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ABSTRACT
A bulk charge exchange spectroscopy system has been applied to measure the radial profiles of the hydrogen (H) and deuterium (D) density
ratio in the isotope mixture plasma in a large helical device. Charge exchange lines of Hα and Dα 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 the relative density of hydrogen and deuterium ions are derived from H and D
hot components measured and the 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.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5097030., s

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 optimizing the fusion output due to
the deuterium-tritium (D-T) reaction. The isotope effect of ion par-
ticle transport cannot be directly observed in pure hydrogen (H) or
pure deuterium (D) because of the degeneration between ion particle
transport and electron particle transport due to the quasineutraliza-
tion condition. Therefore, 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 the transport coefficient of the
hydrogen isotope in tokamak plasma were performed in TFTR.1

Tritium density is inferred from the time evolution of the neutron
emissivity profiles, and transport coefficients (D, V) are determined
by puffing a small amount of tritium (T) gas into deuterium
plasmas. More recently, deuterium and hydrogen densities were
measured in the D-H mixture plasma with a recycling parti-
cle source of H and D.2 In these experiments, the central deu-
terium density and, hence, the D-H ratio at the plasma center
are evaluated from the neutron rate, while the D-H ratio at the
plasma edge is evaluated from the Hα and Dα line ratio mea-
sured with passive spectroscopy. D-H ratio profiles are found to
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be insensitive to the isotope species of the recycling from the wall
in JET.

Despite the importance of understanding the isotope difference
in ion particle transport in the isotope mixture plasma, where the ion
particle transport is decoupled from the electron particle transport,
there are only few results reported due to the lack of precise measure-
ment of the D-H ratio in the plasma core. In order to understand the
ion particle transport in the isotope mixture plasma, a novel diag-
nostic 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 exchange spectroscopy3 are described.

II. EXPERIMENTAL SETUP
In order to develop the isotope ratio measurements in the

plasma core, a bulk charge exchange spectroscopy system has been
installed in a Large Helical Device (LHD). The bulk charge exchange
system consists of a 300 mm F2.8 camera lens, 2160/mm diffrac-
tion grating, and CCD detector (Andor DU897D 16 × 16 μm2

512 × 512 pixels). The dispersion is 0.72 nm/mm at 656 nm.
32 optical fibers with a diameter of 200 μm are arranged at
the entrance slit of the spectrometer, which provides 32 chan-
nels. The time resolution is determined by the integration time
of the CCD detector and is typically 5 ms. The radial profiles
of hydrogen fraction nH/(nH + nD) or deuterium fraction nD/(nH
+ nD) in the plasma can be measured from the Hα and Dα lines emit-
ted by the charge exchange reaction between the bulk ions and the
neutral beam injected. Usually, 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 deu-
terium is close to unity and relatively constant in space.4,5 In the
LHD, bulk charge exchange spectroscopy6–8 has been applied for
the measurement of the radial profiles of the D-H density ratio9 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 the LHD. The

FIG. 1. Experimental setup: geometry of neutral beam and the line of sight of bulk
charge exchange spectroscopy.

α is the angle between the line of sight and the beam line, while
the β is the angle between the line of sight and the toroidal direc-
tion. In order to separate the beam emission line and the charge
exchange line, α should be small. However, the larger α is prefer-
able for minimizing the error due to the uncertainty of energy
dependence of the emission cross section.10 In contrast, smaller β
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 perpendicu-
lar to the magnetic flux surface. Then, the optimum of the angle
between the line of sight and the beam line α1 is 60○ and α2 is 120○,
while the optimum of the angle between the line of sight and the
toroidal direction is β1 = −30○ and β2 = 30○. In the experimental
setup in the LHD, α1 = 61○, α2 = 103○, β1 = −29○, and β2 = 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 Hα is 1.4 times larger than that of Dα for the equal
temperature between hydrogen and deuterium. The blue wing of
the charge exchange line is mainly provided by the blue wing of
Dα (656.1 nm), while the red wing of the charge exchange line is
mainly contributed by the red wing of Hα (656.28 nm). Therefore,
the height of the wing of the charge exchange spectra becomes asym-
metric (the red wing of the spectrum is higher than the blue wing)
even for the nH:nD = 1:1 mixture plasma without toroidal rota-
tion. Therefore, the line of sight antiparallel 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, VC
ϕ , is

derived from the Doppler shift of carbon line, λCs , with the veloc-
ity correction due to the energy-dependent charge exchange cross
section of carbon line, VC

cor , as

VC
ϕ = c(λCs /λC0 )/cosβ −VC

corcosα/cosβ, (1)

where λC0 is the wavelength of carbon line and c is the velocity of
light. The toroidal rotation velocities of hydrogen and deuterium,
VH
ϕ andVD

ϕ , are derived from the measured toroidal rotation velocity
of carbon impurity, VC

ϕ , and velocity differences between hydrogen
or deuterium bulk ions and carbon impurity ion calculated, δVH−C

ϕ

or δVD−C
ϕ , respectively,

VH
ϕ = VC

ϕ + δVH−C
ϕ , (2)

VD
ϕ = VC

ϕ + δVD−C
ϕ . (3)

The Doppler shifts of hydrogen and deuterium, λHs and λDs , are
derived from the toroidal rotation velocity of hydrogen and deu-
terium, VH

ϕ and VD
ϕ , with the corrections due to the energy depen-

dent emission cross section of hydrogen and deuterium lines, VH
cor

and VD
cor , as

c(λHs /λH0 ) = VH
ϕ cosβ + VH

corcosα, (4)

c(λDs /λD0 ) = VD
ϕ cosβ + VD

corcosα, (5)

where λH0 and λD0 are the wavelengths of Hα and Dα lines,
respectively.
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III. SPECTRUM OF Hα AND Dα MEASURED WITH BULK
CHARGE EXCHANGE SPECTROSCOPY

The hot component due to the active charge exchange reac-
tion with the neutral beam is smaller than the cold component
emitted in the edge by one order of magnitude. In order to subtract
the cold component of the Hα and Dα charge exchange lines, the
beam modulation technique is applied. Figure 2 shows the spectra of
Hα and Dα lines at beam-on and beam-off timing and the differences
in these two time slices after subtracting the spectrum at beam-
off timing from the spectrum at beam-on timing for the discharge
with D-H mixture plasmas. Although most of the cold components
of the charge exchange lines are subtracted by the beam modula-
tion, there still remain cold components (residual cold component)
comparable to the hot components as seen in the spectrum after sub-
traction in the bulk charge exchange 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 the passive charge exchange or
medium temperature component,11 and most of the medium tem-
perature components can be subtracted by the beam modulation
technique. In the LHD, the radial profile of neutral is measured from
this passive charge exchange component using the spectrometer
with a high dynamic range.12 The passive charge exchange compo-
nent is smaller than the cold component by two orders of magnitude
(smaller than the active charge exchange component excited by neu-
tral beam by a factor of 5–10). The residual passive charge exchange
component is expected to be smaller than the residual cold compo-
nent 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 μ to make the instrumental width
(FWHM) small enough (0.056 nm) to separate the two peaks of the

FIG. 2. Hα and Dα spectrum at (a) beam-on and beam-off timing and (b) the
difference of the spectrum between beam-on and beam-off timing.

cold components of Hα (656.28 nm) and Dα (656.10 nm) lines in
the spectrum. The Doppler width of the cold component is smaller
than the wavelength separation (0.18 nm) between the Hα and Dα
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–
655 nm are beam emissions of hydrogen beam with full, half, and
one-third energy. As discussed in Sec. II, the line of sight is selected
to make the beam emission blue shift to have more separation
between beam emission lines and the charge exchange line.

IV. ANALYSIS METHOD FOR HYDROGEN
AND DEUTERIUM DENSITY PROFILE MEASUREMENT
A. Fitting of spectrum with four Gaussian

Figure 3 shows Hα and Dα spectra before pellet injection,
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 effects cancel each other in the
blue wing. Charge exchange lines are fitted by four Gaussian of H

FIG. 3. Hα and Dα spectrum: (a) before pellet injection, (b) after deuterium pellet
injection, and (c) after hydrogen pellet injection.
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and D cold components and H and D hot components,

I(λ) =
4

∑
i
[Ai exp(− (λ − λ

i
0 − λis)2

(λiw)2 + (λins)2 )]. (6)

There are 3 parameters (amplitude Ai, Doppler shift λis, and 1/e
Doppler width λiw) for each Gaussian profile, and the total num-
ber of parameters for four Gaussian profiles is 12. Here, i denotes
the H and D hot and cold components as i = Hcold, Hhot, Dcold,
and Dhot. λi0 is the wavelength with no Doppler shift, and λins is the
instrumental width of the spectrometer for the 50 μ slit width (λHcold

0
= λHhot

0 = 656.28 nm, λDcold
0 = λDhot

0 = 656.1 nm, and λins = 0.04 nm).
In order to reduce the number of free parameters, the Doppler width
and the shift of H and D cold components (λHcold

w , λHcold
s , λDcold

w , and
λDcold
s ) are given by fitting the spectrum at beam-off timing with the

assumption of THcold
i = TDcold

i . Doppler widths of the H and D hot
components (λHhot

w and λDhot
w ) are given by the fitting of the spectrum

after the subtraction with the assumption of equal ion temperature
between hydrogen and deuterium (THhot

i = TDhot
i ).

The Doppler shift of the H and D hot components (λHhot
s ,

λDhot
s ) is given by the toroidal carbon flow velocity with the veloc-

ity correction due to the energy-dependent charge exchange cross
section. Here, the velocity differences between carbon and bulk ion
are ignored because the difference is small enough to be neglected, as
discussed in Sec. IV C. Then, the following five free parameters for
the spectrum fitting are selected: the amplitude of cold and hot com-
ponents of hydrogen and deuterium and ion temperature of bulk
ions (AHcold, AHhot, ADcold, ADhot, and λHhot

w [216 000 =
√

2λDhot
w ]).

Although both hot and cold components of hydrogen (deuterium)
increase after the hydrogen (deuterium) pellet, the increase of the
hot component is much more significant. This is explained by the
fact that the increase of the hot component 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.

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 (1/Q)∂Q/∂V is finite.13,14 Here, Q is
the emission cross section for the transition observed in the charge
exchange spectroscopy and V is the velocity of the probe neutral
beam. The correction velocity Vcor is roughly proportional to ion
temperature and in the direction of the upstream of the neutral beam
for (1/Q)∂Q/∂V > 0 and toward the downstream of the neutral
beam for (1/Q)∂Q/∂V < 0. Although the correction velocity nor-
malized by ion temperature can be evaluated by the Atomic Data
and Analysis Structure (ADAS),15 the fraction of n = 2 excited state
should be determined 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)∂Q/∂V at the beam energy below 35 keV/amu especially for
the charge exchange lines of carbon. In the LHD, Vcor/Ti is experi-
mentally determined by measuring the ion temperature dependence
of wavelength shift of charge exchange line along the beam line. The
(1/Q)∂Q/∂V evaluated from the Vcor/Ti measured shows the best fit

to the (1/Q)∂Q/∂V evaluated from ADAS with the fraction of n = 2
excited state of 0.2%.

Figure 4 shows the correction coefficient of toroidal velocity
due to the cross-sectional effect for carbon, hydrogen, and deu-
terium as a function of beam energy per atomic 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 neu-
tral beam for hydrogen and deuterium. However, in the case of the
deuterium beam where the energy range of 20–30 keV/amu, wave-
length shift due to the energy dependent charge exchange cross sec-
tion is toward the upstream of the neutral beam for both carbon and
bulk ions. Because the velocity correction is roughly proportional
to the ion temperature, precise evaluation of (1/Q)∂Q/∂V 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 mini-
mized. However, in order to separate the charge exchange emission
and beam emission, the line of sight should be tilted from the per-
pendicular direction of the neutral beam, and the optimum tilted
angle to the beam line is 60○ in the LHD.

Figure 5 shows the radial profile of ion temperature of car-
bon and atomic correction of toroidal rotation for carbon ion and
hydrogen and deuterium ions for the hydrogen beam with the beam
energy of 43 keV/amu.16 It should be noted that the correction of
the velocity plotted in Fig. 5 is along the toroidal direction and not
along the beam line and also not along the line of sight. Here, positive
velocity is a red shift due to the counterclockwise (CCW) toroidal
rotation and negative velocity is a blue shift due to the CW toroidal
rotation, as seen in Fig. 1. The velocity correction is 13 km/s in CW
direction for carbon and 17 km/s and 28 km/s in CCW direction
for deuterium and hydrogen ions, respectively. In order to measure

FIG. 4. Correction coefficient of toroidal velocity due to cross-sectional effect on (a)
carbon and (b) hydrogen and deuterium as a function of beam energy per atomic
unit. Here, the fraction of n = 2 excited state is 0.2%.
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FIG. 5. Radial profile of (a) ion temperature of carbon and atomic correction of
toroidal rotation for (b) carbon ion and (c) hydrogen and deuterium ions. Here,
positive velocity is a red shift and negative velocity is a blue shift. Here, the beam
species is hydrogen and beam energy is 43 keV/amu.

the D-H ratio precisely, the accurate evaluation of energy dependent
emission cross-sectional effect is essential.

C. Velocity difference between carbon impurity
and bulk ions

In general, the flow velocity parallel to the magnetic field of
impurity is not equal to that of bulk ions. In the LHD, the differ-
ences of flux averaged parallel flow between impurity and bulk ions
ΔV imp are evaluated with neoclassical calculation using the Drift
Kinetic Equation Solver (DKES) code,17–19 while the differences of
Pfirsch-Schlüter flow ΔVPS between impurity and bulk ions are eval-
uated by the geometric factor20,21 with incompressibility conditions
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 potential. Figure 6 shows the radial profile of
electron temperature, electron density, radial electric field, and space
potential. The velocity differences between hydrogen or deuterium
bulk ions and the carbon impurity ion calculated by the DKES code
are shown in Fig. 6(c). The velocity differences of Pfirsch-Schlüter
flow between bulk ions and the carbon impurity ion calculated are
also plotted. Here, positive velocity is in codirection and negative
velocity is in counter-direction. The central electron temperature
and the ion temperature are 3 keV and 2 keV, respectively, while
the central electron density is 3 × 1019 m−3. The radial electric
field is slightly positive in the core and slightly negative near the
plasma periphery. As seen in Fig. 6(e), the velocity differences of flux

FIG. 6. Radial profile of (a) electron temperature, (b) electron density, (c) radial
electric field, (d) space potential, (e) velocity differences between hydrogen or deu-
terium bulk ions and the carbon impurity ion calculated by the DKES code, and (f)
velocity difference of Pfirsch-Schlüter flow between bulk ions and the carbon impu-
rity ion calculated. Here, positive velocity is in codirection and negative velocity is
in the counter-direction.

averaged parallel flow between hydrogen or deuterium bulk ions are
only 2–3 km/s and much smaller than the velocity correction. The
velocity differences of Pfirsch-Schlüter flow between bulk ions are
also only 2–3 km/s. (The velocity difference is identical to hydro-
gen and deuterium ions.) The wavelength separation between Hα
and Dα is 0.18 nm and corresponds to the Doppler shift of bulk
ions with the flow velocity of 80 km/s. Therefore, the velocity differ-
ence between the carbon and bulk ions, expected by the neoclassical
theory, (2–3 km/s) is small enough to be neglected in this measure-
ment in the LHD. The assumption of equal toroidal flow velocity
between the carbon and bulk ions could be invalid in the pedestal
region where the ion pressure gradient is large.25

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

Since the toroidal rotation velocity measured with carbon
charge exchange spectroscopy is used to determine the wavelength
shift of the H and D hot components, 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
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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 deuterium fraction as a function of the offset of carbon toroidal rotation
velocity.

profiles in Fig. 7(a), the statistical error bar of the toroidal rotation
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 uncertainty of the absolute wavelength calibra-
tion of the spectrometer. This uncertainty of the absolute wavelength
calibration (typically 0.01 nm) gives the offset of the toroidal rota-
tion velocity of ∼5 km/s in velocity. The velocity differences between
the carbon and bulk ions discussed in Sec. IV C are only 2–3 km/s,
and the influence of the determination of D-H ratio is relatively
small, as seen in Fig. 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 the D-H
ratio is studied to evaluate the systematic error bar of this measure-
ment. 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 Fig. 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.

V. HYDROGEN AND DEUTERIUM DENSITY PROFILE
IN THE D-H MIXTURE PLASMA WITH PELLET
INJECTION

Radial profiles of isotope density are calculated from the inten-
sity of the hot component and integrated beam density along the

line of sight. Figure 8 shows the radial profile of intensity of deu-
terium and hydrogen hot components, line integrated beam density,
and density of deuterium and hydrogen. The line integrated beam
density is obtained by integrating the local beam density calculated
by the beam attenuation code26 based on the electron temperature
and the density profiles measured. The line integrated beam den-
sity decreases toward the plasma center by a factor of ∼3 due to
beam attenuation and beam divergence. In order to derive the deu-
terium density profile, the effect of halo neutral27 should be taken
into account because the halo contribution can be very large at low
temperature and high density.28 The halo contribution is calculated
with FIDAsim29 using the density and temperature profiles mea-
sured. The difference of halo contribution by the interaction with
the hydrogen ion and with the deuterium ion is relatively small,
as seen in Fig. 8(c). Both the hydrogen and the deuterium den-
sity profiles are flat or slightly hollow in the core region, and there
are no significant differences in the profiles between hydrogen and
deuterium.

In order to confirm the validity of this measurement, the hydro-
gen and deuterium pellet injection experiment into the D-H mixture
plasma was performed in the LHD.30 Figure 9 shows the time evo-
lution of radial profiles of hydrogen and deuterium density 25 ms

FIG. 8. Radial profile of (a) intensity of deuterium and hydrogen hot components,
(b) line integrated beam density, (c) the ratio of Halo contribution to direct change
exchange (DCX) contribution, and (d) density of deuterium and hydrogen.
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FIG. 9. Radial profile of [(a) and (c)] deuterium and [(b) and (d)] hydrogen density in
the plasma with [(a) and (b)] deuterium and [(c) and (d)] hydrogen pellet injection.

before and 35 ms–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 because the densities of the
isotope species injected by the pellet are doubled, but the densities
of the other isotope species are almost unchanged. Although abla-
tion 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 densities each increase
by a factor of 2 due to the particle fueling of hydrogen and deu-
terium pellets, respectively. Then, the deuterium ion density grad-
ually decreases to the level before the deuterium pellet injection. In
contrast, hydrogen density decay is saturated at 155 ms after the
hydrogen pellet because of the increase of the recycling of hydrogen
from the wall.

VI. SUMMARY
A 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 the 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 the Hα and Dα spectrum. Charge
exchange lines of Hα and Dα are fitted by 4 Gaussian of H and D
cold components and H and D hot components with 5 parame-
ters. The measurements of plasma toroidal rotation velocity with
carbon charge exchange spectroscopy are combined. Five param-
eters to be fitted are the amplitude of cold and hot components
of deuterium and hydrogen, respectively, and the ion temperature
of bulk ions (same ion temperature for deuterium and hydrogen
ions).

The wavelength shift of the hot component of Hα and Dα is
inferred from the toroidal rotation velocity measured with carbon
charge exchange spectroscopy. Although the velocity differences
between the carbon and bulk ions are found to be small enough to
be neglected, the charge exchange cross-sectional effect on the flow
measurements is 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 uncer-
tainty 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 the LHD.
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