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The first experiment simulating helium ash exhaust in a DT fusion reactor has been performed in the
JT-60 tokamak with L-mode divertor discharges. He was injected with a 30-keV neutral beam to realize
core fueling. Divertor neutral pressures of hydrogen and He increased in proportion to the cube of the
electron density of the main plasma. The He enrichment factor was 0.5 at 7, =6x10'"" m ™% and in-
creased in proportion to .. In an L-mode plasma of a fusion reactor, thermalized a particles (He ash)
generated in the core plasma can be easily exhausted with a pumping speed of several tens m>/s.

PACS numbers: 52.50.Gj, 52.55.Fa, 52.70.Nc

In a burning fusion plasma with deuterium (D) and tri-
tium (T) fuels, 3.5-MeV «a particles are generated in the
D-T reaction. After thermalization, the a particles be-
come helium ash. The concentration of the He ash must
be controlled within a permissible level to prevent fuel di-
lution and quenching of the burning plasma. For exam-
ple, this level is about 10% in ITER (International Ther-
monuclear Experimental Reactor) [1]. Therefore, con-
trol of the He ash is one of the critical issues in tokamak
experiments. In previous experiments, He ash exhaust
was studied in the Ohmically heated D-111 tokamak [2,3],
and He transport in the PDX tokamak [4]. Recently,
more precise studies have been reported from the TFTR
[5] and TEXTOR [6] tokamaks. However, in the above
experiments, He gas was introduced from the plasma
edge by gas puffing. In the case of a fusion reactor, the
birth profile of the He ash has a centrally peaked shape
[7]. The effect of location of the He source on the He ash
behavior is not yet understood. Therefore, for reliable
design of a fusion reactor, an experiment simulating the
birth profile is necessary. This paper presents the first ex-
periment of He ash exhaust with core fueling by a He
beam in neutral-beam- (NB-) heated L-mode discharges
of the JT-60 tokamak. Also, an experiment with edge fu-
eling by He gas puffing has been done.

The JT-60 device is a large tokamak with a single-null
poloidal divertor at the bottom of the torus. Typical pa-
rameters are a major radius of 2.9 m, a minor radius of
0.7 m, a plasma current of 1 MA, a toroidal field of 4.5
T, and a discharge duration of 10 s. Hydrogen plasmas
are heated for 4 s by a hydrogen NB with heating powers
of 10 to 18 MW and with a beam energy of 70 keV. A
He NB with a fueling rate of 0.27 Pam?/s is injected for
2 s with a beam energy of 30 keV. In a He beam-line
chamber, a cryopump cooled by liquid He is specially
condensed by SFg gas to pump He gas. In the case of He
gas fueling, He is puffed with a fueling rate of 0.5
Pam?/s for 3 s. In the divertor region, the neutral-
particle pressures of hydrogen and He are measured dur-
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ing a discharge by a magnetically shielded residual-gas
mass analyzer (RGA) with a scanning time of 0.1 s. The
intensities of Hy and Hell (4686 A) emissions are mea-
sured by a spectrometer with a viewing angle around the
X point and the divertor plate. In the main plasma, spa-
tial profiles of electron density and electron temperature
are measured with a multichannel Thomson scattering
system. A far-infrared interferometer viewing along an
off-axis vertical chord (r =0.4a) is used for measurement
of the line-integral electron density of the main plasma,
where a is the minor plasma radius. Charge-exchange
recombination spectroscopy (CXRS) is used to measure
the He?*-ion density profile in the main plasma by ob-
serving the transition at 4686 A (n=4— 3) of He™. In
addition to the He transport analysis, these CXRS data
are used to calibrate the He particle density evaluated by
An./2 in the He exhaust study, where A7, is the incre-
ment of the line-averaged electron density after the He
fueling. In the case of He gas fueling, the He particle
density of the central region is also measured using a
double CX reaction by injecting a He probe beam with a
beam energy of 160 keV [8].

Typical wave forms in the He beam fueling experi-
ments are shown in Fig. 1. During the He beam injec-
tion, the increase of the line-averaged electron density
(n.) is observed in Fig. 1(a). Solid and dashed lines de-
pict n, with and without the He beam fueling, respective-
ly. The increment of the electron density is caused by the
He beam fueling. In the soft-x-ray signal, the sawtooth
period was around 180 ms both with and without He
beam fueling. A clear difference of MHD behavior was
not observed. Figure 1(b) shows the Hy and Hell (4686
A) emissions in the divertor region. Since significant
change of the Hy emission is not observed after the He
beam injection, an enhancement of hydrogen recycling by
the He beam can be neglected. Figures 1(c) and 1(d)
show the spatial profiles of the electron density and the
electron temperature measured by Thomson scattering,
and the He?"t ion density by CXRS. In Fig. 1(d), the
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FIG. 1. Time histories from a typical He beam fueling

discharge for a 1-MA plasma current. (a) Line-averaged elec-
tron densities 77, with and without the He beam fueling. (b) Hp
and Hell intensities in the divertor. (c) Electron temperature
and electron density profiles. (d) He particle density profiles.
Open and solid circles are measured values with CXRS. Solid
lines are calculated by transport code.

solid lines are spatial profiles of the He particle densities
calculated by a one-dimensional time-dependent trans-
port code [9]. The peaking factor C, is defined by the in-
ward flow velocity v;,=—C.D,2r/a 2 D,isa spatially
uniform anomalous diffusion coefficient of 0.4 m?/s,
determined by comparing the computed central He?*
density with the measured one [10]. C, of the He?" is in
the range of 1 to 1.5. On the other hand, C, of the bulk
plasma is in the range of 0 to 1. These results show that
the He has a slightly more peaked density profile than the
bulk plasma. So, in the estimation of the line-averaged
particle densities of He and electrons, these spatial
profiles are used. In Fig. 1(b), prior to the He beam in-
jection, a small amount of Hell emission is observed.
This implies that the He implanted into the graphite tiles
in previous shots is desorbed by hydrogen NB injection.
The He particle density (7Zye) in the main plasma con-
sists of an incremental particle density after the He fuel-
ing (Any.) and a background particle density without the
He fueling (7fi¢). In the range 7,=3%10'" m 3 to
4x10" m 73, ABS/Any. is estimated to be about 20%.
According to the Hell emission (/}e,), there is no clear
density dependence of IBS,/AIien. Therefore, 1.2 XA
is used as ny. assuming 20% of background He. For
analysis, the data after 2 s from the start of the He fuel-
ing are used.

Core fueling by the He beam is confirmed by measure-
ment of shinethrough (ST) of the NB and by calculation
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FIG. 2. (a) Shinethrough of the He and hydrogen beams as
a function of line-averaged electron density n.. Dashed line is
calculated shinethrough of the He beam by the Monte Carlo
code. (b) Calculated deposition profile of helium neutral beam.
He beam energy =30 keV, 7, =4.5%10' m =3 T.(0) =3 keV,
Zer=2. Solid line is shown by spline interpolation.

of the deposition profile. Figure 2(a) shows ST measured
by a thermocouple array attached to inner graphite tiles.
Open circles show ST of a 40-keV hydrogen NB in a
different experiment. ST of the He beam is larger by a
factor of 3 than that of the hydrogen beam. These results
indicate that the He beam can be deposited into the core
plasma. The dashed line is the calculated ST by an
orbit-following Monte Carlo (OFMC) code [7]. There is
good agreement between the measured ST and the calcu-
lated one. The calculated deposition profile of the He
beam is shown in Fig. 2(b). The plasma parameters were
e =4.5%x10" m ™3, T.(0)=3 keV, and Z.5=2. The
off-axis peak position of the deposition profile arises from
off-axis injection. In this case, the predicted ST is 17.5%.
Good agreement between the calculation and the mea-
surement implies that core fueling of the He beam is reli-
able. Although ST of the He beam becomes thermal He
neutrals, these are negligible as compared with recycling
flux from the divertor region. Gilbody er al. [11] show
that the fraction of metastables in the He NB is less than
1% for a He neutralizer at equilibrium conditions. Since
a He neutralizer was used in our experiment, metastable
He can be considered negligible.

For efficient He ash exhaust, high neutral-particle pres-
sure of He in the divertor is necessary. Figure 3(a) shows
the neutral pressures of hydrogen (Py,) and He (Py.) in
the divertor as the function of n, in the hydrogen NB-
heated discharges with the He beam fueling. In Fig.
3(b), above 7, =4x10'° m 73, the ratio of the He particle
density to the electron density in the main plasma is in
the permissible range of concentration of the He ash. In
a fusion reactor, the permissible concentration can be
achieved by an appropriate pumping system depending on
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FIG. 3. (a) Neutral pressures of helium and hydrogen as a
function of the line-averaged electron density of the main plas-
ma. Png=10 to 17 MW, I,=1 MA. Open and solid circles
are neutral pressures in the L-mode discharges. Open triangles
are hydrogen neutral pressure in H mode. (b) Ratio of helium
density to electron density in the main plasma.

the transport behavior of He. The maximum neutral-
particle pressures attained in this experiment are Py,
=0.43 Pa and Pj.=0.036 Pa at 7, =5.8x10'"" m 73, re-
spectively. Both pressures increase approximately in pro-
portion to n’. A similar dependence was also observed in
the intensities of Hy and Hell (4686 A) emissions in the
divertor. In the case of Ohmically heated discharges with
He gas fueling [12], a clear dependence of Py, on n, was
not observed, whereas Py, increased in proportion to ne.
These results suggest that high heating power is necessary
to localize He in the divertor. Using a two-point divertor
model [13], the localization of He in the NB-heated
discharges is explained. The particle confinement time of
7p =20 ms is used from the previous experiment of JT-60
[14]. At 7, =3%x10"" m 3, the particle flux is calculated
to be 3x1022 s ™!, Also, a particle multiplication factor
of 20 is used because the ratio of Py, in the divertor to
that in the main plasma is about 20. As a result, the
divertor plasma parameters are estimated to be an elec-
tron temperature of 10 eV and an electron density of
3%x102° m ™3 at 7,=3x10" m 3, Using these values,
the mean free path of He, defined as A =v/n.{ov), is cal-
culated to be about 0.004 to 0.04 m in the divertor plas-
ma, where the particle velocity of detrapped He is
v=1(0.1-1)x10* m/s for 0.02 to 2 eV and the electron
impact ionization reaction rate [15] is (ocv)=8x10'°
m?>/s for 10 eV. Considering the half-width of the diver-
tor heat flux profile measured by an infrared camera (4
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FIG. 4. He enrichment factor n as a function of the line-
averaged electron density in the NB-heated divertor discharges
of Png=10 to 17 MW and I,=1 MA. Open and solid circles
are n in He gas fueling and He beam fueling.

cm), the characteristic divertor dimension is around 10
cm. Therefore, He particles can be trapped in the diver-
tor plasma and localization of the He particles is expect-
ed. These results demonstrate that thermalized a parti-
cles (He ash) generated in the core plasma can be easily
exhausted to the divertor region in an L-mode plasma.
On the other hand, in an H-mode discharge, He ash ex-
haust is a crucial item because the neutral-particle pres-
sure in the divertor decreases due to good particle
confinement. For example, Py, in H-mode discharges
with ELMs (edge localized modes) is + to 3 of that in
the L mode as shown in Fig. 3(a). Therefore, it is expect-
ed that Py in the H mode is also lower than in the L
mode.

Another key issue in the He ash exhaust is the ratio of
the He particle density to the hydrogen one in the diver-
tor. A high concentration of He is desirable. To evaluate
this characteristic, the enrichment factor n was defined as
(Pue/2Pw,) ™/ (ye/f, )™ ™ in the previous studies [2,3].
Figure 4 shows n as a function of n, of the main plasma
in the NB-heated discharges with Png=10 to 17 MW.
In the case of core fueling, n is 0.25 to 0.5 for n,
=(2.9-5.8)x10'" m ~3. For data points with error bars,
nye was measured with CXRS. The uncertainty in 7 is
mainly caused by the CXRS measurement. Although He
enrichment in the divertor is not observed, 1 increases in
proportion to n.. This dependence can be explained
quantitatively by the n. dependence of each parameter in
the equation for 7, where PHZOCn(}, Phe < n, and nye is
nearly constant. This characteristic of 1 is promising for
efficient He ash exhaust in high-density operation. On
the other hand, in the case of edge fueling by He gas
puffing, n is higher than with He beam fueling, being 0.6
to 0.98 for 77, =(1.9-2.8)x10'° m ~3. In this case, the
uncertainty in 7 is caused by the estimation of An,. This
high n can be explained by the difference in fueling
efficiency defined by [(dNye/dt) —o— (dNue/dt) +01/Qne,
where Oy is the He fueling rate, and (dNne/dt) —o and
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(dNye/dt) +¢ are time derivatives of the number of He
atoms before and after the He fueling termination, re-
spectively. The fueling efficiency in the He beam is about
100%. On the other hand, in the case of He gas, it is 40%
to 50%. In this case, the ratio of the He neutral pressure
to the hydrogen one is 1.7 times higher than that in the
He beam. A possible reason for this high concentration
of He is that He gas injected into a vacuum chamber is
easily shielded by a boundary plasma and retained in the
divertor region. These results show that core fueling by a
He beam is essential for simulating He ash behavior in
plasma with high NB heating power.

Based on these results, the required pumping speed of
the He ash exhaust (S,) in L-mode discharges can be es-
timated. For example, in the case of a fusion reactor like
ITER, the He ash generation rate (Qy) is 1.4 Pam?>/s.
Using the definition of 1, P{Y is calculated by 2n(ny./
ne)"”’i"Pﬁizv. Extrapolating the JT-60 result, Pf{’ is as-
sumed to be around 1 Pa at 7, =1x10%° m 3. Using an
nof 0.5 and the permissible He ash concentration of 10%,
P! is estimated to be 0.1 Pa. So, S, (=Qu/Pfi) is
calculated to be 14 m>/s. Considering experimental am-
biguities, S, should be around several tens of m3/s in the
L-mode discharges.

In summary, He ash exhaust with core fueling by a He
beam was demonstrated in the NB-heated divertor
discharges of the JT-60 tokamak. Py, and Py, increase
with n2. The He enrichment factor 7 is 0.25 to 0.5 and
increases with 7,. Core fueling by the He beam is essen-
tial for simulating He ash behavior in a fusion reactor.
These results show that in the case of L-mode discharges,
thermalized a particles (He ash) generated in the core
plasma can be easily exhausted in a fusion reactor.
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