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Abstract
The ability to provide fusion burn control without requiring physical access through the first
wall and fuel breeding blankets, would be vital for any future, magnetically confined fusion
power reactor. A multi-sensor, fusion fuel cycle exhaust, neutral gas analysis system on JET,
capable of delivering real time data, and accessing only the sub-divertor region, provides an
excellent example of such capability. Optimized for and operated during the deuterium–tritium
experimental campaigns 2 and 3 (DTE2, DTE3), it is proving valuable for planning to explore
fusion reactor burn control in ITER with a comparable diagnostic system called the Diagnostic
Residual Gas Analyzer (DRGA). This paper aims to show feasibility of developing model-based
controllers for ITER and next generation, reactor-relevant devices, by building both on the
empirical experience in JET-DTE2, and on the already emerging experience on developing such
models specifically for ITER. The paper begins with a specific use-case from JET-DTE2,
pertaining to the observed sensitivity of the fusion neutron yield on the concentration of isotopic
helium-3 (3He), with data from one of the high-performance DT shots exhibited with emphasis
on the 3He measurement via the sub-divertor. Then, a first model is developed and then explored
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with simulations that aim to discover how well the controllers in the model react to either
insufficient levels of 3He or excessive levels of 3He. The simulations then explore potential
impact from a delay in the measurement (or the response) that would be comparable to the ∼1 s,
conductance limited response for the ITER DRGA system, currently in its final design. The
simulations show that control is feasible, and that its effectiveness is not significantly impacted
by such delay.

Keywords: deuterium–tritium plasmas, diagnostic residual gas analyzer (DRGA),
fusion fuel cycle, joint-European torus (JET), magnetic confinement plasmas, ITER,
fusion plasma control

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

1. Introduction

Plasma control of power producing fusion reactors will need
to be based on diagnostic sets that are compatible with the
burning plasma environment. The requirements for fuel breed-
ing and energy conversion necessitate maximum utilization
of first wall surfaces, which leaves minimal access for dia-
gnostics through the first wall. This is in stark contrast to
present-day research devices, which typically have a wide
array of diagnostics and access ports to facilitate physics
studies. Furthermore, the harsh environment, neutrons, and
desire to minimize systems exposed to tritium also all drive
towards a reduced diagnostic capability compared to present-
day research devices.

The sub-divertor (figure 1) provides a region that is
naturally suited for diagnosing core fuel-cycle processes
without requiring access through first wall and blankets. The
Diagnostic Residual Gas Analyzer (DRGA) that is being
designed for the ITER divertor, will sample the sub-divertor
region and provide concentrations of hydrogen and helium iso-
topes, and of seeded impurities at ∼1 s response times with
respect to changes in the concentration of these species in the
that region [1, 2]. Furthermore, current focus on making the
DRGA robust enough for use in plasma control for ITER is
driving design optimization for the harsh environment of the
ITER port cell [3].

One can expect a sub-divertor region to be always present
in any reactor design, as it will be needed to provide for a
high neutral density region (and therefore high pumping rates)
for the particle exhaust part of the fuel cycle, including for
He ash removal. As will be seen later, the DRGA combines
a special, diagnostic pumping arrangement with two comple-
mentary, gas compositional analysis sensors, in configurations
that adapt it to the harsh environment while still allowing
for response times relevant to fusion plasma exhaust dynam-
ics, e.g. for the ∼1 s imposed by formal ITER measurement
requirement for the DRGA system for the divertor. (A phys-
ics justification for the formal requirement, at least for the
fuel gas species, is provided in [1]). By not requiring direct
access through the main chamber, such a system as the DRGA,
sampling the sub-divertor / pumping ducts would be com-
patible with commercial reactors from the diagnostics access
perspective.

Although it is clearly important to measure the fuel iso-
topic composition and the helium ash accumulated in the
sub-divertor, results from recent and current tokamak exper-
iments have also shown good correlation between core and
sub-divertor species concentrations, over plasma—wall equi-
libration times of a few seconds [4]. This means that the inher-
ent response time of the DRGA is compatible with monitoring
species concentration changes in the main plasma and, given
its compatibility with the burning plasma environment, sug-
gests the possibility of using the DRGA as a (burning) plasma
control diagnostic, with the most promising plasma control
use-cases including (a) main plasma D/T ratio control, (b)
detachment control, (c) core ion heating control, e.g. for T+

as will be discussed.
However, model-based controllers that are designed to take

advantage of this diagnostic have not been developed yet.
Model-based controllers use a mathematical model to predict
and optimize system behavior. In this case a model describing
the response of quantities measurable by diagnostic systems
to changes in the fueling and heating actuators, including non-
linear effects caused by minority ions, is required for feedback
control. This is one of the primary aims of this paper: show-
ing feasibility for the development of such controllers with
ITER plasma and burn control as the main application, while
using observations from equivalent JET plasmas to conceptu-
ally guide this study. As will be discussed, an upgrade of a sub-
divertor, neutral gas analysis system ahead of the recent JET
deuterium–tritium Experimental Campaigns 2 and 3 (DTE2,
DTE3) made that system even more functionally equivalent to
the DRGA system under design for ITER. Because it proved
so valuable during these JET campaigns, use-case (c), i.e. ion
heating control, is also chosen as the ideal one for early explor-
ation of such model-based controllers. This use-case makes
optimal use of the DRGA-specific capability to detect species
concentrations down to ∼1% for hydrogen and 0.1% for He
isotopes, both critical for ion cyclotron resonance-frequency
heating (ICRH) optimization (see, e.g. examples of both stud-
ied for early ITER operation, based on JET studies in [5]).

Thus, the sub-divertor gas analysis system that was espe-
cially prepared and optimized for JET-DTE2 [4, 6], and which
includes sensors and measurement methods that are prototyp-
ical to the ITER DRGA, and its successful deployment during
these recent and unique experimental campaigns [2], provides
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Figure 1. In a fusion reactor, the need for maximum utilization of
first wall surfaces for fuel breeding and energy conversion means
minimal access for diagnostics through the first wall. as much as
80%–90% of the first wall and possibly the divertor structures would
need to be covered by blanket modules [S. Smolentsev, ORNL, Priv.
Comm.]. The tokamak cross-section image included in this figure is
reproduced with permission from the ITER Organisation.

the impetus for this quest to explore its viability as an ITER
and/or future, burning plasma experiment control diagnostic.
Of particular interest is this specific application to 3He monit-
oring for T+ core heating optimization, which was important
in these campaigns for reaching the record DT performance
plasmas (see, e.g. [7]), and this will be the primary driver for
the present burn control model. It should be noted however
that, in these campaigns, the system also had the operations
safety function for checking that, when not needed for that spe-
cific ICRF heating scheme, residual 3He was kept to an abso-
lute minimum (<∼1% concentration) to avoid damage from
spurious ICRF (ion cyclotron range of frequencies) resonances
near plasma-facing components (PFCs) that can induce local
PFC damage [11].

It will be seen that the JET DT2 campaign can be an invalu-
able training data source for plasma control exploration of the
ITER DRGA. Similarly, one can also envision that ITER will
provide immense opportunities to study DRGA-based plasma
control for next-step, reactor-relevant fusion devices.

This paper is organized as follows: in section 2, the equi-
valence of the DRGA implementation for ITER (now in final
design) and for JET (as optimized just ahead of JET-DTE2)
is highlighted, while the key differences in the configura-
tion of each system’s gas composition sensors and pumps
are delineated. This is done both to provide the latest update
in the design for the ITER DRGA, but also to explain how
both systems manage to provide the desired <1 s response
time for the low mass species, while maintaining operational
resilence in the harsh environment that includes magnetic
fields up to 250mT and ionizing radiation doses in the 104

to 105 Gy range before replacement. In section 3, some spe-
cific, DRGA-based plasma control use-cases are considered,

and model-based control integration is discussed. In section 4
DRGA-based control models are being explored for the first
time. In section 5, controllers are developed based on these
models, and simulations are carried out to show feasibility of
controlling the DT burn with the DRGA. This last section also
includes a repeated simulation but including an assumed 2 s
delay, so represent the anticipated, few-sec equilibration time
for the sub-divertor neutral species concentrations to match
the ones for ion species in the core plasma. In section 6 the
outcome of these studies is discussed and conclusions are
provided.

2. DRGA implementations for JET-DT and for ITER

As the upgrade of the sub-divertor neutral gas analysis sys-
tem on JET for DT compatibility ahead of the DTE2 and
DTE3 Experimental Campaigns took place in collaboration
with the ITER DRGA design team, there are common sensors
and methods, as mentioned. Although the system on JET is
locally known as ‘KT5’ the term DRGA will be used for it in
this paper, because the two systems are functionally equival-
ent. The most fundamental difference in DRGA implement-
ation on JET from what is being designed for ITER is that
the former is local, meaning that the system is physically loc-
ated under the torus, with the full system input connected dir-
ectly to the piping that takes the divertor exhaust to the toka-
mak exhaust system turbo-molecular pumps (TMPs). In this
configuration, good response time is assured by this proxim-
ity and no intentional conductance (e.g. an orifice) is place
at the input of the diagnostic system. In contrast, the ITER
implementation has the system (more specifically the analysis
station of the system) outside the biological shield to allow
for occasional access from maintenance and removal of the
system with minimal exposure time for radiation workers and
without the need for remote handling. As will be seen, this has
required its design to use a novel configuration than includes
such a flow restrictive orifice right at the input of full system.

Most importantly, although this remote implementation
(for ITER, and mostly likely for any future, reactor-like fusion
device) means an extra ∼8m of piping (in the case of ITER)
from sampling region to the analysis station, the cost in
terms of response time is no more that ∼ 3× achieved by
the local system on JET. Specifically, the JET system has
∼0.3 s response time, while the ITER system will have a ∼1 s
response time (at least for the fusion process-relevant low-
mass species). This means that the remote system still meets
the formal ITER design requirements and, as it will be shown
further in this paper, is also sufficient for the control of relevant
plasma core processes. The two configurations are illustrated
in the functional diagrams provided in figure 2. Mechanical
models of the two implementations, and further explanation of
their design, can be found in [2, 4] respectfully for the ITER
and JET systems.

In both configurations shown in figure 2, one notes the pres-
ence the two, key and complementary gas composition sensors
that are integrated into a DRGA analysis station: the optical
gas analyzer (OGA) and the residual gas analyzer (RGA),most
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Figure 2. ITER DRGA final design configuration ((a), remote) versus JET’s upgraded for DT compatibility, functionally equivalent system
((b), local). 3D illustration of these systems can be readily found in [2, 6], respectively. In these 2D functional diagrams, RGA denotes the
mass spectroscopy part of the DRGA system, and based, in both cases on customized versions of commercial Quadrupole Mass
Spectrometers, such as in [8]. OGA denotes the optical gas analysis part of the DRGA measurement, in JET done using Penning discharge
plasma sources, as the one illustrated in [9]. For ITER, alternative, not-necessarily Penning-type, Glow Discharge plasma Sources (GDS)
are being currently studied, and they will be deployed in the Inter-Pump Volume, as discussed in [10]. The latter reference also explains the
additionally novel placement of the second (flow restricting) orifice to maintain optimal pressure for the GDSs, while also mitigating
back-streaming of light gases from the (shared) roughing line back into the Inter-Pump Volume, compromising the sensitivity of the OGA
measurement. The tokamak cross-section image included in this figure is reproduced with permission from the ITER Organisation.

commonly a quadrupole mass spectrometer (QMS). While
in the JET configuration the low-temperature plasma source,
which enables spectral emission for the OGA part of the
DRGA measurement, is directly exposed to the high neutral
pressure environment of the sub-divertor, the ITER design’s
configuration achieves similarly high pressure by recompress-
ing the effluent neutral gas downstream, using the diagnostic
TMPs which are integral to the measurement.

It is worth noting that, while the original innovation that
reversed the ordering of RGA to OGA measurement made
it possible to achieve this ∼1 s response despite the long
sampling pipe (see, e.g. in [1]) more recent design innovation
allowed for full elimination of light impurity back-streaming
into the inter-pump volume, where the OGA measurement
takes place in the ITER configuration. This more recent evol-
ution of the design judiciously places an additional orifice in
the inter-pump region. Despite this added constriction ahead of
the second TMP, lab-based prototyping demonstrated that the
modified design can still maintain the∼1 s response time, even
in the OGA measurement [10]. As mentioned, this response
time is critical in the ability of the DRGA to be responsive

to changes in the main plasma, in plasma-wall equilibration
times.

3. DRGA-enabled plasma-control solutions

The capability of the DRGA to provide highly reliable meas-
urements of species concentrations in both the divertor and the
core makes it suitable for plasma-control applications. Time
delays associated with plasma-wall equilibration times must
be considered during the synthesis of the controller. Figure 3
illustrates the placement of the DRGA in a control loop with
options to be deployed for burn control, divertor control and/or
ICRH, as some of the key use-cases.

The limited time of the JET project, from the comple-
tion of the system upgrade to the beginning of the last JET
experimental campaign (which included pure H and pure T
plasma operation, followed by the two rounds of DT opera-
tions, i.e. DTE2 and DTE3), did not allow for the development
and testing of plasma control based on monitoring changes in
the fuel and helium isotopic content via the DRGA-equivalent
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Figure 3. The DRGA can play a critical role in enabling different solutions for burn control, divertor control and ion-cyclotron
-resonant-heating optimization. The tokamak cross-section image included in this figure is reproduced with permission from the ITER
Organisation.

measurement in the JET sub-divertor. Clearly, this would have
been already of interest in view of similar capability being
development for ITER. As a substitute for these measure-
ments, real time optical spectroscopymeasurements were used
to demonstrate feedback control of the Tritium fraction in JET
DT plasmas [12].

Furthermore, some aspects of such control were touched
upon in [13, 14] ahead of these DT campaigns. Here again,
optical spectroscopy inside the main chamber (e.g. divertor
spectroscopy) was used for sensing changes in the hydrogen
and helium isotopic composition. However, in the case of JET,
some of the sightlines could be seen to be influenced by the dir-
ect gas fuelling from the divertor and commonly not all sight-
lines measured the same isotope ratio. In the case of ITER,
the much larger broadening predicted for the relevant spec-
tral line emission in the boundary, combined with extra com-
plexity in the fitting and interpretation of the spectra due to
larger contributions predicted from reflections off the diver-
tor metal surfaces, will make such measurement nearly unat-
tainable for ITER (see, e.g. related discussion and references
in [4]). Therefore the ability to make such measurements in
the sub-divertor can be further attractive for ITER despite the
longer response time. Nevertheless, although the main motiv-
ation of the present work is in support of ITER (and burn-
ing plasma fusion devices beyond) it is also driven by the
exceptional opportunity to learn as much as possible from
the JET DT experience, with its ITER DRGA-equivalent dia-
gnostic, while designing the diagnostic and its plasma control-
optimized deployment for these future applications.

Along those lines, the following use-cases for DRGA-based
plasma control can be envisioned for ITER, based on the cap-
abilities already exhibited by the JETDRGA and the ones anti-
cipated for the equivalent system on ITER:

3.1. Use-case: burn control by isotopic fueling

Measures of D and T concentrations in the core could enable
burn control by isotopically tailored fueling, where the relative
mix of DT (tritium fraction γ) is regulated in real time [15].
This is a situation inwhich an ITER-typeDRGA (or equivalent
system) would be an ideal sensor.

The fusion power (Pf) in a DT burning plasma is:

Pf = Qfγ (1− γ)n2DT⟨σν⟩, (1)

γ =
nT
nDT

, (2)

nDT = nD + nT, (3)

where Qf = 17.6MeV, ⟨σν⟩ is the reactivity, nT is the tritium
density, and nD is the deuterium density [16]. This burn-control
technique becomes particularly relevant as auxiliary heating
becomes less efficient in modifying ⟨σν⟩ given the magnitude
of the fusion heating.

This control solution demands independent D and T pellet
injectors. These will be the actuators in a control loop as in
figure 3.

3.2. Use-case: divertor protection by particle control

Measures of fuel and impurity concentrations in the diver-
tor/SOL region could enable divertor protection by optim-
ally regulating the amounts of boundary radiation and divertor
detachment. Neon (Ne) is a typical radiative cooling ‘additive’
in the fuel cycle mix and it can be also measured/monitored by
the DRGA. The same is true of Argon (Ar) which was found in
DTE3 to work well in this respect when seeded together with
Ne, as recently reported [17].

The actuators in such a control solution would be fuel and
impurity puffing systems. It is worth pointing out that that the
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timescales for control relevant for avoiding MARFEs (multi-
faceted asymmetric radiation from the edge) and rapid reat-
tachment are much too fast for this control, but the DRGA
could potentially be used to modify, for example, the degree
of detachment given a stable and broad operational window.

3.3. Use-case: ICRH optimization by 3He control

3He minority heating and 2nd harmonic heating of T are the
two main ICRH schemes foreseen for ITER full-field opera-
tion in D–T plasmas; they were successfully applied in JET-
DTE2 to enhance core plasma heating (supplementing NBI)
and thus DT burn [7]. As will be illustrated in section III.D,
the supplemental heating is strongly sensitive to the 3He con-
centration. (The heated 3He ions then efficiently transfer their
energy to the T+ ions, which have the same mass). Thus, real-
time measurement and control of 3He concentrations could
enable optimization of ICRH by optimally regulating heat-
ing efficiency and contributing in this way to effective plasma
heating and burn control. The fact that this could be done with
a DRGA-based sensor results from recent demonstration on
JET that, with only minor optimization of existing JET-DRGA
hardware, it was possible to resolve 3He from 4He and reliably
measure 3He/(D+T) with a fraction of 1% detection limit [9].

The key actuator for this control solution would be an inde-
pendent 3He puffing system.

3.4. Model-based control integration

All these control use-cases (burn control, divertor control,
ICRH optimization) are strongly coupled. An actuator com-
manded by one controller affects plasma states regulated by
other controllers. An integrated control solution demands a
model-based design combining core/divertor fueling and heat-
ing [18]. Such an integrated solution could leverage simul-
taneous measurement of multiple species concentrations by
DRGA, including H, D, T, 3He, 4He, Ne, to name a few key
ones already in the requirements for the ITER DRGA.

Along these lines, an integrated control solution strongly
based on the very recently demonstrated 3He detection capab-
ility for the DRGA makes an ideal focus for the present study,
which aims to show feasibility for DRGA-based plasma con-
trol. One important reason for this is that the recent JET-DT
experience with ITER DRGA prototypical sensors and meth-
ods provides already evidence of DT burn sensitivity to 3He
concentration, as monitored with the JET-DRGA. This is seen,
for instance, in figure 4, in which relevant signals from one of
the performance plasmas of the DTE2 campaign are plotted.

In the figure, top panel to bottom panel, one sees (a) the
total neutral beam power, which is the primary source of aux-
iliary power and is nearly the same in the two plasma pulses,
and the ICRH power, with antenna power modulated in the
late part of one of the pulses; (b) the line averaged electron
density, also similar in the two pulses; (c) the resulting 3He
concentrations, as determined from the sub-divertor measure-
ment, plotted in the same panel with the 3He injection program
time traces (i.e. the dashed lines of the same corresponding
colors) which are different for the two pulses; (d) the neutron

rate, which is an indicator of DT fusion burn, and showing a
peak value at the time marked by the vertical dashed line; (e)
the total energy content of the plasma discharge; and (f ) the
central ion temperature from charge-exchange spectroscopy.
Although both (e) and (f ) show a peak value at the time when
the 3He concentration is at 2%, the effect is most notable in
the neutron rate signal.

This peaking of the neutron rate is understood as resulting
from a competition between fuel dilution by the added 3He,
which would decrease DT fusion performance, and ICRH ion
heating (also from increased 3He concentration) which would
tend to increase DT fusion performance DT fusion perform-
ance. Optimum for achieving highest neutron rate is around
2% for these tow, high- performance JET-DTE2 plasma dis-
charges. Although in this present study, a control model is
being explored for ITER (in the future) and not for JET
(which has now permanently shutdown) the plot in figure 4
clearly shows the sensitivity of DT burn to 3He concentration,
and motivates the present study given that this ICRH heating
scheme is expected to be deployed also for ITER.

In further support of the significance of the application for
integrated control model, it is noted that ICRH is of interest
both for pre-DT and for DT operations on ITER, providing not
only additional heating of core plasma ions, but also a barrier
to W accumulation in the core [19]. In JET-DTE2, the ICRH
heating scheme based on small concentrations of 3He was
shown to be quite effective in heating ions in JET DT plasmas
and thus promising for similar impact in ITER DT operations.
In the same experimental campaign, the sameOGA that will be
integral to the ITERDRGAwas shown to provide reliable 3He
concentration measurements down to fractions of 1%. This is
important both in the mentioned ICRH scheme for DT plas-
mas, but also as a safety measurement, when it is important to
reduce 3He down below 1% to avoid spurious resonances near
the boundary layer (typically at the outer wall, in the presence
of 3He) that can damage PFCs [9, 11]. No other diagnostic can
measure this species at such low concentrations.

4. A first exploration of DRGA-based control model
options

As discussed in the previous section, ‘real life’ data from JET-
DTE2 clearly highlight the sensitivity of the burn on 3He con-
centration, which we can anticipate in ITER operation with
similar ICRH coupling scheme implemented to provide addi-
tional heating to the T ions. An example of the ICRF power
absorbed per species expected in ITER DT operation is shown
in figure 5 as function of the 3He concentration. These res-
ults were obtained with the 1D TOMCAT code, as in [22] but
extended to DT plasmas, assuming a 50:50 DT mix with Bo

= 5.3 T and ICRF frequency f = 52MHz. The solid (black)
line represents the total single pass absorption of the ICRF
wave, which indicates the global heating efficiency of this
ICRF scheme as function of the 3He concentration.

With these numbers at hand, a DRGA-enabled, nonlinear
burn controller is then constructed from a control-oriented
plasmamodel. This controller regulates the plasma energy and
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Figure 4. Data from two JET plasma pulses using 3He and 2nd harmonic T heating [7, 11]. (a) NBI power, in dashed lines, and the ICRH
power, in solid lines; (b) ne, central sightline averaged; (c) the 3He injection program, in dashed lines, and the resulting 3He concentrations,
as determined from the sub-divertor OGA measurement, shown in solid lines; (d) the neutron rate, which is an indicator of DT fusion burn;
(e) the total energy content; and (f ) the central ion temperature. The dashed vertical line indicates the time at which 2% 3He is reached in
JET Pulse 99 629; this time is clearly coincident with a substantial peaking in the neutron rate; there is also peaking in the central ion
temperature, albeit not as clear as in the neutrons signal. The other JET pulse (99 633) exhibits always much higher 3He concentration and it
is clearly missing this peaking in fusion burn that is enabled with the added heating from this 3He based ICRH coupling scheme for these
JET-DT scenarios.

density by making requests for auxiliary power and external
fueling. These control requests are satisfied using the fol-
lowing actuator systems: neutral beam heating, ion cyclo-
tron heating and DT pellet injection. If these actuator sys-
tems saturate, the controller will not be able to achieve the
reference targets for the plasma energy and density. Taking
advantage of real-time measurements from the DRGA, this
burn controller includes a policy to dynamically compensate

for ICRF power saturation. If the ICRF power saturates,
the controller will automatically regulate the 3He concentra-
tion in the plasma’s core using 3He gas puffing from the
mid-plane valve. By modulating the 3He gas injection rate,
the controller increases or decreases the 3He concentration
such that the ICRF power absorption is improved in accord-
ance to figure 5. With the improved ICRF power absorp-
tion, the power output of the ICRF system will desaturate,

7
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Figure 5. ICRH power absorption curves from TOMCAT simulations. It is noted that while this code has not been formally validated
against JET DT data, it has been validated against data from JET pure D plasma and, more recently, against WEST tokamak D plasmas, as
indicated in [20, 21], respectively.

allowing the controller to drive the plasma to the reference
targets.

For the controller and the associated simulations, the key
measurement for the 3He gas injection actuator is the DRGA.
As mentioned, it is providing the concentration of 3He in the
sub-divertor (in terms of the neutral gas composition there)
which is assumed to correspond to the concentration in the
main plasma (in terms of the ion concentrations there) albeit
with a delay that depends on plasma-wall equilibration. The
modeling study then also explores the potential impact of this
delay on the ability to provide this control function with the
DRGA. The DRGA also provides measurements for the con-
centrations of the other ion species including deuterium, tri-
tium and alpha-particles.

In the remainder of this section, the burning plasma
model, from which the nonlinear controller was synthesized,
is presented. This model captures the highly nonlinear and
coupled dynamics of the plasma’s ion energy, electron energy
and the density of each of the ion species. Furthermore,
this plasma model is used to run the closed-loop simulations
presented in section 5.2.

4.1. Density response models

In this burning plasma model, there are five ion species: deu-
terium (D), tritium (T), alpha particles (denoted as α or 4He),
helium-3 (3He), and an additional impurity with atomic num-
ber ZI. Respectively, their densities nD, nT, nα, nHe3, and nI are
governed by

ṅD =−nD
τD

− Sα + SrecD + SinjD , (4)

ṅT =−nT
τT

− Sα + SrecT + SinjT , (5)

ṅα =−nα
τα

+ Sα, (6)

ṅHe3 =−nHe3
τHe3

+ SgasHe3, (7)

ṅI =−nI
τI

+ SspI , (8)

where each term is expressed in units of m−3s−1. The pellet
injectors fuel deuterium (4) and tritium (5) at controlled rates
of SinjD and SinjT , respectively. Assuming that there are two pellet
injectors,

SinjD = (1− γp1)S
pel
1 +(1− γp2)S

pel
2 , (9)

SinjT = γp1S
pel
1 + γp2S

pel
2 , (10)

where Spel1 and Spel2 are the fueling rates from the two pellet
injectors, and γp1 and γp2 are the tritium fractions of the pellets
sourced from their respective injectors. In (7), the controlled
injection rate of 3He is given by SgasHe3, which is assumed to
come from the mid-plane gas valve.

Due to plasma-wall interactions, there exists uncontrolled
wall-recycling sources for deuterium and tritium that are given
by SrecD and SrecT in (4) and (5). The ZI-impurity also has
an uncontrolled wall-sputtering source SspI . These three wall
sources are given by

SrecD =
feff

1− fref (1− feff)

{
fref

nD
τD

+

(
nD
τD

+
nT
τT

)
(11)

×
(
1− γPFC

)[ (1− fref (1− feff))Reff

1−Reff (1− feff)
− fref

]}
,

SrecT =
feff

1− fref (1− feff)

{
fref

nT
τT

+

(
nD
τD

+
nT
τT

)
(12)

× γPFC

[
(1− fref (1− feff))Reff

1−Reff (1− feff)
− fref

]}
,

SspI =f spI

(
n
τI

+ ṅ

)
, (13)

8
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where Reff is the global recycling coefficient, feff is the
recycled-particle fueling efficiency, fref is the fraction of escap-
ing particles that are reflected back into the plasma, γPFC is
the recycled particles’ tritium fraction, and fspI is the sputter-
ing fraction. A derivation for the particle recycling terms (11)
and (12) is provided in [18].

The DT reaction rate density, which depends on the react-
ivity ⟨σν⟩, is given by

Sα = nDnT⟨σν⟩. (14)

With the ion temperature Ti expressed in keV,

⟨σν⟩= C1ω
√
ξ/
(
mrc2T3i

)
e−3ξ, ξ =

(
B2
G/4ω

)1/3
(15)

ω= Ti

[
1− Ti (C2 +Ti (C4 +TiC6))

1+Ti (C3 +Ti (C5 +TiC7))

]−1

, (16)

where the constants BG, mrc2 and Cj for j∈{1, . . .,7} can be
found in [23].

In (4)–(8), τD, τT, τα, τHe3, and τI are the particle confine-
ment times. The plasma’s tritium fraction γ and the DT density
nDT are given by (2) and (3) in section 3. Respectively, the total
ion density ni, the electron density ne, and the effective atomic
number Zeff are given by

ni = nDT + nα + nHe3 + nI, (17)

ne = nDT + 2nα + 2nHe3 +ZInI, (18)

Zeff =
nDT + 4nα + 4nHe3 +Z2I nI

ne
, (19)

where (18) is the quasi-neutrality condition. The total plasma
density is sum of the ion and electron densities: n= ni + ne.

4.2. Energy response models

All of the ion species are assumed to share the same temperat-
ure (Ti), which is distinct from the temperature of the electrons
(Te). The response models for the ion energy (Ei = 3

2niTi) and
the electron energy (Ee =

3
2neTe) are

Ėi =− Ei

τE,i
+ϕαPα +Pei +Paux,i, (20)

Ėe =− Ee

τE,e
+(1−ϕα)Pα−Pei−Pbr+Poh+Paux,e, (21)

where each term is in units of Wm−3. The alpha-particle heat-
ing is given by Pα = QαSα where Qα = 3.52 MeV, and the
fraction of Pα that is deposited into the plasma’s ion popula-
tion is ϕα (the remainder heats the electrons).

The bremsstrahlung radiation losses, the ohmic heating,
and the ion-electron collisional power exchange are given by

Pbr = 5.5× 10−37Zeffn
2
e

√
Te[keV], (22)

Poh = 2.8× 10−9ZeffI
2
pa

−4 (Te[keV])
−3/2

, (23)

Pei=
3
2
ne
Te −Ti
τei

, (24)

where Ip and a are the plasma current and minor radius. The
energy relaxation time [24] is

τei=
3π

√
2πε20T

3/2
e

e4m1/2
e lnΛe

∑
ions

mp

npZ2p
, (25)

where e= 1.622× 10−19 C, me = 9.1096× 10−31 kg, and
ε0 = 8.854× 10−12 Fm−1. The natural logarithm is defined
as Λk = 1.24× 107T3/2k /(n1/2e Z2eff) for k ∈ {i,e}. The summa-
tion, which includes the ion mass mp and the atomic number
Zp, is taken over all of the ion species: p ∈ {D,T,α,He3, I}.
In (20) and (21), the ion and electron energy confinement times
are represented by τE,i and τE,e.

ITER’s various plasma-heating actuator systems deliver
powers Paux,i and Paux,e to the ions and electrons, respectively.
In this work, the auxiliary heating methods include neutral
beam injection (NBI) and ion cyclotron range of frequencies
(ICRF) heating such that

Paux,i = ϕic,iPic +ϕnbηnbPnb, (26)

Paux,e = ϕic,ePic +(1−ϕnb)ηnbPnb, (27)

where Pnb and Pic are the injected NBI and ICRF powers,
respectively. The fraction ϕnb of the NBI power is delivered to
the ions, while the remainder is delivered to the electrons. The
overall heating efficiency of the NBI is ηnb ⩽ 1. The amount
of ICRF power that is absorbed by the ions and the electrons
(ϕic,i and ϕic,e) is a function of the 3He concentration

X[He3] (%) =
nHe3
ne

× 100, (28)

as defined by figure 5. In figure 5, the fraction of the ICRF
power absorbed by the electrons is given by the blue curve
(ϕic,e), and the black curve defines the total ICRF power
absorption by the entire plasma (i.e. the ICRF heating effi-
ciency). Therefore, the ICRF power absorbed by the ions (ϕic,i)
can be found by subtracting the blue curve from the black
curve. In (26) and (27), a term for the overall heating efficiency
of the ICRF system (ηic ⩽ 1) is not included because the data
presented in figure 5 already incorporates it.

Both the alpha-particle power (Pα) and the neutral beam
power (Pnb) heat the plasma by introducing highly kinetic ‘fast
ions’ that collide with the surrounding plasma particles [16].
As discussed above, these fast ions deposit a fraction, denoted
as ϕf for f ∈ {α,nb}, of their energy into the plasma’s ion pop-
ulation, while the remainder goes to the plasma’s electron pop-
ulation. A derivation of the following formula can be found
in [25]:

ϕf =
1
x0

1
3
ln
1−x

1
2
0 +x0(

1+ x
1
2
0

)2+ 2√
3

(
tan−1 2x

1
2
0 −1√
3

+
π

6

) , (29)

where x0=εf0/εc is the ratio between the fast ion’s initial kin-
etic energy and the critical energy. The critical energy [26]

εc = m−1/3
e Af

Te

n2/3e

(
3
√
π lnΛi

4lnΛe

)2/3
(∑

ions

npZ2p
Ap

)
, (30)
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Figure 6. Using measurements provided by the DRGA and other diagnostics, the burn controller computes the auxiliary ion power (P̄aux,i),
auxiliary electron power (P̄aux,e), external deuterium injection (S̄injD ), and external tritium injection (S̄injT ) that will drive the plasma towards
the reference targets for the ion energy (Ei), electron energy (Ee), plasma density (n), and tritium fraction (γ). These control requests are
then mapped to the outputs of the actuators: the ICRF power (Pic), the neutral beam power (Pnb), and the fueling rates of the two pellet
injectors (Spel1 and Spel2 ). If Pic or Pnb saturate at their maximum or minimum values, then He-3 gas puffing (SgasHe3) is employed to modulate
the He-3 concentration. This changes the ICRF power absorption such that the actuator power desaturates and the plasma can be driven to
the reference targets.

depends on the atomic mass of the fast ion Af for f∈{α,nb}
and the atomic mass of each of the ion species Ap for p ∈
{D,T,α,He3, I}. Also, me is expressed in amu in (30). For
the calculation of ϕα using (29) and (30), the initial kinetic
energy is εα0 = Qα and the atomic mass of an alpha-particle
is Aα = 4. ITER’s NBI system will use deuterium particles
with 1MeV of kinetic energy [27]. Therefore, ϕnb is computed
using εnb0 = 1 MeV and Anb = 2.

The confinement times shown in (4)–(8) and (20), (21) are
assumed to be directly proportional to the global energy con-
finement time τE. Therefore, τE,i = ζE,iτE, τE,e = ζE,eτE, and
τp = ζpτE for p ∈ {D,T,α,He3, I} where ζE,i, ζE,e, and ζp for
p ∈ {D,T,α,He3, I} are constant. The IPB98(y,2) scaling law
for the global energy confinement time [28] can be written as

τE = 0.0562×HKP−0.69
tot V−0.69n0.41e , (31)

where H is the H-factor, V is the plasma volume, ne is in units
of 1019 m−3, and the total plasma power (MW m−3) is

Ptot = Paux,i +Paux,e +Pα +Poh −Pbr. (32)

In (31), K= I0.93p B0.15
T M0.19R1.97ϵ0.58κ0.78 where BT is the tor-

oidal field, R is the plasma major radius, ϵ=a/R, κ is the
vertical elongation at 95% flux surface, and M=3γ+2(1−γ).
Respectively, Ip, BT, R, a, κ and V are equal to 15 MA, 5.3 T,
6.2 m, 2 m, 1.7, and 837 m3 for ITER operation.

5. Findings from the exploratory, DRGA-based
control model simulations

5.1. Burn control design

To illustrate the potential of using the DRGA for burn con-
trol applications, a nonlinear burn controller was designed
using the plasmamodel presented in section 4. This Lyapunov-
based controller [29] is similar to the designs presented in
prior works [30, 31] except that it exploits the dependence
the ICRF power absorption on the 3He concentration in the
plasma’s core, which is measurable due to the DRGA. By con-
trolling the 3He gas injection (SgasHe3) into the plasma, the con-
troller can regulate the helium-3 concentration (28) such that
the ICRF power absorption is either increased or decreased
in accordance with figure 5. Therefore, SgasHe3 can be used to
regulate the plasma energy. Because the control synthesis is
similar to the aforementioned prior works, particularly [30],
details on the design of the control algorithm have been omit-
ted from this work. A step-by-step derivation of the controller
discussed here, which is used in the simulation study presented
in section 5.2, can be found in [32].

Figure 6 presents a diagram of the closed-loop system.
Using control laws that are computed withmeasurements from
the DRGA and other diagnostic tools, the controller determ-
ines the amounts of external deuterium injection (S̄injD ), external
tritium injection (S̄injT ), auxiliary ion heating (P̄aux,i) and aux-
iliary electron heating (P̄aux,e) necessary to drive the plasma
dynamics towards user-defined reference targets for the ion
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Figure 7. (a)–(d) The reference tracking for Ei, Ee, n, and γ is shown. It is unsuccessful for t< 50 s because of the saturation of the ICRF
power. The reference tracking only succeeds after the He-3 gas injection is activated at t= 50 s. (e), (f ) This is caused by the increase in the
He-3 concentration, which improves the plasma’s ICRF power absorption. [Simulation #1].

energy density Ei, electron energy density Ee, total plasma
density n and tritium fraction γ. These control requests are
mapped to the pellet injectors, ICRF systems and the neutral
beam injectors using (9), (10), (26) and (27). Because there
are four control requests (S̄injD , S̄injT , P̄aux,i and P̄aux,e) and four
actuators (Spel1 , Spel2 , Pic and Pnb), the required output of each of
the actuators can be solved immediately for the given control
requests. If there were more actuators than control requests,
which would be the case if electron cyclotron heating was also
considered, then an allocation algorithm would be required
to optimally map the actuator outputs to the control requests.
Such an algorithm was presented in prior work [31], but it is
excluded from this work for the sake of brevity.

If the ICRF power (Pic) or the NBI power (Pnb) saturate
at their maximum or minimum values, then the actuators will
fail to produce the controller’s requests for external heating.

In other words, the auxiliary power produced by the actuat-
ors (Paux,i and Paux,e from (26) and (27)) will not match the
amounts requested by the controller (P̄aux,i and P̄aux,e). As a
result, the plasma system will not be driven to the reference
targets. To overcome this obstacle, the controller is designed
to automatically change the 3He concentration using helium-3
gas injection (SgasHe3) in order to desaturate the auxiliary power,
allowing the control requests to be met (Paux,i = P̄aux,i and
Paux,e = P̄aux,e). With the control requests satisfied, the plasma
system can be driven to the reference targets.

5.2. Simulation study

In this section, the potential of DRGA-enabled burn control is
illustrated in a simulation study. Using the controller described
in section 5.1, two closed-loop simulations of the burning
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Figure 8. (a) and (b) The auxiliary power requested by the controller versus the auxiliary power produced by the actuators. (c) The power
output of the ICRF and NBI systems. (d) The ICRF power absorption (determined by the results in figure 5). (e) The gas puffing rate for
He-3. (f ) The controller’s requests for external DT fueling and the output of the pellet injectors. [Simulation #1].

plasmamodel (section 4) were completed. In both simulations,
the controller aims to drive the plasma to the following refer-
ence targets: Ei = 1.78× 105 Jm−3, Ee = 2.09× 105 Jm−3,
γ= 0.5 and n= 1.07× 1020 m−3. The two simulations share
the same initial conditions and model parameters. In regard
to the plasma confinement properties, H, ζE,i, ζE,e, ζD, ζT, ζα,
ζHe3 and ζ I were set to 1.1, 1.2, 1.05, 4, 2, 4, 4 and 5, respect-
ively. In regard to the particle sources from the walls, Reff =
0.7, feff = 0.4, fref = 0.6, γPFC = 0.65 and fspI = 0.02. The sat-
uration point for the NBI and ICRF power output (Pnb and Pic)
were both set to 40MW. For the pellet injection, γp1 = 0% and
γp2 = 90%. Finally, ηnb = 95% and ZI = 4.

The setup for the two simulations differ in one aspect only.
In simulation #1, the helium gas injection is forced to be zero
for the first 50 s of the simulation (SgasHe3 = 0 for t< 50 s) such
that the helium-3 density remains at its initial condition of
zero (nHe3 = 0 for t< 50 s). In Simulation #2, SgasHe3 = 3.5×
1017 m−3s−1 for t< 50 s such that the 3He density climbs
to a high value. In both simulations, this is done so that the
3He concentration is at a value that corresponds to poor ICRF
power absorption in the plasma. With the optimal 3He con-
centration being 3% according to figure 5, the 3He concen-
tration is too low in the beginning of Simulation #1 and too
high in the beginning of Simulation #2. With the poor ICRF
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Figure 9. (a) The ion and electron temperatures. (b)–(d) The total plasma power, the alpha-particle power and the radiation power. (e), (f )
The electron density and the effective atomic number. [Simulation #1].

power absorption, the ICRF power saturates (Pic = 40 MW)
in the beginning of both simulations. After t= 50 s, SgasHe3 is
no longer forced to be a fixed value, permitting the controller
to increase or decrease SgasHe3 to control the 3He concentration.
In both simulations, the controller automatically computes the
necessary change in the 3He concentration that would improve
the ICRF power absorption enough to desaturate Pic.

In addition to studying the potential of 3He gas injection for
controlling the plasma energy, it is also of interest to explore
the impact of the DRGA response time, especially for the
remote system to be deployed in the ITER divertor where the
response time is ∼1 s for the fuel cycle, low atomic mass spe-
cies and somewhat higher for the radiate cooling gases. To
study this, a two-second delay is applied to all DRGA-relevant
measurements received by the controller. This includes the

density and concentration of all of the ion species in the
plasma’s core: deuterium, tritium, alpha-particles, and 3He.

The results of simulation #1 are shown in figures 7–9. In
the beginning of the simulation where SgasHe3=0 for t<50 s, the
ion and electron energies (Ei and Ee) fail to reach their refer-
ence targets. The cause for this can be seen in figures 8(a) and
(b). One can see that the control requests for the external heat-
ing (Paux,i and Paux,e) cannot be delivered because the ICRF
power (Pic) saturates at 40 MW (figure 8(c)), i.e. reached the
maximum power that can be supplied by the external RF elec-
tronics (sources, transmission lines and RF matching circuits)
without having coupled the desired energies into the main
plasma. This is then the cause of the problem that triggers the
following solution once the controller is permitted to modulate
SgasHe3 at t=50 s: the controller automatically computes the 3He
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Figure 10. (a)–(d) The reference tracking for Ei, Ee, n, and γ is shown. It is unsuccessful for t< 50 s because of the saturation of the ICRF
power. The reference tracking only succeeds after the He-3 gas injection is activated at t= 50 s. (e), (f ) This is caused by the increase in the
He-3 concentration, which improves the plasma’s ICRF power absorption. [Simulation #2].

concentration that will improve the ICRF power absorption
enough to desaturate the ICRF power. The controller responds
by changing the injection level (increasing in this example) of
3He into the plasma. As shown in figure 7(f ), the controller
increases the 3He concentration from 0% to 0.95%.

As a result of this change, Ei and Ee reach their refer-
ence targets. Looking at the resulting effect in more detail,
in figure 7, one sees that the total ICRF power absorption
increases from 69% to 90%, with absorption by the ions
increasing from 33% to 63%, while the absorption by the elec-
trons decreases from 36% to 27%. The result is a desatura-

tion of the ICRF power, allowing the actuators to deliver the
requested Paux,i and Paux,e. In addition to regulating the plasma
energy, the controller also drives n and γ to their reference
targets (see figures 7(c) and (d)) despite the two-second delay
applied to the ion density measurements. Finally, important
plasma conditions, including the alpha-particle power and the
electron density, are plotted in figure 9.

The key observations of simulation #2 are similar to sim-
ulation #1. Figures 10–12 show the results of simulation #2,
where SgasHe3=3.5×1017 m−3s−1 for t<50 s. For t<50 s, the
3He concentration climbs from 0% to a maximum of 9.18%
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Figure 11. (a) and (b) The auxiliary power requested by the controller versus the auxiliary power produced by the actuators. (c) The power
output of the ICRF and NBI systems. (d) The ICRF power absorption (determined by the results in figure 5). (e) The gas puffing rate for
He-3. (f ) The controller’s requests for external DT fueling and the output of the pellet injectors. [Simulation #2].

(see figure 10(f )). As shown in figure 11(c), the ICRF power
starts the simulation at the maximum saturation point of
40 MW, desaturates for a brief window when the 3He concen-
tration becomes more favorable, and saturates again once the
3He concentration becomes too high for efficient ICRF power
absorption.

Because the ICRF power is saturated at t= 50 s, the control-
ler cannot achieve its reference targets for the plasma energy
(figures 10(a) and (b)). Once the controller is given control of
the helium gas injection at t= 50 s, it lowers the injection rate
(figure 11(e)) such that the 3He concentration drops to 4.54%.

This causes the total ICRF power absorption to increase from
73% to 93%, the absorption by the ions to increase from
32% to 64%, and the absorption by the electrons to decrease
from 41% to 29% (figure 11(d)). As a result, the ICRF power
(figure 11(c)) desaturates, and Ei and Ee are driven to their ref-
erence targets (figures 10(a) and (b)). The total plasma dens-
ity and the tritium fraction (figures 10(c) and (d)) are also
brought to their reference targets despite the DRGA meas-
urement delays. Finally, figure 12 shows other quantities that
may be of interest, including the temperature and the radiation
losses.
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Figure 12. (a) The ion and electron temperatures. (b)–(d) The total plasma power, the alpha-particle power and the radiation power. (e)–(f )
The electron density and the effective atomic number. [Simulation #2].

6. Discussion and conclusions

Regarding the exploration of potential impact from a 1 s delay
based on the ITER divertor DRGA system design, it should
be recalled that the equilibration between plasma core and
sub-divertor, in terms of gas species and isotopic composi-
tion, is expected to be of the order of several seconds [4].
Thus, it is not the design of this diagnostic system but the
inherent time to bring the wall, including the sub-divertor
region into equilibrium that would produce such ‘delay’ for
the effect of the controllers. Nevertheless, it is encouraging
to see, in these exploratory simulations, the impact is negli-
gible and, therefore, this study clears the way for the feasibil-
ity of reactor environment-compatible, DRGA-based control,
at least for this first, ITER DT phase-relevant, core heating
use-case.
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