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Abstract. Deuterium pellets are injected into initially pure hydrogen H-mode plasma 

in order to control H:D isotope mixture. The pellets are deposited in outer 20% of minor 

radius, similar to that expected in ITER creating transiently hollow electron density 

profiles. The isotope mixture of H:D ~ 45:55% is obtained in the core with pellet 

fuelling throughput of Φ𝑝𝑒𝑙 = 0.045 𝑃𝑎𝑢𝑥 𝑇𝑒,𝑝𝑒𝑑⁄  similar to previous pellet fuelling 

experiments in pure deuterium. Evolution of H:D mix in the core is reproduced using  

simple model although deuterium transport could be higher at the beginning of the 

pellet train compared to the flat top phase.   
  

1. Introduction  

To maximise power produced by a fusion reactor the deuterium-tritium isotope mixture should be kept 

close to 50:50%. This can be achieved simply by fuelling the reactor by pre-mixed DT fuel. Such 

fuelling scheme would avoid isotope separation in reactor’s outer fuel loop and leaves only the necessity 

to separate hydrogen isotopes from helium and impurities. Avoiding isotope separation will reduce the 

cost of the reactor but more importantly it will decrease the dwell time of tritium in the outer loop and 

reduce the amount of tritium in a reactor.  

Removing the isotope separation completely from the fuel loop could however make an isotope 

mix control impossible. The deuterium – tritium ratio in the plasma core can gradually drift from pre-

mixed value due to a number of reasons. Firstly, gyrokinetic analysis and modelling have identified 

mechanisms for tokamak particle transport coefficient differentiation between hydrogenic isotopes [1, 

2, 3, 4], although in practice the resultant density profile separation is expected to be weak; the isotope 

dependence of pedestal transport is more uncertain however.  Secondly, for engineering reasons neutral 

beams are likely to inject pure deuterium as planned on ITER. Although the fuelling efficiency of 

neutral beams is low it is still comparable to the fusion rate and thus beams could lead to excess of D  
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in plasma core. It could be mentioned here however that in ITG regimes the sensitivity of isotope 

peaking to isotope source is expected to be weak [4, 5], and depends more on core isotope boundary  

conditions and the electron density peaking. Finally, the departure from a 50:50% isotope mix can arise 

from different particle exhaust and wall recycling for deuterium and tritium and impacting the core 

boundary conditions. Due to all these uncertainties ITER is planning full isotope separation and two 

sets of pellet injectors, one for pure tritium and one for pure deuterium [6, 7]. In DEMO a compromised 

solution with partial separation (bypass) is considered [8]. 

The requirement for accuracy of isotope mix control itself is not very demanding. At fixed 

electron density, ignoring helium and impurities, keeping fusion power within say 5% of its maximum  

value requires the deuterium–tritium density ratio within of 𝑛𝑇/(𝑛𝐷 + 𝑛𝑇) = 0.4 − 0.6.  The main 

uncertainty is the time scale at which the isotope ratio should be controlled in this window and what 

throughput of pure tritium is required to achieve that.   

This question cannot be answered directly even on JET as the pellet injector is not designed to 

operate in tritium. Nevertheless, pellet fuelling experiments can be designed in JET which address the 

aforementioned problem partially. Firstly, deuterium pellets could be injected into plasma which was 

pre-fuelled by tritium gas and beams, and such an experiment is proposed for the next DT campaign in 

JET. Another possibility of how to contribute is to inject combinations of hydrogen and deuterium 

pellets and observe and understand different isotope behaviour. The present paper describes one such 

experiment in which pure deuterium pellets were injected into hydrogen plasma and successfully 

 

Figure 1. Temporal evolution of relevant parameters during the isotope control experiment. Traces 

from the top to the bottom: (a) isotope mix ratio from: Balmer line spectroscopy - red line, Penning 

pressure gauges in divertor - blue line, CX spectroscopy at R=3.43m – blue symbols,  (b) core line 

integrated density 𝑛𝑒𝐿,  (c) hydrogen gas puff rate, (d) isotope mix ratio profile from CX 

spectroscopy for time interval shown by vertical lines on panel (a), vertical lines in panel (d) represent 

separatrix and magnetic axis respectively. For given radius different data points represent different 

times.    

 



3 
 

maintained the H:D isotope mix close to the 50:50% target. We note that isotope control using pre-

mixed HD pellets was performed on ASDEX Upgrade [9] including very detailed documentations of 

the preparation and diagnostics of mixed isotope pellets.   

 

2. Experimental setup 

The experiment was performed on JET with ITER like walls with plasma current I𝑝 = 1.4𝑀𝐴 and 

toroidal field on geometric axis B𝑇 = 1.7 𝑇. The divertor was in corner configuration for both inner and 

outer leg. Plasma fuelling was provided by hydrogen gas with a rate of Φ𝐻2,𝑔𝑎𝑠 = 6.7 × 1021 𝑎𝑡/𝑠,  

which was reduced to 5.2 × 1021 𝑎𝑡/𝑠  during the pellet phase (see figure 1c).  

The plasma was heated by hydrogen neutral beams with total flat top power of 𝑃𝑁𝐵𝐼 = 6.3𝑀𝑊. 

The corresponding particle source from beams is Φ𝐻2,𝑁𝐵𝐼 = 1.5 × 1021 𝑎𝑡/𝑠. In addition, RF heating 

at second harmonic hydrogen resonance (ω = 2𝜔𝑐𝐻,  51MHz) is used with total power of  𝑃𝑅𝐹 =

3.3𝑀𝑊 so that the total auxiliary heating power during flattop is 𝑃𝑎𝑢𝑥 = 9.6𝑀𝑊. 

After stationary hydrogen H-mode is established, additional fuelling by deuterium pellets from 

the high field side is applied (see figure 1b). Each pellet causes a sharp increase of the line integrated 

plasma density. The nominal pellet volume given by extruder is 40𝑚𝑚3 but by using the “double cut” 

technique we reduced the pellet volume approximately by a factor of two to get closer to ITER situation. 

Before pellets are injected into the plasma their frequency and size are measured by microwave cavity 

utilising the change of resonance in the presence of pellet. The averaged values over the interval t =

12.2 − 15.0s are  𝑓𝑝𝑒𝑙 = 9.7𝐻𝑧  for pellet frequency and N𝑝𝑒𝑙 = 8.5 × 1020 𝑎𝑡 for pellet particle 

contents so that the pellet fulling rate is Φ𝑝𝑒𝑙 = 8.2 × 1021 𝑎𝑡/𝑠. The pellet velocity is ~90m/s. 

 

3. Measurement of isotope mix ratio  

During pellet injection of deuterium pellets into hydrogen plasma the isotope mix ratio was measured 

by four independent methods as listed below. 

 

3.1 From neutrals 

Figure 1a shows the ratio 𝑛𝐷/(𝑛𝐻 + 𝑛𝐷) as measured by Balmer-alpha spectroscopy in the divertor and 

in the Penning gauges in the subdivertor.  The values agree well which is not surprising as both methods 

measure isotope mix ratio of neutrals in the divertor region. It can be also observed that both ratios need 

about 2 seconds to reach the flattop value of: 

𝑛𝐷/(𝑛𝐻 + 𝑛𝐷)𝑒𝑑𝑔𝑒 𝑛𝑒𝑢𝑡𝑟𝑎𝑙𝑠 ≈ 0.35. 

3.2 From CX  

The Charge Exchange (CX) spectroscopy signal measures the isotope ratio of ions in the plasma core. 

The method fits two Gaussian functions to the hydrogen and deuterium Balmer lines assuming the same  
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temperature for both isotopes. The key element of the fit is a subtraction of passive background light  

using beam modulation and subtraction of passive frames without ELMs or pellets during the exposure  

time from similar frames during the beam on time. The details of this diagnostics will be published 

elsewhere. In our case the isotope mix ratio can be evaluated well inside the plasma with some limitation  

close to magnetic axis and outer part of the plasma where error bars become very large. The CX method 

gives the flattop value of (figure 1a, 1d): 

𝑛𝐷/(𝑛𝐻 + 𝑛𝐷)𝑅=3.1−3.4𝑚 ≈ 0.45. 

This core value is somewhat higher than the neutral gas measurements from the edge plasma.  

 

3.3 From neutrons 

The isotope mix ratio can be deduced indirectly from a neutron rate. Figure 2a shows that application 

of deuterium pellets causes an increase of neutron rate from virtually zero to the flat top value of   𝑅𝑛 =

 (3−4) × 10121/𝑠, confirming that the deuterium from pellets penetrated into the plasma core and  

produced DD fusion reactions. Assuming that all neutrons are the result of a thermal DD reaction and 

knowing the density and temperature profiles one can convert the neutron rate into the isotope mix ratio 

in the centre. The problem is the discrete nature of pellet fuelling which makes the plasma density  

 

Figure 2. Simulation of isotope mix by JETTO code. (a) total neutron rate 𝑅𝐷𝐷,𝑡ℎ, (b) core line 

integrated density 𝑛𝑒𝐿, (c) central electron temperature from Thomson scattering (blue + symbols) 

and central ion temperature as imported into JETTO (red line), (d) calculated central isotope mix ratio 

n𝐷/(n𝐻 + n𝐷) from neutron rate, (e) electron and ion temperatures and (f) electron density profiles 

before and after 4th pellet. In panels (e) and (f) electron density and temperature is measured by 

Thomson scattering. 
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transient at all times. To include this element into the analysis, we calculated the plasma density by a 

model while keeping the temperature fixed from the measurement. The model evolves independently 

hydrogen and deuterium densities as a response to particle sources and particle transport. In other words 

temperature is treated interpretatively while densities are treated predictively. The simulation was done 

by JINTRAC code suite [10]. The particle sources include beams, pellets and neutrals, and are 

calculated by PENCIL, HPI2 and FRANTIC codes respectively. The boundary condition for FRANTIC 

is set by neutral hydrogen flux Φ0 at separatrix. 

       The particle transport is modelled by JETTO code. For plasma core the particle diffusivity is used 

as D = 𝐶𝐷 × χ𝐵𝑔𝐵 , where χ𝐵𝑔𝐵 is the geometric average of electron and ion Bohm/gyro-Bohm heat 

diffusivities [10, 11] and the 𝐶𝐷 multiplier is set the same for hydrogen and deuterium. In addition, 

modest inward anomalous pinch is included as: v/D = −𝐶𝑉r/𝑎2. This core particle transport modelling 

is interpretive in nature and the motivation of this was to infer the D and V particle transport coefficients 

leading to experimental agreement, for later comparison with higher-fidelity first-principle-based 

modelling. At the plasma edge the particle transport is modelled by “continuous ELM model” [12] in 

which the particle diffusivity inside edge transport barrier is enhanced when the pressure gradient 

exceeds a critical value: 𝛼 > 𝛼𝑐𝑟𝑖𝑡. Comparison of simulation of edge density with experimental data 

reveals that the aforementioned ELM model does not describe fully the post pellet ELM loss 

mechanism. Namely ELMs remove pellet material faster than in the model and they also act deeper 

than edge transport barrier. To include this we added transient post pellet outward convection in the 

form of  v = 𝑣0 × 𝑒𝑥𝑝{−(𝑡 − 𝑡𝑝𝑒𝑙)/𝜏 + (𝑟/𝑎 − 1)/∆ } where 𝑣0 is the amplitude of outward 

convection, 𝜏 is the duration of the enhanced post pellet convection and ∆ is the normalised radial depth 

of the zone of the enhanced convection. Note that the need to enhance the radial extent of ELM related 

particle losses deeper than the pedestal width has been recognised in previous simulations [13].  

      Figure 2 shows the result of the simulation with the following parameters   0 = 2.7 × 1021𝑎𝑡/𝑠, 

𝐶𝐷 = 4.5, 𝐶𝑉 = 0.4, 𝑣0 = 7𝑚/𝑠, τ = 50ms, ∆= 0.25 ,  and using the same values for hydrogen and 

deuterium. The calculation is performed in a limited time interval starting just before the first pellet and 

finishing after the 7th pellet i.e. when approximately the neutron rate reaches its maximum value.          

         Figures 2c, 2e and 2f document how the experimental ion temperature was imported into the 

simulation, in particular its central value on which the thermal DD fusion rate is very sensitive. The 

central ion temperature from carbon and neon charge exchange is measured with coarse time resolution 

and with a larger error bar. Nevertheless, in our plasma the electron and ion temperature are similar 

with good accuracy as seen in panels 2e and 2f and we assume 𝑇𝑖 = 𝑇𝑒. In addition, figure 2c shows 

that the central electron temperature is quite constant in time without transients which would otherwise 

introduce large variation of neutron rate. 

       Figures 2b and 2f compare measured and calculated electron density. It is seen that the simulations 

reproduce well temporal evolution of line integrated electron density including pellet induced transients.  
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The comparison of density profiles across the 4th pellet (fig. 2f) also shows that density peaking just 

before pellet is well captured by simulation. The model also describes the pellet deposition depth as  

calculated by HPI2 module [14] and confirms the shallow pellet deposition, similar to that expected in 

ITER. The simulation sometimes underestimates the amplitude of the pellet density perturbation. This  

is a result of continuous ELM model which starts to remove the pellet particles already during the pellet 

deposition phase. This is in contrast with an experiment where pellet particles are removed in discrete 

steps during the ELMs as described in the next section. 

       Figure 2a compares the measured neutron rate with that calculated by JETTO code. The neutron 

rate was also checked with TRANSP [15] and good agreement with JETTO was found. The agreement 

between measured and calculated neutron rate by JETTO is rather good taking into account the large 

sensitivity of thermal DD reaction rate on ion temperature. The simulation also describes well the 

transient responses of neutron rate on individual pellets during the flat top phase. The sensitivity of 

calculated neutron rate to a selection of transport parameters is illustrated in scans shown in figure 3. It 

is seen that the experimental neutron rate can be broadly bracketed by simulations using diffusivity 

parameters  𝐶𝐷 = 2 − 7 and 𝐶𝑉 = 0.2 - 0.6. The wide range of these parameters does not mean that that 

they represent the uncertainty in the fit. They rather reflect the fact that these parameters vary in time 

while in our simulations they are constant. This is clearly seen in figure 3 by comparing the neutron rate 

during 1st and 4th pellet (at 10.2s and 10.6s respectively). At 4th pellet the choice 𝐶𝐷 = 4.5 and 𝐶𝑉 = 0.4 

 

Figure 3. Comparison of measured and simulated neutron rate during the scan of particle transport 

coefficients: (a) diffusivity scan with 𝐶𝐷 = 2, 4.5, 7 𝑎𝑡 𝐶𝑉 = 0.4. (𝑏) pinch velocity scan with 𝐶𝑉 =
0.2, 0.4, 0.6 at 𝐶𝐷 = 4.5 
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fits well with the neutron rate while the same setting at the 1st pellet systematically underestimates the 

measured neutron rate.  

We do not have full explanation for this discrepancy. One possibility is the isotope dependence 

of particle diffusivity. During the first pellet, plasma is still predominantly composed of hydrogen while  

during the 4th pellet about 1/3 of ions is deuterium so that the effective ion diffusivity could be higher 

at the beginning of pellet train compared to later phases. Another possible explanation is the increase 

of neutron rate due to a non-Maxwellian distribution of deuterium ions. Indeed, inspection of neutral 

particle analyser spectra show an increase of deuteron fluxes in energies 300kV - 800keV with e-folding 

energy scale 123keV.  This increase correlates with the timing of pellet train. There are two possibilities 

how deuterons can be accelerated to such high energies and both are related to RF heating which is 

continuously applied before and during the pellet train. The first possible acceleration channel is the 

parasitic four harmonic resonance  ω = 4𝜔𝑐𝐷. To test this we ran a shot JPN 91238 with modulated RF 

heating and found that the changes in neutron rate were fully in line with changes in electron 

temperature and parasitic resonance was not required to explain neutron rate (note that this shot had 

deuterium beams so the neutron rate was due to beam-thermal interaction). The second possibility how 

to accelerate deuterons to aforementioned energies are the elastic nuclear collisions between RF 

accelerated hydrogen ions with cold deuterium ions, so called knock-on effect. Order of magnitude 

estimates indicate that such mechanism could produce a neutron rate comparable to the thermal-thermal 

levels, in particular at the start of pellet train [16]. However even if this mechanism is significant it still 

requires that deuterons from pellets already propagated to the plasma core, only their density would be 

lower to accommodate nonthermal neutrons. Regarding the precise quantification of this effect just note 

that the CX measurements of the isotope mix (see figure 1d) does not show significant reduction of 

density of deuterium ions towards the plasma core but we do not have the tools needed to evaluate this 

knock-on effect with accuracy.  On the basis of experimental evidence we conclude that the knock-on 

effect could play a role at the beginning of the pellet train but during the later phase the neutrals are 

mainly due to thermal DD reactions. Using this assumption figure 2d shows the isotope mix ratio as 

calculated by the code. At the time of maximum neutron rate (~11s) the ratio is: 

 

𝑛𝐷/(𝑛𝐻 + 𝑛𝐷)𝑟=0,𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 ≈ 0.44. 

 
This value is close to the CX measurement and close to the target value of 0.5. 

 

4. Fuelling efficiency   

Efficiency of isotope mix control depends on two mechanisms: (1) Amount of pellet particle flux 

required to keep the plasma density and isotope mix at the plasma edge to the prescribed value and (2) 

characteristic time of propagation of the isotope mix from pellet deposition zone to plasma core. These 

two processes contribute to the pellet fuelling efficiency multiplicatively i.e. good efficiency requires  
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simultaneously long enough lifetime of pellet density perturbation and fast enough particle transport in 

the core. Next sections quantify these two factors separately. 

 

4.1 Pellet particle flux 

As shown in previous sections the deuterium pellet particle flux of  Φ𝑝𝑒𝑙 = 8.2 × 1021 𝑎𝑡/𝑠 is 

sufficient to keep the isotope mix ratio at 𝑛𝐷/(𝑛𝐻 + 𝑛𝐷) = 0.45.  At the same time interval the 

averaged pedestal electron temperature is   𝑇𝑒,𝑝𝑒𝑑 = 0.33 ±  0.05𝑘𝑒𝑉   which gives for the pellet 

fuelling flux of: Φ𝑝𝑒𝑙 = 0.045 𝑃𝑎𝑢𝑥 𝑇𝑒,𝑝𝑒𝑑⁄ . To compare this value with the case of deuterium pellets 

and deuterium plasma we can write  Φ𝑝𝑒𝑙,𝐷→𝐷 = Φ𝑝𝑒𝑙 × (𝑛𝐻 + 𝑛𝐷)/𝑛𝐷 which gives: 

 

 Φ𝑝𝑒𝑙,𝐷→𝐷 = 0.10𝑃𝑎𝑢𝑥/𝑇𝑒,𝑝𝑒𝑑.                                                      (1) 

 

The front coefficient in eq. (1) is very close to the value of 0.073 found in our previous pellet fuelling 

experiments in pure deuterium plasmas [17, 18].  This indicates similarity of pellet particle loss 

mechanism, namely the dominant role of ELMs. Indeed, looking closely at the post pellet line integrated 

density signal (figure 4a) it is clear that the particles are lost in discrete events coinciding with ELMs. 

It takes about five ELMs to remove material deposited by a single pellet. This ratio is about the same 

as expected on ITER where the ELMs/pellet frequency ratio is expected to be about 40Hz/10Hz. 

Nevertheless the relative pellet size and consequently the ELMs size is larger than permitted on ITER.  

This is even true for burst of high frequency ELMs which immediately follow the pellet as seen in figure 

4. For those ELMs the normalised inverse frequency is  1/(𝑓𝐸𝐿𝑀𝑠𝜏𝐸) = 1/(133𝐻𝑧 × 0.13𝑠) = 5.7% 

 

Figure 4. Detail of transient around the 4th pellet. (a) edge line integral density, (b) ELMs signals, (c) 

neutron rate. Shaded area in panels (a)-(c) approximately represents the interval with inverted density 

gradient. (d) plot of the normalised particle flux  Γ𝐷 𝑛𝐷⁄  versus normalised density gradient 

dn𝐷/𝑑𝑟 𝑛𝐷⁄   at r/a = 0.5. corresponding time labels are shown. 
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that is about 10 times larger than the value required in ITER. Here 𝛿𝑊𝐸𝐿𝑀/𝑊𝑡𝑜𝑡 = 1/(𝑓𝐸𝐿𝑀𝑠𝜏𝐸) is the 

size of an ELM that would carry all the energy transport losses. In summary the relation (1) is derived 

under condition of ITER like ratio of ELMs/pellet frequency, but relative sizes of both pellets and ELMs 

are larger.   

 

4.2 Core particle transport 

When pellet is injected into plasma it creates transiently a zone of reversed gradient of deuterium 

density. As a consequence, the deuterium ion particle flux reverses from outwards to inwards and 

consequently deuterium concentration in the core increases as manifested by increase of neutron rate 

signal in figure 4c. This situation is transient. This is detailed in figure 4d where simulated deuterium 

particle flux at r/a=0.5 is plotted against the density gradient during one pellet cycle around 4th pellet. 

The slope of this graph determines the deuterium particle diffusivity. When evaluated during the post-

pellet phase lasting 70ms the linear regression gives 𝐷𝐷 = 1.38𝑚2/𝑠 or in normalised units 𝐷𝐷/𝜒𝑒𝑓𝑓 =

0.41. Here 𝜒𝑒𝑓𝑓  = 𝑞/(𝑛𝑒∇𝑇𝑒 + 𝑛𝑖∇𝑇𝑖) = 3.3𝑚2/𝑠 is the experimental effective single fluid heat 

diffusivity averaged over the pellet cycle and 𝑞 is the total heat flux density. It has to be noted that 

pellets can also modify the temperature profile due to the local cooling and this can change heat 

diffusivity itself. In our case the heat diffusivity changes are within  𝜒𝑒𝑓𝑓 = 2.4 − 3.8𝑚2/𝑠. Finally, it 

is interesting to see that the value of 𝐷𝐷/𝜒𝑒𝑓𝑓 is similar to those inferred from density peaking 

experiments in pure deuterium plasmas [19, 20] 

As mentioned previously, simulations of neutron rate could indicate that penetration of 

deuterium to the plasma core is faster at the beginning of pellet train compared to the later pellet fuelling 

phase. If enhancement of neutron rate by knock-on effect is insignificant then the value of  𝐷𝐷/𝜒𝑒𝑓𝑓 

could be higher up to a factor of ~3 during the first pellet as seen in figure 3a from the low value of 

simulated neutron rate during the first pellet, even for elevated particle diffusion multiplier of 𝐶𝐷 = 7. 

One possible interpretation is that propagation of deuterium to the core depends on the isotope mix 

itself. This would link our data to the previous observations of enhanced particle diffusivity in the trace 

tritium experiment [21] and experiments with variable H:D mix [5], though both with gas fuelling. The 

detailed modelling of core particle transport under mixed isotope conditions is outside the scope of this 

paper and will be subject of future analysis, similar to that of gas fuelled plasmas [22].   

 

5. Conclusion 

We have demonstrated control of hydrogen isotope mix in the plasma core when one isotope was 

delivered solely by shallow pellets from the edge. In our case we used deuterium pellets while neutral 

beams and gas fuelling used hydrogen. The isotope mix in the core was measured directly by charge 

exchange spectroscopy. In addition, the isotope mix ratio was indirectly deduced from modelling using 

JINTRAC code by matching the neutron rate and electron density including pellets transients. Both 
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methods show that the H:D isotope mix in the core reached the ratio 55:45%, close to the target. The 

pellet particle flux required to reach such a mix ratio is  Φ𝑝𝑒𝑙 = 0.045 𝑃𝑎𝑢𝑥 𝑇𝑒,𝑝𝑒𝑑⁄ . This value is in line 

with conventional shallow pellet fuelling experiments using deuterium pellets and deuterium plasma. 

Such similarity indicates that the pellet fuelling efficiency is governed by the same particle loss 

mechanism regardless of isotope mix, namely the convective loss due to ELMs.  

Deuterium is fuelled by edge pellets, and its particle transport is consistent with a simple model. 

Modelling also suggests that deuterium particle diffusivity could be higher at the beginning of the pellet 

train when the plasma mainly consists of hydrogen compared to flat top phase. For efficient burn control 

there is a demand for fast response of the isotope mix ratio to the source modifications. As shown here 

this could be on the order of the energy confinement time. Future work will concentrate on modelling 

the particle transport in the pellet cycle with more first-principle-based transport models. 

Although the need for accuracy of isotope ratio control does not look very demanding it is 

important to understand all aspects of this control loop. In particular the question of isotope separation 

is important. It becomes clear that the isotope control by pellet injectors with pure isotopes is very 

expensive and leads to high tritium inventory with all consequences for environment. It is therefore 

important to build the physics basis for integrated pellet fuelling/isotope control to find the minimum 

isotope separation ratio which is still consistent with reliable burn control.  
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