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Diagnostics Method for 2-D Velocity Distribution
Function of Beam Deuterons Using Visible Light
of Energetic 3He in Deuterium Plasmas
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Abstract— In high-temperature plasmas, fast ion diagnostics is
one of the important components for plasma heating. Therefore,
it is important for fusion research to confirm and understand
the physics of fast ions in experimental devices. Although
conventional spectroscopy measurements have excellent energy
resolution, it is difficult to measure fast deuterons with MeV
order energy. The energy resolutions for neutron and γ-ray
measurements are low and need to be improved. A diagnostics
method using the visible light (VIS) spectrum of 3 He produced
by the deuteron–deuteron reaction has been proposed. The
previous studies did not consider the measurement line-of-sight
(LOS) in the actual device. In this article, the observability
of the proposed method is evaluated considering the spatial
distribution of the temperature and density and the direction
of ion motion in the deuterium beam-injected ITER deuterium
plasma. It is shown that the change of the Doppler broadening
of the VIS spectrum due to the formation of beam deuteron tails
(non-Maxwell component) is sufficiently larger than the resolution of the spectrometer, it is strongly dependent on the LOS.
The ratios of emissivity to bremsstrahlung are 40%–50% in the
vertical LOS and 4%–7% in the tangential LOS.
Index Terms— Charge-exchange spectroscopy, deuterium
plasma, velocity distribution function, visible light (VIS) spectra.

I. I NTRODUCTION
N A high-temperature plasma, fast ions are produced by
fusion reactions, neutral beam injection (NBI), radio frequency heating, and large-angle scattering [1]–[4]. Since fast
ions play a significant role in plasma heating, it is important
to understand the slowing-down and confinement properties
of fast ions. Therefore, characteristics of slowing-down and
loss of fast ions have been diagnosed in the experimental
device [5]. The velocity distribution function provides the most
information in diagnosing these characteristics. This is because
all the macro quantities (e.g., density, temperature, pressure,
and so on) can be obtained from the velocity distribution
function. Fast ions form an energetic tail as a non-Maxwell
component on the velocity distribution function, and the size
and shape of the tail are important for fast ion diagnostics.
The fast ion diagnostic method has been proposed and used
in many experimental devices [6]. Among the fast ion tail
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measurement methods, fast ion D alpha (FIDA) [7] and collective Thomson scattering (CTS) [8] are direct measurements
of the fast ion tail. FIDA was used to measure the 2-D velocity
distribution function in ASDEX Upgrade [9]. CTS was used
to measure the 1-D velocity distribution function of fast ions
injected by NBI in large helical devices [10]. It is necessary to
measure the characteristics of slowing-down and confinement
of fast ions has MeV energy, which will be important to
the DEMO reactor, in the experimental device. Deuterons
which have energy of MeV order need to be neutralized
by a high-energy neutral beam to be measured by FIDA.
Unfortunately, in such a case, the high-energy components on
FIDA are contaminated by beam emissions [11]. To measure
the 2-D velocity distribution function in CTS, it is necessary to
install an additional antenna at the high-field side [12], [13].
It is desirable to solve the problem without installing new
instruments.
The energy spectra of neutrons and γ-rays produced by
nuclear reactions can be used to indirectly measure the fast ion
tails. These methods can solve the problems described above
because these methods are indirect measurements, which are
not affected by beam emissions. In these methods, reactions
with large cross sections at the high relative energy region are
chosen. In other words, these reactions are strongly affected by
fast ions at the high energy region. Therefore, it is possible to
measure fast ion tails (e.g., knock-on tail [14]) that are much
smaller in size than the bulk component. In JET, an attempt
was made to estimate the knock-on tail by measuring the
energy spectrum of neutrons [15]. Besides, a method using the
anisotropy of neutron emissions for measuring the small size
tail has been proposed [16]. The energy spectrum of γ-rays has
also been proposed for use in knock-on tail diagnostics [17].
However, since neutrons and γ-rays are radiation, they have
the disadvantage that the energy resolution of these measuring
instruments is worse than that of FIDA and CTS. Therefore,
to estimate the shape of the fast ion tail more accurately, it is
necessary to develop instruments with high energy resolution.
The method using the visible light (VIS) spectrum of 3 He
produced by the DD reaction was proposed [18]. This method
combines features of FIDA and neutron/γ-ray measurements,
although it is limited to low electron density operations.
Through the DD reaction, this method has improved diagnostic
ability for fast ions having energy of MeV order than FIDA.
Also, the fact that the charge-exchange cross section between
3
He2+ and H0 is approximately four orders of magnitude larger
than that between D+ and H0 in the MeV energy region
supports this method [19]. Besides, the energy (wavelength)
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resolution of a VIS spectrometer used by this method is higher
than that of instruments measuring neutrons and γ-rays. This
method was evaluated assuming a plasma that is uniform in
space and isotropic in velocity space. Therefore, it is not
clear whether this method is effective or not, considering
the spatial distribution of the plasma temperature and density
and the direction of motion of fast ions. The effectiveness of
the proposed method is evaluated under the following three
viewpoints: 1) the first viewpoint is whether the change in
the VIS spectrum reflects the anisotropy of the fast ion tail;
2) the magnitude of the change of the VIS spectrum with the
fast ion tail formation is investigated; and 3) in spectroscopy,
bremsstrahlung noise may obscure the VIS spectrum of 3 He.
It is important to compare the emissivity of the VIS spectrum
with the emissivity of bremsstrahlung.
The purpose of this article is to examine whether the
Doppler broadening of the VIS spectrum of 3 He+ can be
applied to diagnose 2-D fast ion tails. From the point of view
of the above, the effectiveness of the proposed method in
deuterium beam-injected ITER deuterium plasma is discussed.
Besides, we investigate the basic characteristics of each line
of sight (LOS).
II. A NALYSIS M ODEL
We assumed the deuterium beam-injected ITER deuterium
plasma. Isotropic emissions of 3 He2+ (due to fusion reaction),
3
He+ (due to charge-exchange reactions), and photon are
assumed. The steady-state 2-D deuteron velocity distribution
function fd (vd , r /a) was evaluated by the orbit calculation
code DELTA5D [20]. The method of Sugiyama was used
to calculate the velocity distribution function [21]. vd is the
velocity vector of the deuteron, and r /a is normalized minor
radius. In this article, the velocity distribution function was
calculated by dividing r /a into ten parts every 0.1. We assumed
that the path of NBI in a plasma is as that width is 0.36 m and
the line is straight through the center of the plasma. The beam
deposition profile is considered by the beam line weighting
with the following formula [16]:
W (l) = n e σion SNBI exp(−n e σion l)

(1)

where
σion =

σei v n d σdi v + σCXdd v
+
.
v NBI
ne
v NBI

(2)

W (l) is the weight of the beam ion ionization per unit length
at a distance l from the beam-injected position (i.e., last closed
flux surface). SNBI is the number of beam deuterons injected in
plasma per unit time. SNBI = PNBI /E NBI , where PNBI is the NBI
power, E NBI is the NBI energy, v NBI is the velocity of the beam
deuterium, and n e(d) is the electron (deuteron) density. σe(d)i is
the cross section of the impact ionization by background electrons (deuterons), and σCXdd is the cross section for the chargeexchange by the deuterons. These cross sections are adopted
from the results of a previous study [22]. The equilibrium
magnetic field is calculated by the VMEC code [23]. Profiles
of electron temperature Te (r /a), deuteron temperature Td (r /a),
and electron and deuteron density n e(d) (r /a) are assumed as
Te (r /a) = Te0 × (1−(r /a)2)0.5 , Td (r /a) = Td0 × (1−(r /a)2)0.8 ,
and n e(d) (r /a) = n e(d)0 × (1−(r /a)2)0.1 . We assumed that Te0
is 25 keV, Td0 is 20 keV, and n e(d)0 is 2.0 × 1019 m−3 .
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The double differential emission energy spectrum 3 He2+
was evaluated by the following formula [24], [25]:

d N3 He2+
1
dvd dvd f d (vd , r/a) f d (vd , r/a)
(E, θ, r/a) =
d Ed
2
 


×σdd v r δ E − E 3 He2+ δ  − 3 He2+
(3)
where
E 3 He2+ =

1
mn
m 3 He VC2 +
(Q + E r )
2
m n + m 3 He

2m n m 3 He
+VC cosθC
(Q + E r )
m n + m 3 He

(4)

with v r = |vd −vd’ |. N3 He2+ is the 3 He2+ emission rate per unit
time per unit volume at a flux surface of r /a.  is the solid
angle. The cross section of the DD reaction σdd was obtained
from Bosch and Hale [26]. Vc is the center-of-mass velocity
between deuterons. θc is the angle between the 3 He2+ velocity
in the center-of-mass frame and the center-of-mass velocity.
Q is the Q value of the DD reaction, and E r represents the
relative energy. m d(3He) is the deuteron (3 He) mass.
The steady-state 2-D 3 He velocity distribution function
f3 He2+ (v3 He2+ , r /a) was evaluated by DELTA5D. The results
of (3) were used as the source of the test particles. The double
differential energy spectrum of the 3 He+ recombined by the
charge-exchange reaction was calculated as
d N3 He+
(E, θtor , r/a)
d Edθtor


 

=
dv3 He2+ dvH0 f 3 He2+ v3 He2+ , r/a fD0 vD0 , r/a


×σCXDHe v r δ(E − E 3 He+ )δ θtor − 3 He+
(5)
where D0 denotes the neutral deuteron, and σCXDHe is the
charge-exchange reaction cross section of D0 and 3 He2+ .
θ tor is the solid angle that is based on the toroidal axis.
The neutral deuterium distribution f D0 has mono energy
distribution. We assumed that the 3 He velocity vector does
not change before and after the charge-exchange reaction. The
charge-exchange cross section was obtained from the National
Institute for Fusion Science database [19]. The expected
photon spectrum emitted from 3 He+ was evaluated as

d Nph
d N3 He+
(ε, r/a) = d E 3 He+ dθtor
dε
d E 3 He+ dθtor
d E

(6)
×(E 3 He+ , θtor , r/a)δ E − E ph
dε
where

 
E ph = E ph0


1 − (v 3 He+ /c)2
.
1 − (v 3 He+ /c)cosχ

(7)

In (7), E ph0 is the transition energy, c is the speed of
light, and ε is the wavelength. χ represents the angle between
the LOS and the 3 He+ velocity vector. A schematic of the
definition of the angles and the measurement LOS is shown
in Figs. 1 and 2. In this article, six radial LOS were assumed
to originate from the first wall. The angle between each LOS
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Fig. 1. Schematic of angles. θtor is angle that is between 3 He+ velocity vector and toroidal axis. χ is the angle that is between the 3 He+ velocity vector
and the LOS.

Fig. 2.

Schematic of the measurement line of sight (green line). The angle between each LOS was set to 10◦ .

was set to 10◦ . The spectrum of bremsstrahlung was evaluated
as
−36

hc
d Nbrem
1.89 × 10 n e n d Z eff ḡ f f
exp −
(ε, r/a) =
1/2 2
dε
T
eε
Te ε E brem

(8)

with E brem = hc/ε. Z eff is the effective charge, ḡff is the
temperature-averaged Gaunt factor, and h is the Planck constant. In this analysis, we assumed that Z eff = 1.6 and
ḡff = 1.35Te0.15 [27]. The 3 He VIS spectra and bremsstrahlung
spectra were line integrated at the LOS. The signal-to-noise

ratio (SNR) was defined as
S
=
N

1
η



Sdε
Sdε +


Cdε η

(9)

where S is the fast 3 He signal, and C is the bremsstrahlung
signal. The effective optical throughput of the spectrometer η
was defined as εtexp QT. ε is etendue, texp is the exposure time,
Q is the quantum efficiency, and T is the optical transmission.
We assumed that ε =1 mm2 sr, texp = 1 s, Q = 90%, T =
5%, and the wavelength range is 0.02 nm.
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Fig. 3. Steady-state 2-D deuteron velocity distribution functions at (a) r/a =0
and (b) r/a = 0.2 when E NBI = 1.0 MeV and PNBI = 33 MW in a deuterium
beam-injected ITER deuterium plasma.

Fig. 4. Double differential emission spectra of 3 He2+ at (a) r/a =0 and
(b) r/a = 0.2 when E NBI = 1.0 MeV and PNBI = 33 MW in a deuterium
beam-injected ITER deuterium plasma.

III. R ESULTS AND D ISCUSSION

(#0, #2, #4, #6) and (b) odd number LOS (#1, #3, #5).
As the LOS number increases, the VIS spectral peak is blue
shifted. This feature appears in both cases with and without
beam deuteron injection. This is because in both cases the
2-D emission spectrum of the charge-exchanged 3 He+ is
anisotropic. For near-vertical LOSs (#0–#2), the emissivity
ratio to bremsstrahlung is large. This reason is that the
expected spectra do not contain more bremsstrahlung because
lengths of the LOSs are shorter for near-vertical LOSs than
for near-tangential LOSs. Another reason is that r /a is close
to zero at the intersection of the near-vertical LOS and NBI
(i.e., charge-exchange point), and the density of 3 He2+ is high
there.
Fig. 6 shows the normalized predicted VIS spectra from
3
He+ at (a) even number LOSs (#0, #2, #4, #6) and (b) odd
number LOSs (#1, #3, #5). The peak values of each 3 He
VIS spectrum were used for normalization. For all LOSs,
the Doppler broadening with beam injection is larger than
that without beam injection. This indicates that high-energy
3
He is produced much at the beam injection, such as over
0.8 MeV, which is strongly affected by the Doppler effect.
In the VIS spectrum without beam injection, 3 He VIS spectra
do not broaden below ε = 456 nm, no matter how tangential
the LOS is. On the contrary, with beam injection, 3 He VIS
spectra broad to ε = 450 nm. Therefore, the spectra below
ε = 456 nm contain information on the beam deuteron tail.
In the case of a fully vertical LOS (#0), the spectral broadening
is line symmetry to the central wavelength. In this case,

Fig. 3 shows the steady-state 2-D deuteron velocity distribution functions at (a) r /a =0 and (b) r /a = 0.2. As calculation
conditions, we assumed E NBI = 1.0 MeV and PNBI = 33 MW.
v b0 is the initial velocity of the test particle. Because of the
tangential injection of NBI, the density of the beam deuteron
increases in the center of the plasma and the pitch is close to
1.0 at the peak of the velocity distribution function. At r /a =
0.2, the isotropization of the velocity distribution function is
more pronounced than in the center of the plasma. This is due
to the diffusion of isotropized deuteron near the center of the
plasma toward the last closed flux surface.
Fig. 4 shows the double differential emission spectra of
3
He2+ at (a) r /a =0 and (b) r /a = 0.2 as functions of 3 He2+
energy and directional cosine of 3 He2+ emission angle to the
magnetic field line. The double differential emission spectrum takes over the anisotropy of the deuteron 2-D velocity
distribution function. Therefore, the anisotropy of the double
differential emission spectrum of 3 He appears to be significant
at r /a = 0. The double differential emission spectrum of
3
He distorts from isotropic Gaussian distribution formed by
the bulk component, high-energy 3 He that exceeds 2 MeV
is produced much in the direction of the magnetic field line.
Similarly, at r /a = 0.2, high-energy 3 He is produced in the
direction of the magnetic field line, but not as much as r /a = 0.
Fig. 5 shows the predicted spectra from 3 He+ VIS and
bremsstrahlung (line integral value) at (a) even number LOS
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TABLE I
PARAMETERS OF LOS S

Fig. 5. Predicted spectra of 3 He VIS and bremsstrahlung (line integral value)
at (a) even number of LOSs and (b) odd number of LOSs when E NBI =
1.0 MeV and PNBI = 33 MW in a deuterium beam-injected ITER deuterium
plasma. Solid lines are 3 He VIS spectra with beam injection and broken lines
are 3 He VIS spectra without beam injection. Dashed lines are bremsstrahlung.

Fig. 6. Normalized VIS spectra from 3 He at (a) even number of LOSs
and (b) odd number of LOSs when E NBI = 1.0 MeV and PNBI = 33 MW
in a deuterium beam-injected ITER deuterium plasma. The peak values of
each 3 He VIS spectrum were used for normalization. Solid lines are 3 He VIS
spectra with beam injection and broken lines are 3 He VIS spectra without
beam injection.

only information about the beam deuteron energy is available
because the information about the direction of motion of the
beam deuteron is lost. Therefore, in diagnosing 2-D deuteron
velocity distribution functions, LOSs (#4–#6) close to the
tangent line is desirable.
Table I shows the degree of the modification in the
full-width at half-maximum (FWHM), the emissivity ratio
at the peak value, the value of r /a, and the angle θtol
to the toroidal axis at the charge-exchange point for each
LOS. FWHM is defined as the difference between the
FWHM of the 3 He VIS spectrum with beam injection and
without beam injection. In the case of near-tangential LOSs,
FWHM is smaller than that for near-vertical LOSs. For

example, the difference in FWHM between #0 and #6 is
approximately 2 nm. This is because of the existence of the
Doppler broadening at the short-wavelength side in the case of
near-tangential LOSs. As the LOS is tangential, the broadening
of the long-wavelength side becomes smaller and that of the
short-wavelength side becomes larger. In the 2-D emission
spectrum of charge-exchanged 3 He, the long-wavelength component does not appear in the near-tangential LOSs because
the component in the counter direction of beam injection
(cos θtol = 1.0) is less than that in the same direction. Thus,
for near-tangential LOS, FWHM is smaller and FWHM is
smaller. Comparing the resolution of spectrometers on ITER,
which is 20 pm [28] and FWHM, the values of FWHM for
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each LOS are different but sufficiently large. Therefore, there
is a good possibility to perform a high-resolution diagnosis.
The emissivity ratio of the bremsstrahlung and 3 He VIS
spectra is 40%–50% for near-vertical LOSs (#0–#2) and
4%–7% for near-tangential LOSs (#5 and #6). The reasons for
the differences in the emissivity ratios for different LOS have
been explained above. Although the 3 He VIS spectrum does
not exceed the bremsstrahlung for all LOSs, it may be measured. This is because the measurement of fusion-produced
alpha particles using charge-exchange spectroscopy in the
TFTR DT plasma was successful even though the ratio of
alpha to bremsstrahlung intensity was 1% [29]. Because
near-vertical LOSs have a greater emissivity ratio than neartangential LOS, near-vertical LOSs have an advantage in terms
of measurement accuracy. However, near-tangential LOSs are
preferable to diagnose the 2-D deuteron velocity distribution
function. In the case of near-tangential LOS, it may be possible
to measure by long-time exposure.
Fig. 7 shows the plasma temperature dependence of
(a) emissivity ratio to bremsstrahlung, (b) S/N ratio (uncertainty), and (c) FWHM in each LOS. Te(d)0 represents the

represents
plasma temperature before the change, and Te(d)0
the plasma temperature after the change. When the plasma
temperature was reduced to 3/4 (1/2), the emissivity ratio was
roughly 1/2 (1/4) at all LOSs. The first reason is that the lower
temperature promotes the slowing-down of fast ions, resulting
in smaller deuteron beam tails and 3 He2+ tails. The second
reason is that the emissivity of the bremsstrahlung increases
as the electron temperature decreases. This result indicates
the change in plasma temperature effects on the measurement
accuracy.
The SNR is calculated from the emissivity of fast 3 He at
the peak and bremsstrahlung. The uncertainty of the signal
is the inverse of the SNR and is shown on the right axis of
the Fig. 7(b). For LOS#0–4, even if the plasma temperature
is halved, the uncertainty is at most approximately 2%. This
means that accurate measurements will be possible regardless
of plasma temperature. For LOS#5 and LOS#6, the uncertainty is approximately 1.5% and 3%, respectively, when
the temperature does not change. When the temperature is
halved, the values become approximately 6% and 10%. If this
uncertainty can be critical for the measurement, it can be easily
reduced by increasing the exposure time and wavelength bin.
In other words, uncertainties in these LOSs are larger than that
in other LOSs, but it does not mean that the proposed method
cannot be applied. The uncertainty is almost proportional to
the square of the electron density. If there is no change in
temperature and the required measurement accuracy is 5%,
then the allowed electron density could be 6.0 × 1019 m−3
as an upper limit. The assumed measurement line of sight is
LOS#0–4. In the case of the #5 and #6 measurement lines of
sight, the allowable electron density can be 3.0 × 1019 m−3 .
When the temperature is changed by half, the FWHM is
about 0.5 nm at minimum. This is sufficiently large compared
to the resolution of the spectrometer that temperature variation
is not a problem in distinguishing it from the Maxwellian.
If the wavelength bin is increased to reduce the uncertainty,
the uncertainty can be reduced by at least a factor of 5.
In previous studies, the sensitivity of the proposed method
has been analyzed based on a simple model that is uniform
in space and isotropic in velocity space [18]. This article
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Fig. 7.
Plasma temperature dependence of (a) emissivity ratio to
bremsstrahlung, (b) S/N ratio (uncertainty), and (c) FWHM in each LOS
when E NBI = 1.0 MeV and PNBI = 33 MW in a deuterium beam-injected
ITER deuterium plasma.

mentions that good measurements can be expected at beam
energies above 0.5 MeV. In the case of a detailed treatment
of space and velocity space, as in this article, both SNR
and FWHM are larger than in previous analyses. Therefore,
it may be possible to perform good measurements even when
the beam energy is less than 0.5 MeV. At least for the beam
energy of 0.3 MeV, the measurement may be possible.
IV. C ONCLUSION
This article shows the observability of Doppler broadening of the 3 He VIS spectra to diagnose the 2-D deuteron

Authorized licensed use limited to: Kyushu University. Downloaded on October 16,2021 at 00:10:00 UTC from IEEE Xplore. Restrictions apply.

3148

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 49, NO. 10, OCTOBER 2021

velocity distribution function. We evaluated the 3 He VIS
spectra in deuterium beam-injected ITER deuterium plasma.
It was confirmed that the VIS spectrum of 3 He can be useful
for diagnosing 2-D deuteron velocity distribution functions,
even if considering the background profile and direction of
ion motion in space; in the tangential LOS, the information
of the deuteron beam tail in the 2-D velocity distribution
function appears larger on the short-wavelength side of the VIS
spectrum (below 456 nm). Besides, FWHM is 2.8 nm larger in
the vertical LOSs, although only information on the deuteron
energy may be available. At every LOSs, a change greater
than the resolution of the spectrometer appears in the 3 He
VIS spectrum. The emissivity ratio of the 3 He VIS spectrum
to the bremsstrahlung is 40%–50% for vertical LOSs and
4%–7% for tangential LOSs, which is expected to be measured
by long exposure. In the future, we will investigate a method
to reconstruct the velocity distribution function from 3 He VIS
spectra.
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