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Abstract

The fast deuteron (non-Maxwellian component) diagnostic method, which is based on the
higher resolution optical spectroscopic measurement, has been developed as a powerful tool.
Owing to a decrease in the D—H charge-exchange cross-section, the diagnostic ability of
conventional optical diagnostic methods should be improved for ~MeV energy deuterons.
Because the *He—H charge-exchange cross-section is much larger than that of D—H in the ~MeV
energy range, the visible light (V1S) spectrum of 3He produced by the DD reaction may be a
useful tool. Although the density of *He is small because it is produced via the DD reaction,
improvement of the emissivity of VIS spectrum of ®He can be expected by using a high-energy
beam. We evaluate the VIS spectrum of *He for the cases when a fast deuteron tail is formed
and not formed in the ITER-like beam injected deuterium plasma. Even when the beam energy
is in the MeV energy range, a large change appears in the half width at half maximum of the
VIS spectrum. The emissivity of the VIS spectrum of *He and the emissivity of bremsstrahlung
are compared, and the measurable VIS spectrum is obtained. It is shown that the VIS spectrum

of He is a useful tool for the MeV beam deuteron tail diagnostics.
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1. Introduction

In a nuclear burning plasma, fast ions are always generated by fusion reactions, neutral
beam injection (NBI), radiofrequency heating, and large-angle scattering [1-4]. Fast ions are
essential for sustaining a nuclear burning plasma; fast ions collide with the particles in the
plasma and provide them with energy; the plasma is heated through the repetition of this process.
Fast ions may drive magnetohydrodynamic (MHD) instabilities such as sawteeth or toroidal
Alfvén eigenmodes [5-7]. If the instability is driven, the confinement of fast ions deteriorates
[7, 8], and the efficiency of plasma heating by fast ions decreases. The elucidation of physics
related to fast ions and MHD instabilities is one of the most important subjects in nuclear fusion
research. These phenomena can be understood through the velocity distribution function of fast
ion (fast ion tail). The slowing-down of fast ions appears as the shape of fast ion tail, and the
gradient of fast ion tail affects MHD instabilities [8, 9]. It is important to diagnose fast ion tails
in experimental devices.

There are various types of fast ions, and we will focus on fast deuterons. The fast
deuteron tail diagnostic method has been proposed or used in many experimental devices [10].
Among the fast deuteron tail measurement methods, collective Thomson scattering (CTS) [11]
and fast ion D alpha (FIDA) [12] are direct measurements of the fast deuteron tail. CTS
measuring contributed to investigate of NBI-driven ion cyclotron instabilities [13]. FIDA has
excellent energy resolution owing to the use of a visible light spectrometer. Deuteron is fully
ionized in high temperature plasma and does not spontaneously emit photons. Therefore,
deuteron must be recombined by charge-exchange with an injected neutral particle beam. This
method, which is known as charge-exchange recombination spectroscopy (CXRS), is a
successful diagnostic approach [14]. FIDA uses a charge-exchange recombination reaction to
measure the Balmer line of deuterons that are fully ionized in plasma. In the ASDEX upgrade,

during sawtooth crashes, fast deuteron redistribution was measured using FIDA [15]. To date,
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fast deuteron tail measurements have focused on fast deuteron tails that have been formed in
the energy region of 10-100 keV. This energy range is suitable for the commonly used NBI
injection energies. In an ITER-like experimental device with high-energy NBI, fast deuteron
tails will be formed in the energy region on the order of MeV. Also, alpha particles are produced
by DT reaction on the MeV range. In fusion reactors after the DEMO reactor, it is important to
confirm the slowing-down and characteristics of loss of fast ions in ITER because plasma
heating occurs by fast ions with energy in the MeV region. When the energy of fast deuteron
reaches the MeV region, even if the electron density is low, it becomes difficult for FIDA to
obtain detailed information on fast deuteron tails [10]. This occurs because the charge-exchange
reaction cross-section between the hydrogenic ion and hydrogenic atom sharply decreases in
the MeV region. Higher energy fast deuterons are produced by the negative ion source
tangential-injection NBI such as JT-60SA and ITER. These deuterons need to be charge-
exchanged using this NBI. In addition, the measurement line of sight must be tangential because
fast deuteron is injected tangentially. Hence, the shift direction of beam emission is the same
as the shift direction of the FIDA spectrum, the FIDA spectrum is contaminated by beam
emission [16].

A measurement method, which uses a nuclear reaction during which the cross-section
rapidly increases at the high-energy region, is effective for the fast ion tail formed in the MeV
region. In nuclear reactions that produce neutrons or gamma rays, the energy spectrum of
nuclear reaction products contains information on the velocity distribution function of the
reactants. Specifically, when the fast deuteron tail is formed in the velocity distribution function
of the reactants, the energy spectrum of nuclear reaction products is distorted from the Gaussian
component [17]. In JET, an attempt was made to estimate the fast ion tail formed by the third
harmonic ion cyclotron resonance frequency heating by measuring the energy spectrum of

neutrons [18]. In addition, a method using the anisotropy of neutron emissions for measuring
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small tail sizes has been proposed [19]. For gamma rays, Doppler broadening becomes wide in
the wavelength (energy) spectrum [20, 21]. This occurs because the wavelength (energy)
spectrum of gamma rays is determined by the energy spectrum of the nuclide that emits gamma
rays. The non-Gaussian component is the high-energy component in the energy spectrum of
nuclides that emits gamma rays, and it is strongly affected by the Doppler effect. However,
diagnostics methods using neutron and gamma rays have insufficient resolution of the detector
to estimate the fast ion tail in detail. In the measurement conducted by Hellesen et al., the energy
resolution in the inferred fuel ion distribution function varied from 100 keV at low energies to
400 keV at the highest energies [18]. To measure the fast ion tail with high accuracy, it is
desirable to use an instrument with higher energy resolution.

The energy (wavelength) resolution of a visible light (V1S) spectrometer is higher than
that of instruments measuring neutrons and gamma rays. If the VIS spectrum of 3He produced
by the DD reaction can be measured, a detailed diagnosis of fast deuteron tails may be possible.
In the region where the relative energy is on the order of MeV, the charge-exchange cross-
section between 3He?* and HC is approximately 4 orders of magnitude larger than that between
D* and H°[22]. This characteristic is effective to perform fast deuteron tail diagnosis in the
MeV range, which is difficult to do with FIDA. Furthermore, there is no contamination of the
spectrum by beam emission because elemental species is different from that of the beam. As a
CXRS measurement for nuclear reaction products, there is a report that the velocity distribution
function of thermalized alpha particles has been measured in TFTR DT plasma [23]. In addition,
the alpha particle measurement by CXRS using high-energy beams may be possible by
calculation analysis in ITER DT plasmas [24]. This suggests that the VIS spectrum of *He may
be measured. The energy of 3He is smaller than the energy of alpha particles produced by the
DT reaction. Therefore, the charge-exchange cross-section of hydrogenic neutral particles and

helium ions increases. In general, He is not an ideal target for spectroscopic measurements
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owing to its low nuclear reaction rate. Possible solutions include an increase in ion temperature
and the injection of a high-energy beam. These factors considerably increase the DD reaction
rate and charge-exchange reaction rate. The effectiveness of using the *He VIS spectrum for
fast deuteron diagnostics is assessed under the following two viewpoints. 1) The first viewpoint
is the magnitude of the change in Doppler broadening of the VIS spectrum of 3He with the fast
deuteron tail formation. If the change in Doppler broadening of the VIS spectrum is small
relative to the spectrometer resolution, it may not be possible to distinguish the change.
Therefore, it is necessary to compare the amount of change in Doppler broadening in the VIS
spectrum with and without the fast deuteron tail and the spectrometer resolution. 2) In
spectroscopy, bremsstrahlung noise may obscure the VIS spectrum of 3He. It is important to
compare the emissivity of the VIS spectrum with the emissivity of bremsstrahlung.

The purpose of this paper is to examine whether the Doppler spread of the VIS spectrum
of *He* can be applied to diagnose fast deuteron tails. By limiting the calculation conditions at
high ion temperature and high beam energy, the VIS spectrum is evaluated when the beam
deuteron tail is formed and not formed. The effectiveness of the proposed method is clarified

on the basis of the abovementioned two viewpoints and compared with FIDA.
2. Analysis model

We assumed a spatially uniform deuteron beam injected deuterium plasma. It was
assumed that reactions (i.e., DD reaction, charge-exchange reaction) and photon emission occur
isotropically. The steady-state deuteron velocity distribution function fq was evaluated by
solving the Fokker—Planck equation as follows:

af ( ) Coulomb f ( )
(Lee) +Sa) — 1L =0, )



where vq is the velocity of the deuteron, and 7, is the particle confinement time. The first term
on the left-hand side of Eq. (1) is the Coulomb collision term. The second term is the source
(deuteron beam) term. The third term is the particle loss term. The source is assumed to be the
isotropic deuteron beam, and the velocity distribution function of the deuteron is uniformly

distributed. The *He?* energy spectrum was evaluated by the following formula [25]:

dN 3

He2+ 1
a5 = Eff fd(vd)fdl (vd/)addé'(E —F 3Hez+)vrdvddvd’, (2)
where
1 2 my
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with v =|va—Vqg- |. Vc is the center-of-mass velocity between deuterons. & is the angle between
the 3He?* velocity in the center-of-mass frame and the center-of-mass velocity. Q is the Q value
of the DD reaction, and E; represents the relative energy. The cross-section of the DD reaction
odd Was obtained from Bosch and Hale [26]. The energy spectrum of the *He?* recombined by

the charge-exchange reaction was calculated as

dN 30+

=[[f 32+ (v 3He2+) fro (Vo) 0cx 6 (E 3o+ — E 3ge2+)0pdv sy 2+ dvyo, (@))]

dE 3Het

where H° denotes the neutral light hydrogen, and ocx is the charge-exchange reaction cross-
section of H® and *He?*. The 3He?* velocity distribution function fane2+ was evaluated using the

Eqg. (1). The neutral light hydrogen distribution fno has mono energy distribution. The neutral
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light hydrogen density nHo was calculated by the following equation; nHo=PHo/ (EHo X A X VHo),
where A is a cross-section of the diagnostic beam for charge-exchange. Of note, the diagnostic
(charge-exchange) beam is separate from the heating beam. We assumed that the *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 [22]. The

expected photon spectrum of He* was evaluated as

dN 3 +
dNph _ He dE
rraiall e et 6(E — Ephoton)dE sye+ 3 )

where

1—(1; 3He+/c)2

1—(v 3He+/c)c056

(6)

Ephoton = Ephotono

In Eq. (6), Epnotono is the transition energy, and c is the speed of light. 8 represents the angle
between the observation line of sight and the *He* velocity vector. The expected VIS spectrum
is expressed by the quantity per unit solid angle. The upper-level principal quantum number (n
= 4) has four types of subshells (e.g., s, p, d, and f); the transition from 4s has large charge-
exchange cross-section and large branching ratio. Therefore, in this study, we considered only
the 3p—4s transition. The effect of the halo can be neglected in the beam energy range of this

paper. The spectrum of bremsstrahlung was evaluated as

dN 1.9x107351enqZefJ hc
brem _ 7 eNdZeffgff exp (_ _)’ (7)
da Te /“2A?Eprem TeA



with Eprem = hc / 4. Zest is the effective charge, and g is the temperature-averaged Gaunt factor,
h is the Planck constant. In this analysis, we assumed that Zess = 1.6 and gy = 5. The diagnostic

ability &xwas defined as

dN:, ;1 dN i
J‘dNtail dNMaxwelliand)L ( tail Ma)((i\arelllan)
Ex¢ =—4 da da peak 8)
deMaxwelliandl (dNbrem) !
da di  Jpeak

where the tail indicates the case of beam tail formation, Maxwellian is the case of no tail
formation. This equation is expressed as the product of the skewness of the VIS spectrum in the
case of beam tail formation with respect to the case of no tail formation (¢) and emissivity ratio

for bremsstrahlung (¢). The signal-to-noise ratio (SNR) is was defined as

S _ J sdA
N %J(f SdA+[ cd)n’

(9)

where S is the fast *He signal, C is the bremsstrahlung signal. The effective optical throughput
of the spectrometer » was defined as ezexpQET. ¢ is etendue, texp is exposure time, QE is quantum
efficiency, T is optical transmission. We assumed that ¢ =5 mm?sr, texp =55, QE=90 %, T =
15 %, wavelength range is 0.1 nm. Table 1 shows the parameters used in the analysis. V

represents the plasma volume. Eng; is the neutral beam energy. Pngi is the neutral beam power.

Table 1 Calculation parameters.

Parameter Value
Engi (deuterium) [MeV] 0.3-15
Pngi (deuterium) [MW] 16.5, 33
Eno (hydrogen) [MeV] 1.0
P no (hydrogen) [MW] 16.5
A [m7] 0.1
Te [keV] 20
Ta[keV] 20
Ne, Na [M¥] 2.0 x 10%°
Tp [S] 3
V [m?] 800




3. Results and discussion

Figure 1 shows the deuteron velocity distribution functions for different beam energies.
Change in the beam energy alters the size of the beam tail. This occurs because the density of
deuterons injected by NBI is inversely proportional to the beam energy. In addition, the size of
the bulk component depends on the beam energy. This occurs because the calculations were
made in such a way as to conserve the density of deuterons. Therefore, with an increase in the

beam tail size, the size of the bulk component will be reduced in the opposite direction.
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Fig. 1 Deuteron velocity distribution functions when Pngi=33 MW, Te=Tq= 20 keV, ne=ng=2.0 x 101 m3

for several beam-injection energies in a beam injected ITER-like plasma.

Figure 2 shows the *He?* energy spectra for different beam energies. If the deuteron
velocity distribution function is Maxwellian, the 3He?* energy spectrum is close to the Gaussian
distribution (shown as a dashed line). When the beam tail is formed, the maximum value of the
3He?* energy spectrum increases. This occurs because the cross-section of the DD reaction

increases at high relative energy so that the emission rate of 3He?* increases. When the beam
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energy increases, the distortion of the *He?* energy spectrum from the Gaussian distribution

becomes large because the 3He?* energy increases.
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Fig. 2 Energy spectra of 3He?* produced by the DD reaction when Pngi =33 MW, Te=Tg= 20 keV,
ne=nq= 2.0 x 10%° m3 for several beam-injection energies.

Figure 3 shows the 3He* VIS spectrum (expected) for different (a) beam energies and (b)
beam powers. This graph is drawn as a semi-log graph. The emissivity of the VIS spectrum is
approximately 1% compared to the emissivity of bremsstrahlung. This ratio is comparable to
the CXS measurement for slowing-down alpha particles in TFTR [23]. Thus, the spectrum in
the range of 10-478 nm may be measured using long-time exposure. The emissivity of the VIS
spectrum is dependent on the beam energy. This occurs because, when the beam power is fixed,
the size of the beam tail is inversely proportional to the beam energy. The emissivity is also
dependent on the beam power. This can be explained by the fact that the DD reaction rate

changes when the beam energy is fixed and the beam power is changed. If the 3He* VIS
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spectrum is measured beyond 478 nm, we can obtain more detailed information about the beam

tail.
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Fig. 3 VIS spectra (solid line) from He* when Te=Tq= 20 keV, ne=ng= 2.0x10'° m-3along with the

bremsstrahlung spectrum (broken line): (2) Ensi dependences, (b) Pnei dependences.
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SNR was evaluated for (a) in figure 3. The results are summarized in the following table
2. In the beam energy range of 0.5 MeV to 1.5 MeV, the SNR is large and accurate
measurements can be expected. Even though the intensity of the bremsstrahlung is two orders
of magnitude greater than the intensity of the signal, the SNR is greater than 1 because noise is
defined as the uncertainty of the bremsstrahlung (i.e., the square root of the intensity of the
bremsstrahlung) in this paper. SNR was evaluated when the beam energy was fixed at 1 MeV
and the plasma temperature was varied. In the plasma temperature range of 18 keV to 20 keV,
the SNR is large and accurate measurements can be expected. The electron density cannot be
higher than 2x10%° m= because it would increase the intensity of the bremsstrahlung and reduce
the size of the fast deuteron tail. NBI with beam energies above 0.5 MeV will be installed in
the experimental device after JT-60SA. It will be the experimental device after ITER that can
maintain the high plasma temperature for a long time. Therefore, it is difficult to apply the

proposed method to the present-day experimental device.

Table 2 S/N ratios of for several beam energies when Pngi= 33 MW, Te=Tg= 20 keV,

Ne=ng=2.0x 108¥ m=3,

Engi (deuterium) [MeV] S/N ratio S/N ratio
at (472+0.05 nm) at (477+0.05 nm)
15 25 11
1.0 24 10
0.75 22 9.5
0.5 20 7.8
0.3 16 6.0
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Table 3 S/N ratios of for several plasma temperatures when Engi = 1.0 MeV, Pngi = 33 MW,

Ne=Nng=2.0x108¥ m=3,

Temperature [keV] S/N ratio S/N ratio
at (472+0.05 nm) at (477+0.05 nm)
20 24 10
18 18.5 8.0
15 12 51

We estimated the halo density relative to the NB density. When the beam energy is 1 MeV,
the halo density is on the order of 10° m. The NB density is on the order of 103 m, which is
four orders of magnitude higher than halo density. When the beam energy is 0.3 MeV, the halo
density is on the order of 10*2 m. The NB density is on the order of 10* m=3, which is two

orders of magnitude higher than halo density. In addition, the D(H) —3He charge-exchange

cross-section is smaller than that of the beam H° because the energy of the bulk D° is about a

few keV. Therefore, the effect of the halo can be neglected in the beam energy range of this

paper.

Figure 4 shows the normalized 3He* VIS spectrum (expected) for different (a) beam
energies and (b) beam powers. The value at A = 472 nm (thermalized ®He influence become
sufficiently small) in the 3He* VIS spectrum was used for normalization. This graph is drawn
as a linear graph. With an increase in the beam energy, the half width at half maximum
(HWHM) of the VIS spectrum increased. This occurred owing to the high proportion of *He*
with energy greater 0.8 MeV when the beam energy is high. When the beam power increases,
HWHM increases, which is similar to the case of increasing beam energy. By defining AAHwHm
as the difference in HWHM when the beam tail is formed and when it is not, AAdHwHm IS
approximately 0.6 nm under the conditions of Engi= 1.0 MeV and Pngi= 33 MW. In the VIS
range, the resolution of the spectrometer of ITER is approximately 20 pm [24], which is
sufficient for detecting AJnwnm In the VIS spectrum. Thus, it is possible to distinguish between
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the case where the beam tail is formed and the case where the beam tail is not formed in the
VIS spectrum. The change in plasma temperature and the change in beam energy can be
distinguished by simultaneously looking at the HWHM and the emissivity of the VIS spectrum.
When the temperature is changed, both the HWHM and the emissivity change. In this case, the
emissivity changes more than when the beam energy is changed. Therefore, even if the change
in HWHM is the same, distinction can be made based on the change in emissivity. In the case
of beam power, the distinction can be made from the reaction rate of the DD reaction rather
than the emissivity of the VIS spectrum. When the beam power is fixed and the beam energy is
varied, the reaction rate of the DD reaction is almost unchanged. On the contrary, when the
beam energy is fixed and the beam power is varied, the reaction rate of the DD reaction changes
significantly. Therefore, even if the change in HWHM is the same, distinction can be made

based on the change in the reaction rate of the DD reaction.
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Fig. 4 VIS spectra of *He* normalized by value at A = 472 nm when Te=Tgq= 20 keV, ne=ng =

2.0 x 101 m™3: (a) Engi dependences, (b) Pnei dependences.

Figure 5 shows the beam energy dependence of Alhwnm in the VIS spectra. An increase
in the beam energy and beam power gains Ainwnm. The energy resolution of the proposed
method in the primary deuteron distribution function can be estimated from figure 5. To keep
the SNR high, the wavelength is assumed to be divided every 0.1 nm. At a beam energy of
around 1 MeV, the resolution for the beam energy is estimated to be approximately 150 keV.
The gradient of AJHwhm as a function of beam energy depends on the beam power. Therefore,
the energy resolution in the velocity distribution function improves with increasing beam power.
Even if the entire *He* VIS spectrum cannot be measured, the shape of the beam tail can be

estimated from the relationship between Alnwnm and emissivity.
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Fig. 5 Ahnwnm (difference in HWHM when the beam tail is formed and when it is not formed) as a

function of Eng for several beam powers when Te=Tg= 20 keV, ne=ng= 2.0 x 101 m™3,

Figure 6 shows the beam energy dependence of diagnostic ability for FIDA and VIS
spectrum of 3He. In the case of FIDA, the beam power of the deuterium beam was 33 MW. The
beam energy of the diagnostic beam was assumed 100 keV to avoid the influence of
contamination of the spectrum due to beam emissions. The diagnostic beam power was 3.6 MW.
When Pngi is 33 MW in the VIS spectrum of He, it was comparable to FIDA's diagnostic
ability for a beam tail of Engi = 0.75 MeV. Comparing the diagnostic ability of FIDA with that
of ®He VIS spectra, it is determined that *He is more sensitive than FIDA when the beam energy
is on the order of MeV. This occurs owing to the large difference between D-H and *He-H

charge-exchange cross sections when the relative energy reaches the MeV order.
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Fig. 6 MeV range ion tail diagnostic ability £X{ (products of the skewness of the VIS spectrum and

the emissivity ratio for bremsstrahlung) of the 3He VIS spectrum (black and red line) as a
function of Engi along with that of FIDA (orange line) for Te=Tq= 20 keV, ne=ng= 2.0 x 10*°

m-3.

Throughout the simulations, we assumed a uniform plasma. The temperatures, densities,
and deuterium beam (energetic deuteron) in the actual plasma have spatial distributions. To
select the line of sight of the spectrometer, it is necessary to perform simulations by considering

spatial distributions.

4. Conclusion

This paper shows a possibility of Doppler broadening of the VIS spectra of energetic *He
produced by the DD reaction to diagnose the deuteron beam tail in the deuteron velocity
distribution function. The VIS spectra of 3He for the cases when a beam tail is formed and not
formed in deuterium beam injected deuterium plasma were evaluated under conditions when a

large amount of *He is generated by the DD reaction increasing ion temperature and injecting
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high-energy beam. The change in Doppler broadening of the VIS spectrum of *He is sufficiently
larger compared to the resolution of the current spectrometer, and a detailed observation of the
size and shape of the beam tail can be expected. The emissivity of the VIS spectrum is
approximately 1% compared to the emissivity of bremsstrahlung. The VIS spectrum may be
measured using long-time exposure. The VIS spectrum of He is a useful tool for the beam ion
tail diagnostics in low density and high ion temperature operation. In the future, the evaluation
will be performed by assuming an actual experimental device. If the observability increases,

the beam tail shape is measured by the experiment.

Data availability

The data that support the findings of this study are available from the corresponding authors

upon reasonable request.
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