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A scenario to verify the knock-on tail formation in deuteron distribution function by nuclear plus interference
(NI) scattering and validate the Boltzmann-Fokker-Planck (BFP) model is proposed. Deuterium plasma with 3He-
beam injection is considered and on the basis of the BFP model, knock-on tail formation in deuteron distribution
function by energetic protons and the resulting modification of the neutron emission spectrum are examined. A
recognizable change in the energetic-neutron emission rate due to the knock-on tail formation is presented. The
noise neutrons for the measurement arising from the T(d,n)4He reaction is also evaluated by continuous-energy
Monte Carlo transport simulation. The influence of the noise (slowing-down) neutrons on the measurement is
discussed.
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1. Introduction
It is well known that in the thermonuclear plasmas the

energetic ions create the knock-on tails [1–5] in fuel-ion
velocity distribution functions due to nuclear plus interfer-
ence (NI) scattering† [6,7]. So far several calculations have
predicted that in D3He plasmas the transferred power from
energetic protons to bulk ions is enhanced almost three
times due to the NI scattering [8, 9]. In such a case the
confinement parameter can be reduced significantly [10].
Recently we have also shown that the magnitude of the
energetic component in proton slowing-down distribution
in D3He plasmas is considerably overestimated if the NI
scattering was ignored [11]. The contributions of the NI
scattering on plasma burning can determine the essential
physics of thermonuclear fusion especially in the D3He
plasmas, and it is important to experimentally ascertain the
phenomena and validate the analysis model.

So far use of energetic ions for plasma diagnostic has
been studied [12–14]. Ryutov [12] has pointed out that the
NI scattering of alpha-particle significantly affects the dis-
tribution function of impurity ions and has suggested that
the phenomenon can be utilized for diagnostics in ther-
monuclear plasmas. The hot ion populations created by
alpha-particles or RF-heated minority ions were evaluated
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† The NI scattering is defined by subtracting Coulomb contributions from
experimental data. It is also referred to as “nuclear elastic scattering
(NES)”.

in DT plasmas [13] and a scenario to measure the fast con-
fined alpha-particle distribution using hot ions produced by
NI scattering was also proposed [14]. The measurement
using related techniques is planned to be implemented in
ITER [15].

In deuterium plasmas, proton is intrinsically produced
by the D(d,p)T and subsidiary 3He(d,p)4He reactions. If a
small amount of 3He is included, for example in the mi-
nority heating experiments, the proton production rate by
the 3He(d,p)4He reaction is considerably enhanced. The
fusion-produced energetic protons would contribute to the
knock-on tail formation and the spectrum modification
processes [3, 16, 17]. Previously we have proposed a sce-
nario to examine the NI-scattering effects which is ex-
pected to appear in the D3He plasmas by using existing
deuterium plasmas [18]. In the previous paper we tried to
detect (a) non-Gaussian component of the neutron emis-
sion spectrum produced by D(d,n)3He reactions and/or (b)
0.478-MeV γ-ray generated by 6Li+D reactions in 3He-
conatining deuterium plasmas. In the neutron spectrum
measurement scenario, the non-Gaussian component was
estimated almost six orders smaller compared with the
2.45 MeV peak. In this paper we improve the measure-
ment scenario by adopting energetic 3He beam injection
and try to increase the non-Gaussian component in the neu-
tron emission spectrum produced by D(d,n)3He reactions.

In a deuterium plasma the T(d,n)4He reactions are in-
duced in parallel with the main D(d,n)3He and D(d,p)T re-
actions and neutrons with ∼ 14 MeV birth energy are pro-
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duced. The slowing-down component of the neutrons pro-
duced by the T(d,n)4He reactions may disturb the neutron
spectrum formed by the D(d,n)3He reactions. In this pa-
per we evaluate the noise neutrons for the measurement by
means of the Monte Carlo transport simulation method as-
suming a typical torus fusion experimental device.

We improve the previous scenario [18] and newly pro-
pose a possible experiment to validate the NI-scattering ef-
fects in D3He plasmas.

2. Analysis Model
2.1 Evaluation of ion distribution functions

The BFP equation for ion species i ( i = D, T, alpha-
particle, proton and 3He) is written as
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where fi(v) is the velocity distribution function of the
species i. The first term on the left-hand side of Eq. (1)
represents the Coulomb collision term. The summation is
taken over all background species, i.e. j = D, T, alpha-
particle, proton, 3He and electron. The collision term is
hence non-linear, retaining collisions between ions of the
same species. The electrons are assumed to be Maxwellian
with temperature Te. The second term on the left-hand side
of Eq. (1) accounts for the NI scattering [6] of species i by
background ion n [5, 17]. We consider the NI scattering
between 1) alpha-particle and D, 2) alpha and T, 3) alpha
and 3He, 4) proton and D, 5) proton and T and 6) proton
and 3He, i.e. (i,n) = (D,α), (T,α), (3He,α ), (α,D), (α,T),
(α,3He), (D,p), (T,p), (3He,p), (p,D), (p,T) and (p,3He).
The cross-sections for NI scattering are taken from the
work of Perkins and Cullen [7].

The third term in the left-hand side of Eq. (1) repre-
sents the diffusion in velocity space due to thermal con-
duction. To incorporate the unknown loss mechanism of
energetic ions into the analysis, we simulate the velocity-
dependence of the energy-loss due to thermal conduction
and the particle-loss time [19]. The source (S i(v)) and
loss (Li(v)) terms take different form for every ion species
[5, 17, 19]. By using computational iterative method, BFP
equations for deuterons, tritons, alpha-particles, protons
and 3He are simultaneously solved for given electron tem-
perature, fuel-ion densities and global confinement times,
so that global power balance and particle conservation for
each ion species are satisfied. Finally we obtain the veloc-
ity distribution functions at equilibrium state.

2.2 Evaluation of neutron emission spec-
trum

From the obtained fuel-ion distribution functions, the
neutron emission spectrum is evaluated as

dNn

dE
(E) =

�
fD(|�vD|) fT(D)(|�vT(D)|)

× dσ
dΩ
δ(E − En)vrd�vDd�vT(D)dΩ, (2)

where Nn represents the neutron generation rate, dσ/dΩ is
the differential cross section of the T(d,n)4He or D(d,n)3He
reaction and En represents the neutron energy in the labora-
tory system; the expression of which has been derived [20]
as

En =
1
2

mnV2
c +
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mα(3He) + mn
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+ Vc cos θc

√
2mα(3He)mn
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where mα(n)(3He) is the α-particle (neutron) (3He) mass, Vc

is the center-of-mass velocity of the colliding particles, θc
is the angle between �Vc and the α-particle (neutron) ve-
locity in the center-of-mass frame, Q is the reaction Q-
value, and Er represents the relative energy of fuel-ions
Er = (1/2)mDmT(D)/(mD +mT(D)) × |�vD −�vT(D)|2. Through-
out the calculations, the cross sections for the T(d,n)4He
and D(d,n)3He reactions are taken from the work of Drosg
[21] and Bosch [22].

3. Results and Discussion
3.1 Distribution functions and neutron spec-

trum
Ion distribution functions for (a) deuterons, (b) triton,

(c) 3He, (d) alpha-particles and (e) protons are shown in
Fig. 1, when 3He beam is injected into deuterium plas-
mas together with the ones when no external 3He-beam
injection is made. In the calculation, the fuel-ion density
nD = 8 × 1019 m−3, energy and particle confinement times
τE = (1/2)τp = 1 sec , beam-injection power PNBI = 2.5
MW in a 100 m3 volume plasma are assumed. The elec-
trons are assumed to be Maxwellian with 20 keV tempera-
ture. We can find that the energetic non-Maxwellian com-
ponent is created in proton distribution function due to
its 2.45 and 14.67 MeV fusion sources. Similarly to the
knock-on tail formation by alpha-particles in DT plasmas
[3–5], as a result of NI scattering of energetic protons by
bulk deuterons, knock-on tails are created in deuteron ve-
locity distribution function above ∼ 200 keV energy range.
The energetic component in proton distribution function
above 2.5 MeV energy range glows large as the 3He beam-
injection energy increases. Since the magnitude of the
second knock-on tails (above ∼ 2 MeV energy range) in
deuteron distribution function are almost proportional to
the magnitude of the second tail in proton distribution
function (in 3∼ 15 MeV energy range), we can say that the
second knock-on tail (above ∼2 MeV energy range) in the
deuteron distribution function is mainly caused by the ex-
ternal 3He-beam injection.

The neutron emission spectra by D(d,n)3He reactions
are shown in Fig. 2 (a) (corresponding to the calculations
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Fig. 1 Distribution functions of (a) deuterons, (b) tritons, (c) 3He, (d) alpha-particles and (e) protons in a typical deuterium plasma with
3He-beam injection. The electron temperature is 20 keV, deuteron density nD = 8 × 1019 m−3, energy and particle confinement
times τE = (1/2)τp = 1 sec and beam-injection power PNBI = 2.5 MW are assumed.

shown in Fig. 1). The dotted lines denote Gaussian dis-
tribution. It is found that the non-Gaussian component
is formed in the emission spectrum and the recogniz-
able increment in the neutron emission rate appears above
∼ 3 MeV energy range. Since the increment of the neutron
generation rate above ∼ 3 MeV energy range is almost pro-
portional to the 3He-beam injection energy, we can under-
stand that the increment is caused by the knock-on tail for-
mation in deuteron distribution function. The distinguish-
able change of the magnitude of the non-Gaussian compo-
nent shown in Fig. 2 (a) would be suitable for the analy-
sis of the transferred energy via NI scattering. In Fig. 2 (b)
the neutron spectrum by T(d,n)4He reactions are presented.
We can observe the strongly broadened spectrum configu-
ration. This is caused by the triton distribution function
which has a large non-Maxwellian component produced
by 1.01-MeV fusion source (see Fig. 1). Since the degree
of the distortion from Maxwellian in the triton distribution
function is much greater than that in the deuteron distribu-
tion function, the effect of the knock-on tail formation in
deuteron distribution function on the neutron spectrum by
T(d,n)4He does not significantly appear in Fig. 2 (b). By
comparing Fig. 2 (a) with Fig. 2 (b), we can see that the
non-Gaussian component in D(d,n)3He neutron spectrum
is almost two orders smaller than that of T(d,n)4He neutron
spectrum. In Fig. 3 we also show the spectrum modifica-
tion for several beam injection powers.

Fig. 2 Neutron emission spectra formed by (a) D(d,n)3He and
(b) T(d,n)4He source neutrons when 3He beam is injected
into deuterium plasmas.
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Fig. 3 Neutron emission spectrum formed by D(d,n)3He reac-
tions for several beam-injection powers.

Fig. 4 Schematic view of the simplified model of the torus de-
vice assumed to evaluate the neutron flux at the neutron
detector with collimator.

3.2 Evaluation of noise neutrons for the
measurement

On the basis of the continuous-energy Monte Carlo
transport code MVP [23], neutron flux in a typical torus
device is estimated. In Fig. 4, the target device configu-
ration assuming in our calculation is presented. We con-
sider 3-dimentonal toroidal coordinate and source neutrons
are assumed to be generated on the minor axis with Gaus-
sian distribution at almost the same generation rate shown
in Fig. 2. The size and structural materials of device and
shielding are chosen referring to the design parameter of
JT60SA [24] (Vacuum vessel: 1500 mm radius, Shielding:
25 mm first wall, 39 mm SUS316, 140 mm boron water and
24 mm SUS316 layer from the plasma). The neutron flux
when we chose graphite or SUS316 as a structural mate-
rial of the 25 mm first wall are shown in Fig. 5 together
with the neutron flux to be observed at the detector with
neutron collimator (red circles), i.e. length 200 cm and di-
ameter 20 cm. A few peaks can be seen in the neutron flux
when graphite first wall is assumed. This is caused by the
neutron generation reactions of graphite. We can see that
the relative intensity of the neutron flux at 3∼ 6 MeV en-
ergy range is reduced almost two orders from the value at
the 14-MeV source energy range. When we use a collima-

Fig. 5 Relative intensity of source and slowing-down neutron
flux arising from T(d,n)4He reactions. The red circles
indicate the neutron flux to be measured at the detector
with collimator.

tor to remove the noise neutrons not directly arriving from
the plasma, we can further reduce the noise component.
As shown in Fig. 5 the noise neutrons in 3∼ 6 MeV en-
ergy range can be reduced more than three orders from the
values at the 14-MeV neutron source energy, and we can
distinguish the non-Gaussian component shown in Figs. 2
and 3 from the noise neutrons arising from T(d,n)4He re-
actions.

4. Conclusion
A possible experiment to validate the NI-scattering ef-

fects in D3He plasmas was proposed. As a result of knock-
on tail formation in deuteron distribution function due to
NI scattering with energetic protons, non-Gaussian com-
ponent in neutron spectrum formed by D(d,n)3He reac-
tions appears. We tried to increase the magnitude of the
non-Gaussian component by using 3He-beam injection and
tried to reduce the noise neutrons arising from T(d,n)4He
reactions by the neutron collimator. In the previous pa-
per [18] we also proposed a measuring method using γ-ray
generating 6Li+D reactions. By using the γ-ray generat-
ing reactions in parallel with the neutron spectrum obser-
vation, more precise analysis could be possible. The data
on some conditions of interest may exist in the past exper-
iments made on existence fusion devices, e.g., JET. The
detailed search of the stored data may also be useful for
the validations.
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