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Bulk charge exchange spectroscopy system has been applied to measure the radial profiles of
hydrogen (H) and deuterium (D) density ratio in the isotope mixture plasma in Large Helical Device
(LHD). Charge exchange lines of H, and D, are fitted by 4 Gaussian of H and D cold components
and H and D hot components with 5 parameters by combining the measurement of plasma toroidal
rotation velocity with carbon charge exchange spectroscopy. The radial profiles of relative density
of hydrogen and deuterium ions are derived from H and D hot components measured and beam
density calculated from beam attenuation calculation. A proof-of-principle experiment is performed
by the H pellet and the D pellet injections into the H-D mixture plasma.

PACS numbers:

I. INTRODUCTION

The isotope effect of ion particle transport is a very
important issue in the fusion plasmas where the control
of isotope ratio in the core plasma is indispensable for op-
timizing the fusion output due to deuterium-tritium (D-
T) reaction The isotope effect of ion particle transport
cannot be directly observed in the pure hydrogen (H) or
the pure deuterium (D) because of the degeneration be-
tween ion particle transport and electron particle trans-
port due to the quasi-neutralization condition. There-
fore, the transport study in the D-H mixture plasma is
essential for decoupling the ion particle transport and the
electron particle transport. Recently, the difference in H
ion transport and D ion transport in the D-H mixture
plasma becomes an important topic for understanding
the isotope difference in the ion transport and predicting
the D-H ratio or the D-T ratio in the plasma.

The first measurements of transport coefficient of hy-
drogen isotope in tokamak plasma were performed in
TFTR [1]. The tritium density is inferred from the time
evolution of the neutron emissivity profiles, and trans-
port coefficients (D, V) are determined by puffing a small
amount of tritium (T) gas into deuterium plasmas. More
recently, deuterium and hydrogen densities were mea-
sured in the D-H mixture plasma with a recycling par-
ticle source of H and D [2]. In these experiments, the
central deuterium density and, hence, the D-H ratio at
the plasma center, are evaluated from the neutron rate,
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while the D-H ratio at the plasma edge is evaluated from
the H, and D, line ratio measured with passive spec-
troscopy. D-H ratio profiles are found to be insensitive
to the isotope species of the recycling from the wall in
JET.

In spite of the importance of understanding the isotope
difference in ion particle transport in the isotope mixture
plasma, where the ion particle transport is decouple from
electron particle transport, there are only few results re-
ported due to a lack of precise measurement of the D-H
ratio in the plasma core. In order to understand the ion
particle transport in the isotope mixture plasma, a novel
diagnostic technique to measure the D-H density ratio
is necessary. In this paper the measurements of the D-
H density ratio using bulk charge exchange spectroscopy
combined with the measurement of carbon charge ex-
change spectroscopy [3] are described.

II. EXPERIMENTAL SET UP

In order to develop the isotope ratio measurements
in the plasma core, bulk charge exchange spectroscopy
system has been installed in LHD. The bulk charge
exchange system consists of 300mm F2.8 camera lens,
2160/mm diffraction grating, and CCD detector (Andor
DUS897D 16x16 um 512x512 pixels). The dispersion is
0.72nm/mm at 656nm. 32 optical fibers with a diame-
ter of 200 um are arranged at the entrance slit of the
spectrometer, which provides the 32 channels. The time
resolution is determined by the integration time of the
CCD detector and is typically 5 ms. The radial profiles
of hydrogen fraction ng/(ng+np) or deuterium fraction
np/(ng + np) in the plasma can be measured from H,
and D,, lines emitted by the charge exchange reaction be-
tween the bulk ions and the neutral beam injected. Usu-
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FIG. 1. Experimental set up: geometry of neutral beam, line
of sight of bulk charge exchange spectroscopy.

ally, bulk charge exchange spectroscopy has been used
to measure the toroidal rotation velocity in the hydro-
gen or deuterium plasma where the fraction of hydrogen
and deuterium is close to unity and relatively constant
in space [4, 5]. In LHD, the bulk charge exchange spec-
troscopy [6-8] has been applied to the measurement of
the radial profiles of D-H density ratio [9] in the D-H
mixture plasma to study the isotope effect of ion particle
transport.

Figure 1 shows the geometry of the line of sight, beam
line, and toroidal direction in the experimental setup of
LHD device. The « is the angle between the line of sight
and beam line, while the g is the angle between the line
of sight and the toroidal direction. In order to separate
the beam emission line and the charge exchange line, a
should be small. However, the larger « is preferable for
minimizing the error due to the uncertainty of energy
dependence of the emission cross section [10]. In contrast,
smaller (3 is better to measure the plasma flow parallel to
the magnetic flux surface, where the difference between
the impurity flow and the bulk flow is relatively small
compared with the flow perpendicular to the magnetic
flux surface. Then the optimum of the angle between
the line of sight and the beam line a4 is 60° and as is
120°, while the optimum of the angle between the line of
sight and the toroidal direction is f; = —30° and (s =
30°. In the experimental setup in LHD, a; = 61° and
ag = 103° and [, = —29° and B = 13°. The angles of
view 1 are close to the optimized value, while the angles
of view 2 are too perpendicular to the beam line. The
Doppler broadening of H, is 1.4 times larger than that
of D, for the equal temperature between hydrogen and
deuterium. The blue wing of the charge exchange line
is mainly provided by the blue wing of D, (656.1nm),
while the red wing of the charge exchange line is mainly
contributed by the redwing of H, (656.28nm). Therefore,

the height of the wing of the charge exchange spectra
becomes asymmetric (the red wing of the spectrum is
higher than the blue wing) even for the ng:np = 1:1
mixture plasma without toroidal rotation. Therefore, the
line of sight anti-parallel to the neutral beam line in which
the beam emission is in the blue shift is preferable for
avoiding the overlapping between the red wing and the
beam emission.

The toroidal rotation velocity of carbon impurity, V¢C,

is derived from the Doppler shift of carbon line, ¢,
with the velocity correction due to the energy-dependent
charge exchange cross section of carbon line, V. | as

cor?

V(z,c = c()\g/)\g)/cosﬁ - ngrcosa/cos/)’, (1)

where \§ is the wavelength of carbon line, c is the veloc-
ity of light. The toroidal rotation velocity of hydrogen
and deuterium, V¢H and Vf , are derived from the mea-
sured toroidal rotation velocity of carbon impurity, V¢C,
and velocity differences between hydrogen or deuterium
bulk ions and carbon impurity ion calculated, 5Vf ~Cor

JVf ~C respectively.

Vil =V +oviee, (2)

D c D—-C
Vo =V, +0Vy, (3)
The Doppler shift of hydrogen and deuterium, A\, and
AD " are derived from the toroidal rotation velocity of hy-
drogen and deuterium, V,/* and V,”, with the corrections
due to the energy dependent emission cross-section of hy-

. . H D
drogen and deuterium lines, V. and V. as

c()\f/)\g[) = Vfcosﬂ + Vgrcosa, (4)

cAP /N = Vfcosﬁ + V2 cosa. (5)

where A}l and \J is the wavelength of Ha and Da lines,
respectively.

III. SPECTRUM OF Ha AND Da MEASURED
WITH BULK CHARGE EXCHANGE
SPECTROSCOPY

The hot component due to the active charge exchange
reaction with the neutral beam is smaller than the cold
component emitted in the edge by one order of magni-
tude. In order to subtract the cold component of the H,
and D, charge exchange lines, beam modulation tech-
nique is applied. Figure 2 shows the spectra of H, and
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FIG. 2: Ha and Da spectrum at (a) beam-on and beam-off
timing and (b) the difference of the spectrum between beam-
on and beam-off timing.

D, lines at beam-on and beam-off timing and the differ-
ences in these two time slices after subtracting the spec-
trum at beam-off timing from the spectrum at beam-on
timing for the discharge with D-H mixture plasmas. Al-
though most of the cold components of the charge ex-
change lines are subtracted by the beam modulation,
there still remain cold components (residual cold com-
ponent) comparable to the hot components as seen in
the spectrum after subtraction in the bulk charge ex-
change lines. There are small wings of the spectra in the
plasma even without beam due to the charge exchange
process between the thermal neutral penetrated into the
plasma and bulk ions. This is called passive charge ex-
change or medium temperature component [11] and most
of the medium temperature component can be subtracted
by the beam modulation technique. In LHD, the radial
profile of neutral is measured from this passive charge
exchange component using the spectrometer with high
dynamic range [12]. The passive charge exchange com-
ponent is smaller than the cold component by two orders
of magnitude (smaller than the active charge exchange
component excited by neutral beam by a factor of 5 -
10). The residual passive charge exchange component is
expected to be smaller than the residual cold component
by two orders of magnitude (below the noise level) and
can be neglected.

Because of the residual cold component, the slit width
of the spectrometer is reduced to 50 p to make the instru-
mental width (FWHM) small enough (0.056nm) to sepa-
rate the two peaks of cold components of H, (656.28nm)
and D,, (656.10nm) lines in the spectrum. The Doppler
width of the cold component is smaller than the wave-
length separation (0.18nm) between H, and D, lines,
while the Doppler width of the hot component is too
large to be separated into two peaks. The lines in the
wavelength range of 653 - 655nm are beam emissions of
hydrogen beam with full, half, and one-third energy. As
discussed in the previous section, the line of sight is se-
lected to make the beam emission blue shift to have more
separation between beam emission lines and charge ex-
change line.

IV. ANALYSIS METHOD FOR HYDROGEN
AND DEUTERIUM DENSITY PROFILE
MEASUREMENT

A. Fitting of spectrum with four Gaussian

Figure 3 shows H, and D, spectra before pellet injec-
tion, after deuterium pellet injection, and after hydrogen
pellet injection. The most significant differences between
these two spectra appear at the red wing of the spectrum.
This is because both the red shift and the wider Doppler
shift of H hot component contribute to the increase of the
red wing, while their effect cancels each other in the blue
wing. Charge exchange lines are fitted by four Gaussian
of H and D cold components and H and D hot compo-
nents.

=3 [ren(-GEAREE)] o

3

There are 3 parameters (amplitude A® , Doppler shift
AL, and 1/e Doppler width Ai)) for each Gaussian pro-
file and the total number of parameters for four Gaus-
sian profiles are 12. Here, 7 denotes H and D hot
and cold component as ¢ = Hcold, Hhot, Dcold, and
Dhot. )} is the wavelength with no Doppler shift
and Ajys is the instrumental width of the spectrome-
ter for the 50u slit width (Afleold= \Ihot—656.28nm,
)\ODCOId:)\ODhOt:656.1nm and Ajps=0.04nm) In order to re-
duce the number of the free parameters, the Doppler
width and shift of H and D cold component (Acold,
AHeold " ADeold a4 \Deold) are given by fitting the spec-
trum at beam-off timing with the assumption of TH¢°ld =
TiDCOId. Doppler widths of H and D hot component (ARt
and APBot) are given by the fitting of the spectrum after
the subtraction with the assumption of equal ion temper-
ature between hydrogen and deuterium (7}1het = TPhot),

The Doppler shift of the H and D hot component
(AIhot = ADhot) g oiven by the toroidal carbon flow ve-
locity with the velocity correction due to the energy-
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FIG. 3: Ha and Da spectrum (a) before pellet injection, (b)
after deuterium pellet injection, and (c) after hydrogen pellet
injection.

dependent charge exchange cross section. Here the veloc-
ity differences between carbon and bulk ion are ignored
because the difference is small enough to be neglected,
as discussed in session IV-C. Then the following five free
parameters for the spectrum fitting are selected: ampli-
tude of cold and hot component of hydrogen and deu-
terium and ion temperature of bulk ions (Afcold AgHhot,
APeold - gDhot " and A\HRot[216000 = /2ADPet]). Although
both hot and cold components of hydrogen (deuterium)
increase after the hydrogen (deuterium) pellet, the in-
crease of hot component is much more significant. This
is explained by the fact that the increase of the hot com-
ponent is due to the increase of the density, while the
increase of the cold component is due to the increase of
recycling after the pellet injection.
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FIG. 4: Correction coefficient of toroidal velocity due to cross
section effect on (a) carbon and (b) hydrogen and deuterium
as a function of beam energy per atomic unit. Here the frac-

tion of n = 2 excited state is 0.2%.

B. Correction of toroidal velocity measurements

It is well known that the rotation velocity measured
with charge exchange spectroscopy requires a correction
due to the energy dependent cross section because the
wavelength shift appears in the charge exchange line
when the (1/Q)0Q/0V is finite [13, 14]. Here Q is
the emission cross section for the transition observed in
the charge exchange spectroscopy and V is the veloc-
ity of the probe neutral beam. The correction velocity
Veor is roughly proportional to ion temperature and in
the direction of the upstream of the neutral beam for
(1/Q)0Q/0V > 0 and towards the downstream of the
neutral beam for (1/Q)0Q/0V < 0. Although the correc-
tion velocity normalized by ion temperature can be evalu-
ated by the Atomic Data and Analysis Structure (ADAS)
[15], the fraction of n = 2 excited state should be deter-
mined experimentally because the contribution of the n
= 2 excited state donor to effective emission is significant
at lower beam energy and has a significant influence on
the values of (1/Q)90Q/9V at the beam energy below 35
keV /amu especially for the charge exchange lines of car-
bon. In LHD, the V., /T; is experimentally determined
by measuring the ion temperature dependence of wave-
length shift of charge exchange line along the beam line.
The (1/Q)0Q/0V evaluated from the Vo /T; measured
shows the best fit to the (1/Q)0Q/IV evaluated from
ADAS with the fraction of n = 2 excited state of 0.2%.

Figure 4 shows the correction coefficient of toroidal ve-
locity due to cross section effect for carbon and hydrogen
and deuterium as a function of beam energy per atomic
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FIG. 5: Radial profile of (a) ion temperature of carbon and
atomic correction of toroidal rotation for (b) carbon ion, (c)
hydrogen, and deuterium ions. Here positive velocity is red
shift and negative velocity is blue shift. Here the beam species
is hydrogen and beam energy is 43 keV /amu.

unit for the n = 2 excited states of 0.2% [16]. In the case
of the hydrogen beam where the energy range of 30 ~ 50
keV/amu, wavelength shift due to the energy dependent
charge exchange cross section is toward the upstream of
the neutral beam for carbon and toward the downstream
of the neutral beam for hydrogen and deuterium. How-
ever, in the case of the deuterium beam where the energy
range of 20 ~ 30 keV/amu, wavelength shift due to the
energy dependent charge exchange cross section is to-
ward the upstream of the neutral beam both for carbon
and bulk ions. Because the velocity correction is roughly
proportional to the ion temperature, precise evaluation
of (1/Q)0Q/0V becomes more important at higher ion
temperature. If the line of sight of the measurement is
perpendicular to the beam line, the wavelength shift due
to the energy dependent emission cross section can be
minimized. However, in order to separate the charge
exchange emission and beam emission, the line of sight
should be tilted from the perpendicular direction of the
neutral beam, and the optimum tilted angle to the beam
line is 60° in LHD.

Figure 5 shows the radial profile of ion temperature

of carbon and atomic correction of toroidal rotation for
carbon ion, hydrogen, and deuterium ions for the hydro-
gen beam with the beam energy of 43 keV/amu [16]. It
should be noted that the correction of the velocity plotted
in figure 5 is along the toroidal direction and not along
the beam line and also not along the line of sight. Here
positive velocity is red shift due to the CCW toroidal ro-
tation and negative velocity is blue shift due to the CW
toroidal rotation as seen in figure 1. The velocity cor-
rection is 13 km/s in CW direction for carbon and 17
km/s and 28 km/s in CCW direction for deuterium and
hydrogen ion, respectively. In order to measure the D-H
ratio precisely, the accurate evaluation of energy depen-
dent emission cross section effect is essential.

C. Velocity difference between carbon impurity
and bulk ions

In general, the flow velocity parallel to magnetic field
of impurity is not equal to that of bulk ions. In LHD, the
differences of flux averaged parallel flow between impu-
rity and bulk ion AVj,,, are evaluated with neoclassical
calculation using Drift Kinetic Equation Solver (DKES)
code[17-19], while the differences of Pfirsch-Schliiter flow
AVpg between impurity and bulk ion are evaluated by
the geometric factor[20, 21] with incompressibility condi-
tions of parallel flow[22-24]. These flows are calculated
from the magnetic field structure with finite pressure,
and measured radial profiles of pressure and space po-
tential. Figure 6 shows radial profile of electron temper-
ature, electron density, radial electric field, space poten-
tial. The velocity differences between hydrogen or deu-
terium bulk ions and carbon impurity ion calculated by
DKES code are shown in figure 6(c). The velocity dif-
ference of Pfirsch-Schliiter flow between bulk ions and
carbon impurity ion calculated are also plotted. Here
positive velocity is in co-direction and negative velocity
is in counter-direction. The central electron temperature
and the ion temperature are 3 keV, and 2 keV, respec-
tively, while the central electron density is 3 x 10m=3.
The radial electric field is slightly positive in the core and
slightly negative near the plasma periphery. As seen in
figure 6 (e), the velocity differences of flux averaged par-
allel flow between hydrogen or deuterium bulk ions are
only 2 ~ 3 km/s and much smaller than the velocity cor-
rection. The velocity differences of Pfirsch-Schliiter flow
between bulk ions are also only 2 ~ 3 km/s. (The ve-
locity difference is identical to hydrogen and deuterium
ions.) The wavelength separation between Ha and Dav is
0.18nm and corresponds to the Doppler shift of bulk ions
with the flow velocity of 80 km/s. Therefore, the velocity
difference between carbon and bulk ion expected by the
neoclassical theory (2 ~ 3 km/s) is small enough to be
neglected in this measurement in LHD. The assumption
of equal toroidal flow velocity between carbon and bulk
ions could be invalid in the pedestal region where the ion
pressure gradient is large[25].



o 4k
% 3E
< 2
=" 1k
~ OE
e 4
£ 3
o 2F
<, LE
2 0k
E 10
z O
=10
20 L

ALl

(km/s) ®(kV)

imp

(km/s)AV.

PS

AV

FIG. 6: Radial profile of (a) electron temperature, (b) elec-
tron density, (c) radial electric field, (d) space potential, (e)
velocity differences between hydrogen or deuterium bulk ions
and carbon impurity ion calculated by DKES code, and (f)
velocity difference of Pfirsch-Schliiter flow between bulk ions
and carbon impurity ion calculated. Here positive velocity is
in co-direction and negative velocity is in counter-direction.

D. Effect of offset of toroidal rotation velocity on
the D-H ratio measurements

Since the toroidal rotation velocity measured with car-
bon charge exchange spectroscopy is used to determine
the wavelength shift of the H and D hot component, the
uncertainty of the carbon charge exchange spectroscopy
measurement has a strong influence on the determination
of D - H ratio. As seen in the toroidal ration profiles in
figure 7(a), the statistical error bar of the toroidal rota-
tion velocity measurements based on the photon noise is
relatively small. The largest uncertainty in the absolute
value of toroidal rotation velocity is due to the uncer-
tainty of the absolute wavelength calibration of the spec-
trometer. This uncertainty of the absolute wavelength
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FIG. 7: Radial profile of (a) toroidal rotation velocity and
(b) deuterium fraction with and without correction of velocity
difference between impurity and bulk ions, and (c¢) the deu-
terium fraction as a function of the offset of carbon toroidal
rotation velocity.

calibration (typically 0.0lnm) gives the offset of toroidal
rotation velocity of ~ 5 km/s in velocity. The velocity
differences between carbon and bulk ions discussed in the
previous section are only 2 ~ 3 km/s and the influence
of the determination of D - H ratio is relatively small, as
seen in figure 7(b). By including the velocity differences
the D fraction increases only 0.02 ~ 0.03. The influence
of the offset of the toroidal rotation velocity measured to
the determination of D - H ratio is studied to evaluate
the systematic error bar of this measurement. The offset
of the toroidal rotation is scanned from - 20 km/s (blue
shift) to + 20 km/s (red shift). The influence is evaluated
from the slope of Figure 7 (b) and is 0.008/km/s. The
systematic error bar owing to the uncertainty of the offset
of the carbon toroidal rotation measurement (5 km/s) is
0.04.
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V. HYDROGEN AND DEUTERIUM DENSITY
PROFILE IN THE D-H MIXTURE PLASMA
WITH PELLET INJECTION

Radial profiles of isotope density are calculated from
the intensity of hot component and integrated beam den-
sity along the line of sight. Figure 8 shows the radial
profile of intensity of deuterium and hydrogen hot com-
ponent, line integrated beam density, and density of deu-
terium and hydrogen. The line integrated beam density
is obtained by integrating the local beam density cal-
culated by the beam attenuation code[26] based on the
electron temperature and the density profiles measured.
The line integrated beam density decreases toward the
plasma center by a factor of ~ 3 due to the beam at-
tenuation and beam divergence. In order to derive the
deuterium density profile, the effect of halo neutral [27]
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should be taken into account, because the halo contri-
bution can be very large at low temperature and high
density [28]. The halo contribution is calculated with FI-
DAsim [29] using the density and temperature profiles
measured. The difference of halo contribution by the in-
teraction with the hydrogen ion and with the deuterium
ion is relatively small as seen in Figure 8(c). Both the
hydrogen and the deuterium density profiles are flat or
slightly hollow in the core region and there are no sig-
nificant differences in the profiles between hydrogen and
deuterium.

In order to confirm the validity of this measurement,
the hydrogen and deuterium pellet injection experiment
into the D-H mixture plasma was performed in LHD [30].
Figure 9 shows the time evolution of radial profiles of hy-
drogen and deuterium density 25 ms before and 35ms to
155 ms after the hydrogen and deuterium pellet injection
into the hydrogen and deuterium mixture plasma. These



results demonstrate the validity of the isotope density
measurements by bulk charge exchange spectroscopy be-
cause the densities of the isotope species injected by the
pellet are doubled, but the densities of the other isotope
species are almost unchanged. Although ablation of the
pellet is located near the plasma periphery, significant
increases of ion density of the pellet are observed 35 ms
after the pellet injection. Hydrogen and deuterium den-
sity each increase by a factor of 2 due to the particle
fueling of hydrogen and deuterium pellet, respectively.
Then the deuterium ion density gradually decreases to
the level before the deuterium pellet injection. In con-
trast, hydrogen density decay is saturated at 155 ms after
the hydrogen pellet because of the increase of the recy-
cling of hydrogen from the wall.

VI. SUMMARY

Bulk charge exchange spectroscopy system has been
applied to measure the radial profiles of hydrogen (H) and
deuterium (D) density in the isotope mixture plasma in
Large Helical Device (LHD). The line of sight of the bulk
charge exchange is tilted to neutral beam by 60° (90° is
perpendicular) toward the upstream of the neutral beam
in order to avoid the interference of beam emission to
the red wing of H,, and D, spectrum. Charge exchange
lines of H, and D,, are fitted by 4 Gaussian of H and D
cold components and H and D hot components with 5
parameters. The measurement of plasma toroidal rota-
tion velocity with carbon charge exchange spectroscopy
are combined. Five parameters to be fitted are amplitude
of cold and hot component of deuterium and hydrogen,

respectively, and ion temperature of bulk ions (same ion
temperature for deuterium and hydrogen ions).

The wavelength shift of hot component of H, and D,
is inferred from the toroidal rotation velocity measured
with carbon charge exchange spectroscopy. Although the
velocity differences between carbon and bulk ions are
found to be small enough to be neglected, the charge
exchange cross section effect on the flow measurements
are significantly large and should be taken into account
using precise atomic data including the fraction of n = 2
excited state in the neutral beam which is experimentally
determined. The uncertainty of the offset of the carbon
toroidal rotation velocity gives a systematic error of 0.04
in the isotope fraction in this measurement. The validity
of the hydrogen and deuterium density profiles is con-
firmed by the hydrogen and deuterium pellet injection in
the D-H mixture plasmas in LHD.
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