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Abstract 

Effective helium confinement time, "p*,He, and its ratio with energy confinement, "p*,He/"E, are key metrics quantifying the 
suitability of fusion plasmas for a continuous burn. Comparisons in the DIII-D tokamak of discharges with suppression of 
edge localized modes (ELMs) by resonant magnetic field perturbations (RMPs) to the corresponding unperturbed ELMy 
discharges found that both of	these	metrics were strongly reduced, by a factor of approximately 2, after application of the 
RMPs. This reduction in "p*,He during RMP ELM suppression was observed in the plasma core, edge, and pumping plenum, 
where higher neutral helium concentration during RMPs was also measured. These findings provide evidence that future 
devices employing RMP ELM suppression may meet or even exceed the helium exhaust provided by the ELMs themselves, 
reducing helium ash, and thus maintaining high fusion gain. 

Keywords: helium, resonant magnetic perturbations, edge-localized modes 

1. Introduction 

Future fusion devices, such as the ITER, based on 
the fusion of deuterium and tritium (D-T) must 
necessarily contend with helium as the “ash” 
byproduct. Continuous operation is not possible above 
a maximum level of helium content in the plasma, 
where excessive dilution of the D-T fuel and radiation 
of plasma thermal energy occurs [1]. This maximum 
level of helium at a fusion power gain of Q=5 is 
quantified by a limit to the ratio of the effective 
confinement time of helium, "p*,He, - the e-folding time 
for confined helium particles including recycling at the 
wall - to that of the plasma energy confinement time, 
"E: "p*,He/"E < 10 [2]. Past experiments [3,4] have 
shown that H-mode, an operational regime 
characterized by favorable energy confinement [5,6] 
can be compatible with this limit. However, improved 
confinement during H-mode leads to gradients 
exceeding that permitted by magnetohydrodynamic 
(MHD) stability. Periodic MHD instabilities generated 
at the plasma edge, known as “Edge Localized Modes” 
or ELMs, provide for this particle exhaust. While H-
mode plasmas have been observed to benefit from 
enhanced removal of non-hydrogenic contaminating 
nuclei during ELMs, or “ELM impurity flushing” [7], 
the heat loads imparted to plasma-facing components 
by the hot plasma expelled during these instabilities 

are expected to exceed engineering limits in large 
future devices. 

In order to provide for necessary particle exhaust 
during H-mode confinement whilst avoiding the 
dangerous transient heat loading on plasma-facing 
surfaces characteristic of ELMs, a variety of ELM 
suppression and mitigation schemes are under 
investigation. One such scheme for ELM suppression 
is the application of 3-D perturbing magnetic fields, 
“resonant magnetic perturbations,” (RMP) to the 
dominantly axisymmetric magnetic field [8]. A set of 
such coils is planned for ITER [9,10]. 

A critical issue arising for any ELM-suppression 
scheme is whether acceptable limits to helium 
contamination can still be maintained during 
suppression, [11] when the ELM impurity flushing 
process is removed. In this Letter, it is shown for the 
first time that H-mode plasmas using ELM 
suppression by RMP can be robust to helium 
contamination, and that the ELM flushing can be 
replaced by the RMP effect on helium transport. These 
results build on recent experimental work [12,13] 
establishing this additional use of RMP ELM 
suppression as a tool for impurity control. 

The DIII-D tokamak is capable of reliable ELM 
suppression with applied RMP fields [14–17]. It is 
equipped with six window-framed coils (inside of the 



Journal XX (XXXX) XXXXXX Hinson et al  
 

xxxx-xxxx/xx/xxxxxx 2 © xxxx IOP Publishing Ltd 

confining toroidal field coils) in two rows, which were 
operated in “even parity” configuration for this work, 
where current polarity of the upper and lower row of 
coils is identical, alternating in the toroidal direction 
only. The cryopump used for plasma density control 
was frosted with a 1800 torr-L puff of Ar gas before 
each discharge in this work, which condenses to an 
approximately 2µm layer on the cryopump and 
substantially increases helium pumping [4,18]. Indeed, 
from [18], helium pumping speeds between 1.0x104 
and 1.5x104 L/s are expected for the conditions in this 
work. 

 
2. Experiment 

A reduction of helium contamination during RMP 
ELM suppression is evident in a broad range of 
measurements in ELM-suppressed discharges versus 
unperturbed ELMy conditions. An approximate factor 
of 2 enhancement in He global exhaust, measured 
through a consistent reduction in "p*,He, is observed in 
the ELM-suppressed state. Lower single null ‘ITER-
like’ plasmas at ITER-relevant low electron pedestal 
collisionality ne*~0.3-0.4 are investigated, with 
toroidal field BT = -1.96 T, plasma current Ip = 1.6MA, 
edge q95=3.4-3.5, and RMP coil currents in the range 
3.5-4.8 kA applied from 2000ms. For the discharges 
examined, helium was introduced at 3.0s and 4.0s, into 
stable plasma conditions, using identical 50ms helium 
gas puffs with an injection rate of 1.0 x 1021 particles/s 
in the upper outboard region. A third helium puff at 
5.0s was also introduced but inconsistencies with 
neutral beam power after 5.0s significantly complicate 
this data. Two RMP cases are compared to the 
unperturbed H-mode (DIII-D discharge #169514): 
Case 1 (DIII-D discharge #169513), which had 
identical injected power as the H-mode case 
(6.45MW), and Case 2 (DIII-D discharge #169515), 
which had full ELM suppression, but at slightly lower 
power (5.6MW). The first helium puff of Case 1 had 
isolated ELMs, and for this reason is excluded from 
the comparative analysis of "p*,He. 

In the following, data characterizing helium 
exhaust in four characteristic locations is reviewed. 
These locations include: the neutral particle reservoir 
(pumping plenum), the plasma core (rho~0.2), the 
plasma edge (pedestal region inside the separatrix in 
the good flux surface domain), and the plasma scrape-
off layer (the ‘SOL’ or open field line domain). The 
effective helium confinement time "p*,He is obtained 
from exponential fits to the data. Finally, for each 
discharge, the mean value of "p*,He from these 
locations is compared to the energy confinement time, 
"E.  

 
3. Helium Measurements 

A Penning gauge with spectroscopic views was 
used to measure neutral helium and deuterium gas 
partial pressures in the pumping plenum, pHe,, pD2. The 

neutral pressures are a function of their constituent 
species’ atomic neutral line emission intensities, and 
can be inferred by comparison to calibrations done in 
non-plasma conditions [14]. During RMP ELM 
suppression, substantially more helium was observed 
outside the confined plasma. Figure 1a shows the 
increase of helium concentration, CHe = pHe/(pHe+pD2), 
at the pump during RMP application. Helium gas puffs 
at 3.0s and 4.0s are indicated in Fig 1a with the output 
of internal pressure sensors. These sensors are scaled 
to indicate the gas flow rate using calibrations obtained 
by comparison to pressure gauges in operations 
without plasma. The signals have been scaled to units 
of torr-L-s-1/100, and were essentially identical 
between discharges. In subsequent figures they are 
indicated as shaded bars. Times of isolated ELMs 
occurring in the RMP discharge are indicated with 
vertical bars. 

Fig. 1b shows the corresponding helium neutral 
partial pressures during these cases, with over-plotted 
exponential fits, taken between 3400-4000ms and 
4400-5000ms. 

Both the helium concentration and partial pressure 
are strongly increased in RMP cases compared to the 
ELMy cases. Because higher neutral pressure at the 
pump induces faster pumping, and all puffs were the 
same size, reduced "p*,He is already expected from 
particle conservation. The sustained higher 
concentrations of helium during RMP show that the 
increase in helium exhaust exceeded that occurring 
due to deuterium ‘pumpout,’ indicating a preferential 
impact on the helium. Decay times of the helium 
obtained from fits to partial pressure in Fig. 1b are 
graphed in Fig. 2. The value of "p*,He for RMP Case 1 
was 1.2s, and for RMP Case 2 it was 1.6s and 1.4s for 
the first and second puff, respectively. Fits to the 
helium pressure for the ELMy discharge obtained 
"p*,He values of 6.2s and 5.4s for puffs 1 and 2, 
respectively. 

 
 

 

Fig.	1:	Time	evolutions	of	helium	concentrations,	a.)	and	pressures,	
b.),	in	the	pumping	plenum	for	Cases	1	and	2	vs	the	unperturbed	H-
mode.	Fits	to	the	data	between	3400-4000ms	and	4400-5000ms	are	
plotted	over	the	pressure	data.	ELMs	are	indicated	with	vertical	bars,	
shaded	according	to	the	suppressed	case	in	which	they	occurred.	In	
a.),	 pressure	 sensor	 output	 from	 the	 gas	 valves	 for	 each	 of	 the	 3	
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discharges	 is	also	plotted	against	 the	 left	axis	 in	units	of	 torr	L	s-1	
/100.	

 

Fig.	 2:	 Measured	 decay	 times	 of	 helium	 pressure	 in	 the	 pump	
plenum.	

Helium levels measured in the core are consistent 
with the trends observed at the pump. Core (r = 0.20) 
helium plasma density nHe was measured using charge 
exchange recombination (CER) spectroscopy on the 
304nm He-II emission line using the SPRED 
spectrometer at DIII-D. Figure 3 shows fits to the nHe 
time evolutions between 3250-4000ms, and 4250-
5000ms. These measurements have been corrected for 
beam attenuation by the plasma [19]. 

The value of nHe for RMP cases is generally always 
less than for ELMy cases, but large uncertainties in the 
measurements due to ELM contamination in the 
ELMy case exist. While these are omitted in Figure 3a 
for clarity, when propagated to the resulting fits, values 
of "p*,He appear highly uncertain. Nonetheless, all 
values of "p*,He are shown in Figure 3b, and it can be 
seen that trends in "p*,He between RMP/ELMy types, 
as well as between individual puffs within the ELMy 
case are maintained. 

The specific values of "p*,He  were 1.6s for Case 1, 
1.0s and 1.2s for puffs 1 and 2 of Case 2, respectively, 
and 4.7s and 4.3s for the ELMy case for puffs 1 and 2 
respectively. Core electron densities ne held roughly 
steady in the range of ~5x1019 m-3 for RMP cases and 
~7x1019 m-3 for the noRMP cases. 

 

  
 

 

Figure	 3:	 a.)	 Core	 CER	 measurements	 of	 helium	 density.	 b.)	
Associated	time	constants	"p*,He	with	standard	error.	

A representative measurement of nHe from the set 
of tangentially-viewing edge outer-midplane CER 
diagnostics (r = 0.81) is shown in Fig. 4a, and again a 
faster decay of helium in the RMP cases is observed. 
The mean of "p*,He obtained from the data in Fig. 4a as 
well as two additional edge charge exchange chords 
located at r = 0.86 and r = 0.91, obtained from fits 
between 3250-4000 ms, and 4250-5000 ms are given 
in Fig. 4b. Values of "p*,He are: 1.5s for Case 1, 1.6s 
and 1.7s for Case 2 for puffs 1 and 2, respectively, and 
3.5s and 2.7s for the ELMy case for puffs 1 and 2, 
respectively. Pedestal ne was steady, particularly for 
ELMy H-mode cases, though an increase of <20% of 
the edge ne was visible in RMP cases just after each 
helium injection.  

 

 

 

Fig.	 4.	 a.)	 Edge	 midplane	 helium	 density	 from	 CER.	 ELMs	 are	
indicated	 with	 arrows	 on	 axis	 and	 vertical	 bars.	 Fits	 of	 the	 data	
between	3250-4000ms	and	4250-5000ms	are	overplotted.	b.)	Decay	
times	"p*,He	from	fits	to	nHe	in	a.).	

The reductions of helium in plasma regions, and 
corresponding increases in neutral inventories in the 
foregoing data show helium was better retained 
outside the confined plasma during RMPs. In other 
words, the fraction of all helium particles residing at 
the pump, as opposed to residing in plasma regions, 
was increased. This induces more efficient pumping 
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for a given amount of total helium, and a 
corresponding decrease in "p*,He. 

Measurements of helium proxies also add support 
to the picture of helium being retained outside the 
confined plasma regions during RMPs. Data from a 
spectrometer measuring 468.6 nm ionized helium line 
emission near the inner strike point (ISP) with 
background continuum subtraction is shown in Fig. 5. 
Much more helium photoemission was measured in 
the RMP cases. In comparison, QR emission at the ISP, 
although quite dynamic for the ELMy discharge, was 
increased by less than a factor of 2 during RMPs. 

Decay times for the helium photoemission were 
measured that roughly match those found for helium 
pressure and density – 1.1s for the Case 1, and 1.6s and 
1.3s for puffs 1 and 2 in Case 2, respectively. 
Photoemission for the ELMy variant in these cases 
exhibited 3.8s and 3.4s decay times after an ELM 
subtraction procedure where a trimmed mean filter 
was used to remove ELM transients before fitting. 
Resulting decay times for the ELMy case depend on 
the details of this filter, but are found to be in any case 
generally >3.0s. These data also support the effective 
retention in the unconfined region observed in this 
experiment. 

 

Fig.	 5.	 	Helium	 light	 from	a	 spectrometer	 viewing	 the	 inner	 strike	
point.	ELMs	are	marked	below	with	arrows.	

Values of "p*,He/"E, were obtained from the mean 
of "p*,He during relevant puffs (the second for Case 1, 
both for Case 2 and the ELMy case) using the Penning 
gauge, core and edge CER chords, and the mean value 
of "E over the same interval. The results are shown in 
Table 1. The overall reduction of "p*,He/"E observed 
here was approximately a factor of two during RMP 
ELM suppression. 
 
TABLE 1. "p*,He/"E reduced during RMP 

 Case 1 Case 2 noRMP 
"E 0.13s 0.14s 0.19s 

<"p*,He > 1.4s 1.4s 4.3s 
"p*,He/"E 11. 10. 23. 

	

   

	    
4. Discussion 

It was shown for the first time in a diverted 
tokamak that "p*,He can be decreased by a factor of 2-
3 during RMP ELM suppression. This result was 
shown for ITER relevant conditions - H-mode 
discharges in an ITER-similar shape, and at ITER 
relevant low pedestal electron collisionality. 

The differences observed in helium neutral 
pressure at the pump already imply this result. Indeed, 
to more effectively exhaust helium, it would be 
sufficient if the He partial pressure were increased 
merely in proportion with D2, since deuterium fuel can 
always be reintroduced as necessary in a functioning 
fusion device. However, the higher He concentration 
in RMP cases suggests that the effect is not a 
straightforward result of generic loss of confinement 
affecting the deuterium majority species, or particle 
‘pumpout,’ but an effect preferentially impacting the 
helium. Whether this results from a dependence on 
atomic number Z of the ‘pumpout’ effect is among the 
questions raised by this work. 

Fig. 6 shows normalized traces of helium 
measurements from Case 2, exemplifying the 
convergence to globally consistent values of "p*,He in 
all reservoirs. The transient timescales during and just 
after injection reflect the fast processes of transport 
between reservoirs and time-evolving global 
recycling, addressed in e.g. [4,20], before an 
equilibrium between reservoirs is established and the 
time evolution of the individual reservoirs is governed 
by net flows exhausted to the pump. This is the key 
timescale for long-term removal of helium, and fits for 
"p*,He have thus been applied to this region only. A 
manuscript addressing the faster-timescale behavior 
during and shortly after the injection is currently in 
preparation. 

 

 

Fig.	6.	Normalized	traces	of	helium	metrics	for	Case	2.	

Many possible effects could contribute to the 
enhanced transport during RMP-ELM suppression 
observed here. Possible mechanisms include increased 
edge transport with increasing levels of stochasticity 
further outside the last closed flux surface, global 
changes to the plasma due to RMP altering 
neoclassical transport, and turbulence changes due to 
during RMP. Additionally, the changes RMPs induce 
in the SOL plasma can affect impurity force balance 
there, so as to increase helium exhaust. In particular, 
an increase in the friction force relative to the 
temperature gradient force as has been found in 
modeling of helium transport in the stellarator LHD 
during application of magnetic perturbations [21]. 

Increased impurity transport in the SOL during 
RMPs can also arise due to a simple mechanism 
classically envisioned for radial transport in the SOL 
[22]. In the original model, flux tubes with unfavorable 
force balance and long 1-D impurity confinement 
times can be depleted by outward radial cross-field 
transport, into less-collisional flux tubes, wherein 
impurities are more free to stream to divertor surfaces. 
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Thus, transport into the radial dimension ‘short 
circuits’ otherwise confining flux tubes, reducing the 
effective impurity trapping time to the timescale for 
radial transport. RMPs may be imagined to add a 3rd, 
poloidal, dimension into which diffusing impurities 
may escape. The high poloidal mode number 
perturbation of the lobes introduced by RMPs breaks 
up a formerly homogenous poloidal zone into 
heterogenous one, in which individual flux tubes with 
lower impurity trapping times can ‘short circuit’ their 
poloidal neighbors. 

The findings reported here support enhanced He 
exhaust as an additional, critically important feature of 
the RMP ELM control scheme planned for use at 
ITER. Increased He retention was observed in the 
plasma periphery during RMP application, an essential 
precondition for enhanced removal by the pump. 
Corresponding reductions in helium effective particle 
confinement time, "p*,He, were also observed. While 
reduced "p*,He during RMPs would be important on its 
own, regardless of its impact on "E, it is particularly 
promising that the initial results obtained here also 
include reductions in "p*,He/"E, indicating stronger 
reductions in helium confinement versus that of 
energy. Thus the view that RMPs suppress ELMs and 
protect plasma-facing surfaces at the expense of a drop 
in energy confinement may well be excessively 
pessimistic, in that it disregards the fuller context, 
where D-T fusion’s byproduct is considered. 
Accounting for an improvement in "p*,He/"E such as 
that shown here could in fact render those plasmas 
more promising candidates for realizing fusion. 
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