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Improved core confinement by the formation and sustainment of an internal transport

barrier (ITB) is seen as a possible route to steady state tokamak operation because of the

potential of this regime for full non-inductive current drive. Such a regime must have a

sufficiently fast chain of He transport from the core to the edge, and from the edge to the

divertor, such that He can be pumped effectively. If one of the links of this chain is not fast

enough, He ash will accumulate and the fusion reactions will self-extinguish. This can be

quantified by measuring the ratio of the He retention time to the energy confinement time [1].���������
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He 1�2 E<10 to obtain

steady state burn conditions. With additional impurities the requirement becomes more strict,
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He 1�2 E<5 with the upper limit of five corresponding to e.g. carbon concentrations of 3%.7�+�
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He 1
J He/(1-Reff),

defines Reff i.e. the global recycling coefficient. We note that Reff is not the same as the edge

recycling coefficient since central source and edge source are not characterised by the same

replacement time. Nevertheless, without He pumping Reff is close to unity and the He

retention time becomes very large. The potential for pumping under these conditions is

expressed by the He enrichment factor, i.e. the ratio of the partial pressures of He and D2 in

the sub divertor region (at the pump throat) to the ratio of He
2+

 to D
+
 in the plasma core,

JLK � He/2pD2)/(nHe/nD) which needs to be larger than 0.2 for stationary operation of ITER [2].

In JET ELMy H-Modes the ratio of particle to energy confinement is favourable, and

He can be pumped at a satisfactory rate [3,4] in agreement with results from many other

tokamaks. Results from experiments in JT-60U ITB discharges indicate increased He

retention in the core [5,6]. Also there is concern that, since ITB discharges to date tend to be

characterised by lower edge density than ELMy H-Mode plasmas, the potential for pumping����? 
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N at high magnetic field [7,8], with higher Z impurities exhibiting the

strongest peaking. This has been explained by a reduction of the turbulence driven diffusion

coefficient, D, in the presence of inward convection, v, where the latter was found to be in

agreement with neo-classical predictions. As shown in Fig. 1, He is also subject to this

accumulation. The helium density near the axis (R=3.14 m) increases and it decreases outside�,+E
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would be with a central source under these conditions. The reduced diffusion, which acts on

the gradient, can easily result in strongly peaked density profiles with a central source, but

then again the same reduction in turbulence will be responsible for the improved energy

confinement time, and it is only the ratio of these that we are concerned with. If the peaking

is mainly due to inward convection, this might not be very efficient at retaining a central

source since it acts on the density.

Fig.1. He is slowly introduced into

a discharge with reversed q profile

prior to ITB formation. He is not

pumped (but there is good potential_
`Bacb�dBe�b�f\g>hEijflk.m9k
=0.79±0.30),

Changes in the He density profile

can be studied to reveal changes in

v/D. ITBs are first formed on the

reversed q profile region (t=5.5
sec). The first strong ITB is locatednEoLpOq6rts�o,q/u k.vQwxm9y�zYk�{�` nB| `BfH} o�~ m
limit, the power is stepped down
(t=6.9 sec), the subsequent loss of

the ITB results in a redistribution of

He.  The second strong ITB is

located at q=2 (t=8.1 sec).

Results with He beams

The He retention time in ITB discharges was studied using He neutral beams to provide

a central source, in analogy to the production of He ash in a burning core. To this end, one of

the two JET beam systems was converted to He beams with an injection energy of 70 keV.

For the discharges in this study, ≈60% of the He is deposited within r/a≈0.4 i.e. within the

region enclosed by core ITBs.

Fig.2. Comparison of three ITB

discharges with identical current

profile evolution and heating
power. With 8 MW of D beams and

2 MW of He beams, but without He

pumping (red), the edge density is

increased compared to the D only
reference pulse (blue). With He

pumping (black), the edge density is

controlled, and a reduction of the
He core concentration from 20% to

6% is achieved. The discharge doesg[̀ o a�m n y ~�o�~ m w n e�m |9n[� dBmQ̀�_
N as

the reference pulse due to

differences in beam deposition

between He and D beams.
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He was pumped in these discharges by application of a layer of Argon Frost on the

divertor Cryo Pump (AFCP). The He pumping speed varies as He and D2 are trapped, and

was measured to be in the range of 80-90 m
3
/sec before a pulse, and 20-30 m

3
/sec after a

pulse.  For comparison, the pumping speed for D2 is about 120 m
3
/sec. This provides

effective edge density control by reducing the He recycling flux, as shown in Fig. 2, for He

beam powers up to 2 MW for up to 5 sec, and up to 3 MW for 3 sec. At least 14 MW of beam

power are required for strong wide ITBs as shown in Fig. 1 and are therefore not accessible at

high magnetic field, and only weak core ITBs can be formed. At lower magnetic field, high

values of N �0�B�.�  are accessible.

For the two discharges with He beams shown in Fig. 2, the He enrichment factor  is

0.58±0.28 without the AFCP, and 0.42±0.20 with AFCP. These values demonstrate that the

low edge density of ITB discharges does not impede He removal. The discharge with AFCP���"���,�������%�Z�����
�H�O�]�,���
He ��� E

th
 =5 that was obtained in this series of experiments, because of�\������� �����"���>�t���E���������
���E�Z�����
��� �B���B�N���������
�<�*�
�Q���¡�\�������
�.�O� ���

N=1.4. Note that in this study¢ �F�6�(�
E

th
 i.e. the confinement time for thermal ions and electrons since this gives a more

conservative result. Due to beam injection and RF heating, our discharges have a ≈30%

contribution to the stored energy from fast particles.

Fig.3. ITB discharge with identical

current profile evolution and
heating power as the discharge

shown in Fig. 1 up to=4.8 sec. With

1 MW of He beams (green), the
edge density (not shown) is

controlled for 5 sec, while the

pumping speed for He decreases
during this time as indicated by the

slight increase of the He density in

the core. The formation of the q=3

ITB at t=5.6 and its collapse can be
observed in the He density profile£�¤B¥�¦�§9¨�©A£xª�«5¬"¤�­�«H®[¯9°�§±¥B£x§'²�³

He* can

be observed in the core which is°�§�³
ª�§9¯Y­.§±´µ«.®U­l¤[§�¬�ªM²B¶
¥Bª
He*.

In Fig. 3 we show an ITB discharge in which Lower Hybrid Current Drive and heating

(LHCD) was applied throughout to slow down the q profile evolution. Quasi steady state He

exhaust is provided by the AFCP for the whole time, although the reduction of the He

pumping speed becomes noticeable towards the end of the heating phase. ITBs located at

r/a≈0.4 are formed and collapse in a sawtooth-like fashion for the whole duration of the main

heating phase, which can be seen in the associated changes in the global neutron yield, where

the q=3 ITB is most marked. The barriers are also noticeable on the He density profile, and�,�����&���·�(� �,���
�<�*�
�Q���]�,���'���
�����
���������,�����µ���
He* shown in the lower pane of Fig. 3. The variations���

He* are not large in these weak ITBs.

In spite of the He pumping there is a background of He in the plasma before the

application of He beams, i.e. an edge source. This source is not included in the calculation of

He � ���¹¸L��� �Oº�» ¢ �"���
�¡�<¼������ �����0�,�E�S�����\�*���
���M�����M���¹���
�.�O�Q�
���t�(�����H�t���
�%�O�<�*�����R��� He* during the

first 0.5 secs after He beam injection.
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Fig.4. Overview of results for

He ½±¾ E
th
 and He enrichment factor

 with He pumping for two reversed

q profile scenarios. The best value

for He ½�¾ E
th
 was obtained for the

2.63T/2.2MA discharge shown in

Fig. 2, because of its improved

energy confinement as indicated by¿�À\ÁÃÂ9Ä[ÅMÆBÇ@È�É
N=1.4. The heating

power to form an ITB with veryÊ ¿�Ë Ê
N at 3.45T/2.4MA (red) as in

Fig. 1 while retaining edge density
control was not available due to the

conversion of half the beams to He,

and only core ITBs were obtained

as shown in Fig. 3.

An overview of the results obtained in the two scenarios, with reversed q profiles prior

to the application of the main heating, is shown in Fig. 4. The He source rate was varied by

using one, two or three He Pinis, respectively. The highest He source rate is equivalent to that

produced by 130 MW of α heating i.e. a total fusion power of 660 MW. At 2.63T/2.2MA we

studied strong ITBs and at 3.45T/2.4MA we studied quasi steady state ITBs where LHCDÌFÍ%ÎLÏ6Î(Ð
Ñ̂ Ò,ÓÔÎ*Õ�Ó"ÌjÑ�Ó"Ì]Ö'Ò,×�Ð'Ø<Ï�Ù*Ù�Ð�Ö%Ò�Ú�Ù*Ó�Û,Ü�Õ�Ð̂ Ð�Ý�Ó�Õ\Ï�Ò�Ü�Ó�ÖOÞ�ß%Ò,Ù*Ó�Ö[àQá�âLãµÎäÌUÜ\Ò,×]Ý�ÐYÙ(åæ×�Ü.à�×SÝ�Í
Õ.ÏOÐ"Î&Ó�Û
N

and neutron yield at high magnetic field while retaining edge density control could not be

obtained in these experiments due to the reduction in heating power associated with the

conversion of half of the JET NBI heating system to He.

Summary and Outlooká�Ö Í
Õ�ÕOÑ�Ü�Î�Ø
×EÍ�Ù�à�Ð"Î�ç"Ì ÐNÛ,Ü�Ö�ÑQèBé
He ê�ë E<10 with the lowest value obtained for the dischargeÌ Ü�Ò,×FÒ,×EÐ�×�Ü�à�×�Ð%Î,ÒLÝ�Í Õ.ÏOÐµÓ�Û

N=1.4. This result was obtained in quasi steady state for a duration

of up to 5× He ê Þ"â�×�ÐPÝ�Í Õ.ÏOÐ'Ó�Û He* in these discharges is still dominated by edge transport and

recycling (i.e. lack of pumping) and none of the discharges exhibit a significant increase of

He* due to the presence of the ITBs. The He enrichment factor with pumping for allÎ(Ø
Ð
Ö�Í�Ù�Ü�Ó�ÎQÜ�Î�Ü�Ö8Ò,×�ÐRÙ�Í�Ö[à�Ðíì�Þ5î�ì"é é�ì�Þ�ï�ìGÌU×�Ü�Ø
×@Ü�Î¹ð Í
Ü�Ö�Õ�åñÍòÙ�Ð
ÛZÕ�Ð
Ø<Ò*Ü�Ó�Ö@Ó�Û^Ò,×EÐ8Û,Í
Ø<ÒµÒ,×�Í<Ò]óFÐíÜ�Î
Ú"ÏOð]Ú�Ð
Ñ�ç0Ö�Ó"Ò,Ü�Ö"à8Ò,×EÍ<Ò'Ì]Ü�Ò,×�Ó"Ï�Ò'Ú"Ï�ð]Ú�Ü�Ö�à�ç Ù�Ü�ÎxÐBÎ^Ï�Ú8Ò*Ó ≈0.8. One question still open is, how

He ê�ë E
th ÌFÓEÏOÕ�ÑÔô�Ð
×�Í>Ý�ÐQÛ,Ó�Ù�Ý�Ð�Ù�å¡×�Ü�à�×tÝ�Í
Õ.ÏOÐ%ÎõÓ�Û

N at high magnetic field, i.e. for discharges

like the one shown in Fig. 1. We have shown that the low edge density in these scenarios isÖ�Ó"ÒöÍSÚ�Ù*ÓEô�ÕHÐ ðFçäÜ�Þ�Ð"ÞLÎ,Ï�Û,Û�Ü�Ø
Ü�Ð ÖBÒ�Ú"Ï�ð]Ú�Ü�Ö�àòØ
Í
Ötô�Ð�Í
Ø
×�Ü�Ð<ÝOÐ
Ñ�ç�Í�ÖEÑRÓEÏ�Ù�Ù�ÐBÎZÏOÕ\Ò�Î'Í9Ò0×�Ü.à�×tÝ�Í Õ.ÏOÐ%Î�Ó�Û
NÍ�ÖEÑSÕ�Ó"Ìjð Í�à�Ö�Ð9Ò�Ü�Ø'Û,Ü�ÐBÕ�ÑSÜ�Ö�Ñ�Ü�Ø
Í<Ò*ÐPÒ,×�Í9Ò�Ò,×EÐ�Ü�ð Ú�Ù�Ó"Ý�Ð
ð Ð
Ö%Ò/ÜMÖ

E
th ðSÜ�à�×%Ò�Ó�Û,Û$Î(Ð<Ò/Í�Ö"å Ü�Ö�Ø�Ù�Ð
Í"Î(Ð�Ü�Ö

He*.

The JET NBI systems are presently being upgraded, which means that it will be possible to

perform experiments to test this hypothesis even if some of the beams are converted to He.

This work was performed under the European Fusion Development Agreement, and funded

in part by EURATOM and the UK Department of Trade and Industry.
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