
for a lack of experimental data showing the modulation. We
impose a nonpositive pinch velocity for ρpol < 0.7 to avoid
hollow profiles.

Neutral population and particle source. We have no
measurements of the flux-surface averaged neutral particle
density or its temporal evolution, therefore we parameter-
ize and vary it. With ASTRA we can calculate the neutral
density profile for a given separatrix density and a given
ratio between cold and hot neutrals, which we define to have
2 eV for Franck–Condon neutrals and 25 eV for neutrals
that underwent charge exchange in the SOL. For solving
the Fokker–Planck equation describing the neutral population
ASTRA uses slab geometry, which cannot capture the effect
of different flux expansions which would lead to wider or nar-
rower neutral density profiles. But because we vary the ratio
of cold and hot neutrals, which also influences the width of the
neutral density profile, we indirectly include the effects of the
fuelling position and flux expansion when varying the energy
distribution of the neutrals at the separatrix. Analogously,
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an altered source profile due to turbulent fluctuations as cal-
culated by Marandet et al [37], is described in an integral way
by the flexible width of our particle source.

The neutral population interacts with the plasma according
to ionization and charge exchange cross sections and rate coef-
ficients: an electron impact ionization leads to a loss of 13.6 eV
in the electron channel and the gain of the neutral energy in the
ion channel. A charge exchange reaction leads to the loss of
thermal ion energy and the gain of the original neutral energy
in the ion channel.

The neutral population, and therefore the source term, are
parametrized as follows: in addition to the ratio between cold
and hot neutrals, and the separatrix neutral densities in the
phases with open and closed valve, we have two parameters for
the timing of the neutrals: the delay between the valve open-
ing and the change in neutral density, and the temporal width
of the linear transition between the open and closed state.

Power terms. Electrons receive power from Ohmic and
(central) ECR heating, and are cooled by radiation, collisional
heat transfer to ions, and ionizing and exciting neutral atoms.
The contributions of neutrals are much smaller than the other
terms, but as they are directly influenced by the gas puff mod-
ulation we include them to avoid attributing changes to altered
transport when they actually stem from neutral interactions.
Ions are only heated by collisional heat exchange, and cooled
by charge exchange reactions with cold neutrals. Recombina-
tion of ions and electrons also removes heat from the ion chan-
nel. Although this last contribution is very small we include
it as it does not complicate the analysis. We select the tung-
sten concentration such that the radiated power matches the
experiment.

Heat transport. For Te we have accurate measurements
for the whole domain. We therefore can prescribe the exper-
imental profile and its temporal evolution. As we know the
power fluxes and ∇Te we can calculate the electron heat dif-
fusivity χe needed to arrive at the experimental Te. For T i

on the other hand there are no measurements available. We
therefore assume Te = T i at ρpol > 0.99, which is realistic for
L-modes with moderately high density such as the discharge
analysed here. To correctly predict the heat fluxes we need T i in
the whole plasma. We thus set χi ∝ χe with an undetermined
proportionality constant.

Upper bound for particle flux due to energy considera-
tions. Each neutral atom that is ionized results in a cold elec-
tron and a cold ion that have to be heated up to local plasma
temperatures, in addition to the comparably little 13.6 eV
required for ionization. This power for heating up freshly ion-
ized particles is kept track of indirectly: in the long term, every
electron and every ion that was added to the plasma leaves
the plasma again and takes thermal energy with it, resulting
in outward convective heat fluxes. In most works, including
this work, these convective heat fluxes do not appear explic-
itly in equations (2) and (3). Instead these losses are included
implicitly in χe and χi. This however can hide the following
issue: with large particle fluxes the convective heat fluxes could
become larger than the heating power entering the plasma. The

turbulent heat conduction would then have to be negative to
transport power from the outer plasma boundary inward, from
low to high temperatures.

In this section we describe how we detect such unphysical
situations. We calculate the power needed to ionize and heat
all particles entering the main plasma. If this power exceeds
the total heating power we discard the simulation.

The speed of the neutral particle before ionization is negli-
gible when considering the energy required for heating up the
electron, but not for the ion. With Zeff ≈ 1 the particle fluxes of
electrons, ions, and neutrals have to be equal in absolute value
for the ionization process: Γe = Γi = Γn.

Pheatup, e =
3
2

TeΓn (4)

Pheatup, i =
3
2

(Ti − Tn)Γn (5)

Pion = 13.6 eV · Γn (6)

Ploss, tot = Pheatup, e + Pheatup, i + Pion (7)

=

(
3
2

(Te + Ti − Tn) + 13.6 eV

)
Γn. (8)

We exclude all results where Ploss, tot > 1.2 (Pheat − Prad) ≈
1.2·830 kW, where we include a tolerance of 20% to account
for uncertainties.

4. Fitting and inference

In this section we discuss how we determine values for the
free parameters such that simulation and experiment are in
agreement. The most complete treatment would be to sam-
ple the parameter space extensively and use Bayesian infer-
ence to determine the probability distribution of the physical
coefficients. Using the common Markov chain Monte Carlo
(MCMC) sampling scheme one would directly get points
in parameter space distributed according to the sought-after
probability distribution. Unfortunately a single ASTRA run
has a runtime of several minutes, making standard sampling
schemes for Bayesian inference unfeasible. Instead we take a
different approach: starting from random initial parameters we
optimize the parameters for good agreement with the experi-
ment. By repeating this procedure several times we obtain a
set of solutions. Due to local minima and a finite number opti-
mization steps the different fits will not converge to a single
point. This set does not exactly correspond to the probability
distribution of the parameters as a set obtained by MCMC sam-
pling would. It however still allows us to judge which range
of parameters result in agreement with the experiment, and
are therefore plausible physical values. Just as with MCMC
sampling we will interpret our samples in a statistical sense:
isolated samples in good agreement with the experiment do
not mean that they must lie within the uncertainty interval.
Because they are few they correspond to a small volume of
parameter space and are interpreted as lying in the tail of the
probability distribution.
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First of all we quantify the agreement with the experi-
ment. The comparison between experiment and simulation is
performed with the normalized mean squared error:

χ2 =
1
N

∑
i

(
f i,ASTRA − f i,exp

)2

σ2
i

, (9)

with N being the number of data points, f i,exp the measured
data, f i,ASTRA the corresponding simulation result, and σi

the experimental uncertainty. The experimental interferometry
signal is compared with the signal of a virtual diagnostic which
integrates ne from ASTRA along the experimental measure-
ment line. In the SOL, which ASTRA does not model, we take
the lithium beam measurements and assume poloidal symme-
try. Usually one normalizes not directly by N, but subtracts one
plus the number of fitted parameters [38]. The different nor-
malization only has a minor influence on χ2 because the num-
ber of free parameters (12) is small compared to the number of
fitted data points (112). The uncertaintiesσi for interferometry,
which we can only estimate because of the poloidally unknown
SOL density modulation, are far more influential. Because of
the unknown SOL density response we will manually select
a χ2 threshold. This selection eliminates any influence the
normalization would have.

We discriminate between systematic uncertainties, such as
calibration errors, and statistical uncertainties, i.e. noise, by
treating the temporal mean and the modulation as separate data
points. The mean is normalized by the systematic error and the
modulation by the statistical error. For the systematic error of
interferometry we use the same values as the Bayesian inte-
grated data analysis at AUG [39]: 2% for the three inner lines
of sight, and 5% for the two outer channels. The statistical error
we can determine directly from our measurement as described
in section 2. However, there is a time dependent systematic
error that we have to account for: the SOL density evolution
might not be poloidally symmetric. We therefore add the influ-
ence of the SOL on the modulation in the interferometry signal,
which we estimated in section 2, to the uncertainty.

We perform a maximum likelihood fit of the parameters,
equivalent to minimizingχ2. For the optimization itself we use
a Gauss–Newton method with trust regions as implemented in
the SciPy library in scipy.optimize.least_squares
[40]. The parameters and the ranges within they are uniformly
random initialized are given in table 1. Note that during the
optimization the parameters may leave the ranges for their
initial values.

The proportionality constant between χe and χi is special
in that it does not influence any measured quantity directly.
Therefore we do not fit it but instead keep it at the random
initial value throughout the optimization procedure. The pro-
portionality constant lies in [0.05, 2]. Similarly we will keep
the amplitude (up to ±30%) and phase of the D modulation
constant at a random value to test the robustness of our results.

The final step to take before we can discuss results is to
determine what values for χ2 can be considered as in agree-
ment with the experiment, and which values are too high to be
considered acceptable. In principle we could use the obtained

Figure 6. The density modulation as measured by interferometry
channels H-1 (core) and H-5 (edge), and the simulated time traces
from ASTRA. In (a) we show a fit with χ2 = 0.4, with modulating
D, no pinch, and a mean neutral atom influx across the separatrix of
11 × 1021 s−1. The fit in (b) has χ2 = 1.1, with a temporally
constant D, a pinch with v = −13 m s−1, and a mean neutral atom
influx across the separatrix of 6 × 1021 s−1.

χ2 value together with theχ2 distribution [41, 1.3.6.6.6] to cal-
culate the probability that the discrepancies between fit and
measurement arise from measurement uncertainties. In prac-
tice this would require that the uncertainties σi in equation (9)
are determined very accurately. We therefore additionally con-
sider the two example fits shown in figure 6 with different χ2

values to judge which fits to accept.
For χ2 = 0.4 (figure 6(a)) the experimental time traces are

fitted well. Some discrepancies are visible: the minimal and
maximal values for H-5 are lower in the simulation than in the
experiment, and while the simulated H-5 signal drops more
slowly than the experimental one after t = 30 ms the H-1 sig-
nal drops faster. These discrepancies could however be caused
by a non symmetric SOL behaviour or to some extent be sta-
tistical fluctuations. For χ2 = 1.1 (figure 6(b)) we find far
more severe discrepancies: both for H-1 and H-5 the density
reaches a steady state too early, resulting in too low densities at
t ≈ 20 ms. We select χ2 = 1 as threshold beyond which we do
not plot the fits because the agreement is too poor.

5. Results

In this section we will investigate which particle diffusivities
(D) and pinch velocities (v) can explain the density modulation
measured in the experiment; we will see how the heat diffusiv-
ity χe evolves during the modulation; and which conclusions
we can draw about the neutrals.

Figures 7–9 show the most important parameters from the
successful simulations as function of the averaged neutral par-
ticle flux. The dependence of the determined quantities on the
neutral particle flux is generally weak, with the pinch veloc-
ity v showing the strongest dependence. The minor variations
in the determined quantities show the robustness of the results
against variations in the unknown neutral particle flux.
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Table 1. The 15 free parameters in the ASTRA model and the values they are initialized with. The last
three are kept constant throughout the simulation to show that the results are insensitive to them.

Quantity No. of scalar parameters Initialization value or range

D 4 0.4 m2 s−1 to 2 m2 s−1

v 2 −5 m s−1 to 5 m s−1

Valve opening delay 1 3 ms

Valve transition time 1 3 ms

Tungsten concentration 1 5.5 × 10−6

Share of cold neutrals at separatrix 1 90%

Neutral densities for open and closed valve 2 0.5 × 1016 m−3 to 4×1016 m−3

Phase of D modulation 1 (fixed) 0 ms to 40 ms

Amplitude of D modulation 1 (fixed) ±0% to ±30%

Proportionality constant between χe and χi 1 (fixed) 5% to 200%

Figure 7. The mean particle diffusivity (a) and pinch velocity (b) at ρpol = 0.99, against the mean particle flux across the separatrix Γn.
Simulations utilizing modulating D appear as red +, simulations with temporally constant D as blue ×. There are isolated simulations with
χ2 > 0.7 outside of the shown areas.

Points marked as red ‘+’ correspond to simulations where
D modulates between ρpol = 0.95 and ρpol = 1, while sim-
ulations that employ temporally constant D appear as blue
‘×’. Only data points that are better than the threshold of
χ2 = 1 we defined earlier are shown, with faint colours cor-
responding to high χ2 values. Simulations with mean particle
fluxes across the separatrix higher than ≈ 45 × 1021 s−1 vio-
late energy conservation, as described in section 3, and are
therefore excluded.

Particle transport coefficients D and v. Figures 7(a)
and (b) show the solution sets for D and v. Because D is
time dependent in the modulating case (blue) we consider
the temporal average D. Most simulations are contained in
D = (0.20 ± 0.13) m2 s−1 and v = (−1 ± 2) m s−1. There
are simulations with higher particle diffusivity and more neg-
ative pinch velocities, correlating with larger χ2 values and
worse agreement with the experiment. Red and blue crosses,
corresponding to solutions of the two different transport mod-
els with constant and modulating D, are largely intermixed and
do not occupy different regions in the parameter space.

Inference of neutral properties. The source profile and
its temporal evolution are free parameters for the fitting rou-
tine (see section 3). We fit no measurements of neutrals, but
because the temporal evolution of the interferometry time
traces has to be reproduced it is nevertheless possible to draw
some conclusions about the particle source. Figure 8(a) shows
the share of cold 2 eV neutral atoms of all neutral atoms cross-
ing the separatrix. The simulations cluster at high values: most
simulations lie above 90%. This results in narrow source pro-
files. In the experiment this could also be due to fuelling in the
vincinity of the X-point because of flux expansion besides low
energies of neutral particles.

In figure 8(b) we show the difference in neutral atom flux
across the separatrix for the open valve (recycling background,
fuelled atoms directly reaching the confined region, and recy-
cled fuelling atoms) and the closed valve (background recy-
cling only), as before against the temporally averaged particle
flux. If the difference between open and closed valve would
be too large, the density would increase too fast for agreement
with interferometry. The grey line shows the flux of neutral
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Figure 8. The share of 2 eV atoms of the neutral density at the separatrix (a) and the difference in particle flux across separatrix for open
and closed valve (b), against the mean particle flux across the separatrix Γn. We also show the fuelling particle flux as grey line in
(b). Simulations utilizing modulating D appear as red +, simulations with temporally constant D as blue ×. There are isolated simulations
with χ2 > 0.7 outside of the shown areas.

Figure 9. The relative modulation amplitude (a) and phase (b) of heat diffusivity (crosses), collisionality (solid grey line) and electron
pressure (dashed grey line), against the mean particle flux across the separatrix Γn. Simulations utilizing modulating D appear as red +,
simulations with temporally constant D as blue ×. There are isolated simulations with χ2 > 0.7 outside of the shown areas.

atoms that enter the vacuum vessel when the valve is open.
ASTRA and the optimization procedure do not know about
the fuelling particle flux. If recycling would not be influenced
by the modulation and all fuelled deuterium atoms cross the
separatrix all points should lie on the grey line. The differ-
ence in neutral particle flux lies above the fuelling particle flux
for most simulations. This means that per fuelled atom more
than one atom crosses the separatrix, possible because the
additional recycling overcompensates losses such as ionization
in the SOL.

Temporal evolution of transport. Unlike particle trans-
port the heat transport depends only weakly on the source term.
Together with the spatially resolved measurements of Te this
results in a considerably more accurate determination of χe

than of D. In figure 10 we show the temporal evolution of χe

at two radial positions and collisionality ν∗, as defined in [42],
for one illustrating case. All three quantities modulate in phase.
The temperature modulation at the edge and its propagation
into the confined region is not only due to neutral effects and
a change of ne: transport, and thus the turbulence causing it, is
increased by fuelling. In this work we focus on transport close
to the separatrix at ρpol = 0.99.

Figure 10. The heat diffusivity χe at ρpol = 0.99 (blue, solid) and
ρpol = 0.80 (orange, dashed), and collisionality ν∗ (red, dotted) at
ρpol = 0.99 as a function of time. We show the same case as in
figure 6(a).

χe and ν∗ modulate with similar phase and relative ampli-
tude. Such a link between collisionality and turbulent trans-
port is expected in several theoretical works [19–21]. This
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is in line with experimental observations that an increase in
fuelling, and therefore an increase in ν∗, does not lead to an
as high increase in density as one would expect with constant
D [10, 12]. To quantitatively investigate how the heat trans-
port modulates we consider the relative modulation ampli-
tude of χe(ρpol = 0.99) (figure 9(a)) and the phase of χe

(figure 9(b)). We determine both quantities by fitting a sine
to χe(ρpol = 0.99). The relative modulation amplitude of ν∗

is ±19%. The modulation amplitudes in successful simu-
lations fall exclusively between ±9% and ±18%. A linear
dependency between χe and ν∗, as predicted for drift-Alfvén
turbulence, would result in identical relative modulation
amplitudes of ±19%. This is just above the range of mea-
sured data, but we also neglected that the driving gradients
decrease as transport increases, ≈8% at the separatrix for ne

and ≈12% at the separatrix for Te. Qualitatively, the gradi-
ents at ρpol = 0.99 behave identically, but quantitatively they
are less reliably measured. In figure 9(b) we show the phase
of χe(ρpol = 0.99) and ν∗(ρpol = 0.99). Both quantities modu-
late with less than 5 ms difference in phase for all simulations,
showing that transport and ν∗ are strongly correlated. We also
show the electron pressure pe in figures 9(a) and (b). Pres-
sure modulates with smaller relative amplitude than χe or ν∗,
and in the opposite direction: the phases are shifted by half a
period. We conclude that an increasing χe is strongly linked
to an increasing ν∗. The minor differences in the phase could
easily stem from other influencing quantities that modulate out
of phase, e.g. the pressure gradient.

Experimental data suggests that D modulates in phase
with χe: according to the lithium beam the density gradient
at the separatrix flattens ≈10 ms after the valve is opened
(figure 3(c)). The helium beam data shows more noise making
the determination of the exact timing more difficult. Simul-
taneously, the interferometry shows a slowing of the density
rise (figure 2(b)). Looking at χe in figure 10 we find that heat
transport rises at the same time.

Note that modulation experiments offer an advantage over
the analysis of steady state discharges with different fuelling
levels when looking at the relative changes of χe: the trans-
ported power depends not only at χe and ∇Te but also on
ne. Uncertainties of ne therefore influence the accuracy of χe.
But constant errors in ne cancel when we calculate the relative
changes of χe. By modulating instead of comparing different
phases or even discharges the conditions change less, keep-
ing more of the errors of the density profile constant and thus
without effect.

6. Conclusions

We performed fuelling modulation experiments at the AUG
tokamak in an L-mode plasma to study the edge particle trans-
port. Current core particle transport studies involve more dis-
charges that better cover various plasma conditions [9]. Our
smaller study is still highly relevant because edge particle
transport is far less understood than core particle transport:

(a) Faster time scales and shorter length scales have to be
resolved experimentally. One example of this are detri-

mental SOL effects on reflectometry that disturb the
reconstruction of profiles. These effects, among others,
forced us to discard reflectometry data which has proven
to be highly valuable for core transport studies [9]. Simi-
larly we cannot rely on Thomson spectroscopy as the time
scales considered cannot be resolved. Instead we analyse
data from various diagnostics, e.g. ECE, interferometry,
thermal helium beam spectroscopy, lithium beam spec-
troscopy, in an integrated data approach to nevertheless
arrive at our conclusions.

(b) The (flux surfaced averaged) neutral particle source in the
plasma edge is notoriously difficult to quantify, already
in steady state but even more so in dynamic situations
which are required to disentangle diffusion and pinch. We
still are able to draw conclusions about the particle trans-
port despite these additional hindrances compared to core
transport.

(c) Gas puff modulation studies performed for particle trans-
port studies usually assume that transport itself is not per-
turbed by the modulation. We show that, at least in the
edge, this is in general not a valid assumption.

We modulate the deuterium gas flow into the torus. When
the gas flow increases the separatrix cools and increases in den-
sity. The cooling propagates as cold pulse into the core plasma.
Interferometry measures a density increase inside the separa-
trix. The density profile at the separatrix flattens, suggesting
an increase in transport.

By modelling the discharge in ASTRA we characterized the
solution set of parameters, and thus were able to determine
transport coefficients and properties concerning fuelling and
edge turbulence. The well resolved measurements of ne and
Te from the lithium and thermal helium beams were essential
for the analysis.

The experimental data allows for a range of particle dif-
fusivities and pinch velocities in the region outside of ρpol =

0.95: most simulations lie within D = (0.20 ± 0.13) m2 s−1

and v = (−1± 2) m s−1. A pinch is not necessary to explain the
measured data. We quantified the relative modulation ampli-
tude of χe, which is between ±9% and ±18%. High heat dif-
fusivity correlates with high collisionality ν∗, as predicted by
several works [19–21]. Experimental data suggests that parti-
cle transport modulates in phase with ν∗ and χe. On average,
each fuelled atom crosses the separatrix more than once due
to recycling. The source profile is narrow, such as if most neu-
trals cross the separatrix with Franck–Condon energies or at a
location with large flux expansion in the vicinity of the X-point.

The presented method will be used to analyse more L-mode
plasmas with variations in shape, density and heating as well
as other plasma scenarios in H-mode. We also want to extend
our method of gas puff modulation and ASTRA modelling
by incorporating measurements of neutral atoms fuelling the
plasma.
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