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Abstract 

 The knock-on tail formations in fuel-ion velocity distribution functions by energetic 

alpha-particles (by the T(d,n)4He reaction) and protons (by the D(d,p)T and 3He(d,p)4He 

reactions) are investigated by simultaneously solving the Boltzmann-Fokker-Planck (BFP) 

equations for deuteron, triton, 3He, alpha-particle and proton in an ITER-like deuterium-tritium 

(DT) plasma admixed with a small amount of 3He. As a result of the 3He inclusion, fraction of the 

transferred energy from energetic ions to thermal deuterons and tritons via nuclear plus 

interference (NI) scattering is reduced. Owing to the NI scattering of the energetic protons by 

fuel-ions, the latters are knocked up to higher energies. The knocking-up effect of fuel ions is 

enhanced with increasing 3He concentration. It is shown that if 3He with relative concentration of 

4.2 %, i.e. n3He/ne= 0.042, is included in Te=20 keV, ne=9.5×1019m-3 plasma, the magnitude of the 

knock-on tail in deuteron distribution function in 300 keV~3 MeV energy range is reduced by 

about 15 % from the value when 3He is not externally supplied. Such knock-on tail reduction also 

results in alternation of the non-Gaussian neutron emission spectrum with energies less than ~13 

MeV and above ~15 MeV.  

 (PACS number: 52.55-s, 52.55-Pi, 28.52-s)  
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1. Introduction 

 In a deuterium-tritium (DT) plasma knock-on tails are created in fuel-ion velocity 

distribution functions due to nuclear elastic scattering [1,2] of energetic alpha-particles. In 

thermonuclear plasmas, alpha-particles play an important role in attaining and sustaining the plasma, 

and aiming at an application to the alpha-particle diagnostics, the resulting modification of the neutron 

emission spectrum has been computed [3] and experimentally ascertained [4,5].  

 For study of burning plasmas like ITER, the evaluation of capability for confined 

alpha-particle diagnostics is a crucial issue. Spectroscopic measurement techniques, such as collective 

Thomson scattering (CTS) and neutron emission spectrum, are promising ways for the confined 

alpha-particle diagnostics [6,7] and the techniques will be implemented in ITER [7]. Large Doppler 

shifts in CTS and neutron energy spectrum are used for diagnostics of the energy distribution function 

of the confined alpha-particles. It is important for such spectroscopic diagnostics to discriminate 

between alpha-particle and other energetic particle signals. In ITER-like burning plasmas, such 

energetic particles are generated due to neutral beam injection (NBI) and ion cyclotron range of 

frequency (ICRF) heating. In ITER use of deuterium-beam energy up to 1 MeV is planned and the 

ICRF heating with 3He minorities has been considered to be one of the most promising plasma heating 

schemes [8,9]. The NBI effects on the Doppler shifts have been evaluated for CTS [10] and neutron 

emission spectrum [11] diagnostics, and such effects have been found to be insignificant, since the 

energy range of NBI is, at most, about 1 MeV. On the other hand, ICRF heating with 3He minority 

could be problematic for the spectroscopic alpha-particle diagnostics since 3He minority ions are 

accelerated up to the MeV energy range. Salewski et al [12] found that the energetic 3He minorities 

can contribute to the large Doppler shifts in CTS spectra and can interfere with the alpha-particle 

distribution measurement. Nevertheless, such a 3He effect would not spoil the spectroscopic 

alpha-particle diagnostics in an entire plasma region since the effect is limited within a region 
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originated from ICRF resonance layer on the specific magnetic flux surface [12]. In the ICRF heating 

schemes, the energetic 3He minorities are also contribute to the knock-on tail formation in fuel-ion 

distribution function. Zaitsev et al. [13] evaluated the knock-on tail formation in the deuterium 

distribution function due to the ICRF-heated 3He minorities in their modeling of the JET deuterium 

plasma experiments. Such a knock-on tail due to the heated 3He minorities could be appreciable 

although the knock-on tail evaluated was underestimated compared with the experimental results. 

Interference by the heated 3He minorities, therefore, could occur in neutron emission spectrum 

measurements, as well as CTS, in ITER. The contribution of 9Be-concerning reactions on CTS has 

also been evaluated [14]. From the viewpoint of confined alpha-particle diagnostics, clarification of 

how such a plasma operation (heating scheme) influences the plasma diagnostic scenarios is important 

and currently it becomes one of the most interesting topics. 

  In this paper we examine the influences of “unheated, thermal 3He minorities” on the 

alpha-particle diagnostic scenarios using neutron emission spectrum. It should be kept in mind that the 

effect of the thermal 3He minorities extends not only in the ICRF resonance layer but also in the whole 

burning plasma region. In DT plasmas, protons are intrinsically produced by the side, i.e. the D(d,p)T, 

reaction. When a small amount of 3He are admixed, e.g. for the purpose of the minority heating 

experiments, the protons produced by the 3He(d,p)4He reaction also contribute to the knock-on tail 

formation. Owing to the 3He inclusion, fraction of the transferred power from fusion-produced 

alpha-particles to bulk deuterons and tritons via both nuclear plus interference (NI) and Coulomb 

scattering is relatively reduced, which would cause the reduction in the magnitude of the knock-on tail 

in fuel-ion distribution functions. A new effect considered in this paper for the first time is that the 

nuclear elastic scattering of the energetic protons produced by the D(d,p)T and 3He(d,p)4He reactions 

would also knock up the fuel-ions (once scattered up by energetic alpha-particles) to further 
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high-energy range. Theses processes may influence the knock-on tail formation in fuel-ion distribution 

functions and the resulting neutron-emission-spectrum modification processes. If the energetic 

component of the neutron emission spectrum, i.e. > ~15 MeV, changes its shape from the values 

evaluated without considering the effect of 3He inclusion, plasma diagnostics scenarios utilizing the 

energetic neutrons may be affected. The effect of nuclear elastic scattering in a neutral-beam-injected 

plasma [15-17] and the modification of alpha-particle emission spectrum have been studied [18]. The 

knock-on tail formation in ICRF heated plasmas by resonated energetic ions has also been examined 

[13]. In addition to these studies, the influences of the thermal 3He inclusion on the spectrum 

modification process should also be quantitatively grasped by considering the contribution of 

fusion-produced energetic protons in DT plasmas.    

 A DT plasma with a small amount of 3He admixture is considered. ICRF heating accelerates 

ions to high-energy range, leading to strongly anisotropic fast ion distribution functions [13]. In such a 

state, the spectrum of fusion-produced neutrons itself would change its shape from the one without 

considering such external heating processes. However, since the influences of the distortion of the 

fuel-ion distribution function on the shape of the energetic alpha-particle and proton slowing-down 

distributions would be small, the relative change in the neutron emission spectrum (caused by 

knock-on collision of energetic alpha-particle and proton) as a result of the thermal 3He inclusion 

would not be affected by the external heating processes so much. In this paper we solve the 

Boltzmann-Fokker-Planck (BFP) equations [16,17,19] for deuteron, triton, 3He, alpha-particle and 

proton without considering the resonance process with injected RF waves. The knock-on tail 

formations in fuel-ion distribution functions by energetic alpha-particles and protons, and resulting 

modification in neutron emission spectrum are evaluated. A recognizable change in the neutron 

emission spectrum due to thermal 3He inclusion is revealed.  
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2. Analysis model 

 The BFP equation for ion species i ( i=D, T, alpha-particle, proton and 3He) is written as 
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where  is the velocity distribution function of the species i. The first term in the right-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 . The second term accounts for the nuclear elastic scattering of species i by 

background ion n [15,16]. We consider the nuclear elastic 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 NI 

cross-sections are taken from the work of Perkins and Cullen [2].  

)(vf i

Te

 The third term in the left-hand side of Eq.(1) represents the diffusion in velocity space due to 

thermal conduction. In this paper the unknown loss mechanism has been incorporated into the analysis 

by using dimensionless parameter γ following Bittoni’s treatment [20,21], i.e. , 

 and ,  

. Here  represents the thermal velocity of ion species i, and the coefficient 

( ) is determined so that the velocity-integrated energy (particle) loss rate becomes 
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τ/ ) for each ion species. The high exponent γ chosen ensures rapid increment of 

both energy and particle confinement times in high energy range compared with the ones in the 

thermal energy range. In this paper throughout the calculations 4=γ  is assumed. As was discussed 

in Ref.16, as for the current study the γ is not an influential parameter. Considering both energy loss 
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mechanisms due to thermal conduction and particles transport loss from the plasma, the confinement 

time due to conduction loss  is determined for each ion species using the global energy 

confinement time 

i
Cτ

Eτ  so that the following relation is satisfied for each species, 
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 The source ( ) and loss ( ) terms take different form for every ion species. For 

fuel deuterons, the source and loss terms can be expressed as 
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Here  indicates the speed of the fueled deuterium, which is much lower than the thermal 

speed (nearly equal to zero). The fueling rate  is determined so that the deuteron density is kept 

constant, i.e.  
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The second term in the right-hand side of Eq.(3) represents the particle disappearance from the plasma 

due to fusion reactions. Here k represents a kind of reactions, i.e. T(d,n)4He, D(d,p)T,  D(d,n)3He and 

3He(d,p)4He. For example, the  ( the function for the T(d,n)4He reaction ) can be written in 

the following form [19], 
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For fuel tritons, we have to include the production term by the D(d,p)T reactions as 

   .  
)(
)()(

4
)(

4 *22
T

v
vffvv

v
Svv

v
S(v)L

t
f(v)S T

P

T
T

k
T

DD
T

DD
Tfueling

TT

R
T

T τ
ςδ

π
δ

π
−−−+−=−⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

−  (6) 

 - 6 - 



Here the  represents the triton production rate by the D(d,p)T fusion reaction, i.e. DD
TS
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In the same manner, for alpha-particle, proton and 3He, the source and loss terms are determined so 

that the fusion sources and losses due to transport and fusion reactions are balancing. It should be 

noted that for 3He, when we consider the external fueling to keep the 3He density at a specific value, 

the fueling term is included in the BFP equation and is chosen so that the total density becomes 

constant as was explained in Eq.(3) and (6).   

 By using computational iterative method, the above BFP equations for deuterons, tritons, 

alpha-particles, protons and 3He are simultaneously solved for given electron temperature, fuel-ion 

densities and global confinement times, so that global power balance and particle conservation for 

each ion species are satisfied. Finally we can obtain the velocity distribution functions at equilibrium 

state. From the obtained fuel-ion distribution functions, the neutron emission spectrum is evaluated by  
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where  represents the neutron generation rate, nN Ωdd /σ  is the differential cross section of the 

T(d,n)4He reaction, E  represents the neutron energy in the laboratory system and  is its birth 
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nE

Dv
r

 and v ; the expression 

of which has been derived [22,23] as 

T
r

     , )(2cos)(
2
1 2

r
n

n
ccr

n
cnn EQ

mm
mmVEQ

mm
mVmE +

+
++

+
+=

α

α

α

α θ        (9)   

 - 7 - 



where  is the α-particle (neutron) mass,  is the centre-of-mass velocity of the colliding 

fuel ions, 

)(nmα

c

cV

θ  is the angle between the centre-of-mass velocity and the α-particle (neutron) velocity in 

the centre-of-mass frame and Q is the reaction Q-value, i.e. 17.59MeV. The  represents the 

relative energy of fuel ions, i.e. 

rE
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calculation, the cross sections for the T(d,n)4He reaction are taken from the work of Drosg [24] and 

Bosch [25]. 

3. Numerical results 

 In Fig.1 ion distribution functions for (a) deuterons, (b) tritons, (c) 3He, (d) alpha-particles 

and (e) protons, when 3He with relative concentration of 0.9, 4.2 and 7.7 %, i.e. 

 0.009 (0.02), 0.042 (0.1) and 0.077 (0.2), is included are shown together 

with the ones when 3He is not externally supplied. In the calculation, the fuel-ion density 

, energy and particle confinement times 

=)/( / 33 DHeeHe nnnn

-319 m104×== TD nn sec 3)2/1( == pE ττ  are assumed. 

The electrons are assumed to be Maxwellian with 20 keV temperature, and its density is evaluated as 

8.9~  depending on the 3He concentrations. It is shown that the energetic 

non-Maxwellian component is created in alpha-particle distribution function due to its 3.52-MeV 

fusion source, and as a result of nuclear elastic scattering of energetic alpha-particles by bulk ions, 

knock-on tails are created in deuteron, triton and 3He velocity distribution functions in ~500 keV~3 

MeV energy range. In Fig.1(e), we can also see that the energetic non-Maxwellian tail is created in 

proton distribution function reflecting 3.02 MeV (by the D(d,p)T reaction) and 14.7 MeV (by the 

3He(d,p)4He reaction) birth components. The energetic component in proton distribution function 

above 3 MeV energy range glows large as the 3He concentration increases. Owing to the knocked-up 

process of bulk deuterons, tritons and 3He by energetic (3~15 MeV) protons, knock-on tails are also 

created above ~3 MeV energy range in deuteron, triton and 3He velocity distribution functions. Since 

-319 m 104.10 ×
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the magnitude of the second knock-on tails (above ~3 MeV energy range) in the fuel-ion distribution 

functions are almost proportional to the magnitude of the second tail (in 3~15 MeV energy range) in 

proton distribution function, we can say that the second knock-on tails (above ~3 MeV energy range) 

in the fuel-ion distribution functions are mainly caused by the external 3He fueling.  

 As a result of the non-Maxwellian tail formations in the fuel-ion distribution functions due to 

nuclear elastic scattering and 0.82-MeV 3He fusion source by the D(d,n)3He reaction, the fusion 

reaction rate coefficients for the D(d,n)3He, D(d,p)T, T(d,n)4He and 3He(d,p)4He reactions are 

enhanced (or decreased depending on the plasma condition) from the values when Maxwellian 

(presented by dotted lines in Fig.1(a) ~(e)) is assumed. In the plasma condition shown in Fig.1 (3He 

concentration is 0.9~7.7 %), the degree of the enhancement in both D(d,n)3He and D(d,p)T reaction 

rate coefficients from the values for Maxwellian is estimated to be about 3~6 %. The changes in the 

T(d,n)4He and 3He(d,p)4He reaction rate coefficients are roughly estimated as ~1 % and 10~23 % 

respectively.   

 Now let’s look at the fuel-ion distribution functions more precisely. The changes in the (a) 

deuteron, (b) triton and (c) 3He distribution functions due to 3He inclusion, i.e. the ratio of the fuel-ion 

distribution function when 3He is included ( , , ) to the one when no 

external 3He fueling is made ( , , ), are shown in Fig.2 as a function of deuteron, triton 

and 3He energies respectively for 

eHe nn
Df

/3 eHe nn
Tf

/3 eHe nn
Hef /

3
3

0
Df

0
Tf

0
3Hef

=)/n( nn/ 33 DHeeHen  0.009 (0.02), 0.042 (0.1) and 0.077 (0.2). 

The calculation condition is the same as the one in Fig.1. It should be noted that in the calculation 

without external 3He fuelling, a small fraction of 3He (less than 0.1 % of electron density) is still exist 

in the plasma as a result of production by the D(d,n)3He fusion reaction. We can first see that the ratios 

rapidly increase in the energy range above ~3 MeV in all fuel-ion distribution functions. This is due to 

the creation of the second knock-on tail in both deuteron and triton distribution functions in the energy 
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range above ~3 MeV by protons produced by 3He(d,p)4He reaction (see Fig.1 (a), (b) and (c)). 

Secondly we notice that the magnitudes of both of the deuteron and triton distribution functions 

decrease in the energy range between ~200 keV and ~3 MeV. As a result of the external 3He 

supplement, the 3He concentration increases; we can see the increment of bulk (plus energetic 

knock-on tail) component of 3He distribution function in Fig.2(c). Since the intensity of the 3He source 

by D(d,n)3He reaction is not influenced by the external 3He supplement, the degree of the change in 

the 3He distribution function in the energy range between ~200 keV and ~1 MeV is relatively small. 

The transferred power from energetic alpha-particles to bulk fuel-ions for several 3He concentrations 

are indicated in Table 1. As the 3He concentration increases, the transferred power from 

alpha-particles to 3He is enhanced, which causes relative decrement in transferred power from 

alpha-particles to deuterons and tritons (knocking up rate of bulk deuterons and tritons by energetic 

alpha-particles via NI scattering). On the contrary, since proton density increases due to the 3He 

inclusion (see Fig.1(e)), the knocking up rate of bulk deuterons and tritons by energetic protons via NI 

scattering is enhanced as the 3He concentration increases (see Fig.1(a) and (b)).  

 The neutron emission spectrum is shown in Fig.3 (a) in the case without 3He fueling.  The 

calculation condition is the same as the one in Fig.1 and 2. In Fig.3, the dotted line denotes Gaussian 

distribution of 20 keV temperature. The bold line shows the neutron emission spectrum produced by 

non-Maxwellian components in deuteron and triton distribution functions (which is obtained by 

subtracting the Gaussian component from the total, i.e. Gaussian plus non-Gaussian, calculated 

spectrum). Since both of the total and Gaussian spectrums have the same production rate, the bold line 

has negative value around peak, i.e. ~14 MeV, energy range. As was already predicted in Ref.3 the 

non-Gaussian component is well created in the emission spectrum. In Fig.3 (b) the spectra for several 

3He concentrations are shown in a different neutron energy scale. It is found that the spectrum above 
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~15.5 MeV energy range decreases with increasing 3He concentration. We show the relative change in 

the emission spectrum due to 3He inclusion from the values without 3He fueling in Fig.4 for several 

3He concentrations. Here  represents the neutron emission spectrum normalized 

by the neutron emission rate  when 3He is not fueled externally. It is shown that the emission rate 

of neutron with birth energy less than ~12.5 MeV and more than 15.5 MeV is decreased by about 18 

(30) % for 4.2 (7.7) % of 3He concentration. The non-Gaussian component in the emission spectrum 

corresponds to the neutrons produced by non-thermal deuterons (tritons). Owing to the reduction in 

the non-thermal component in deuteron and triton distribution functions between ~200 keV and ~3 

MeV energy range (as was shown in Fig.1 and Fig.2), the neutron spectrum changes its shape by 

several dozen percents. 

0)/( normalizedn dEdN

Nn

 
4. Discussion and concluding remarks 

 The influences of 3He minority on the knock-on tail formation in the fuel-ion distribution 

functions and the resulting modification of the neutron emission spectrum have been investigated by 

simultaneously solving the Boltzmann-Fokker-Planck (BFP) equations for deuterons, tritons, 3He, 

alpha-particles and protons in DT plasma with 3He minorities. It is shown that when 3He with relative 

concentration of 4.2 %, i.e. n3He/ne=0.042, is included in Te=20 keV, ne=9.5×1019 m-3 plasma, the 

magnitude of the knock-on tail in the deuteron distribution function in 500 keV~3 MeV energy range 

is reduced by about 15 % and as the result the emission rate of neutron with birth energy less than 

~12.5 MeV and more than ~15.5 MeV is decreased by about 18 % from the values without 3He 

fueling.  

 As discussed in Section 1, the heated 3He effect on the confined alpha-particle diagnostics 

based on spectroscopic techniques is limited in a particular region originated from ICRF heating layer 

on the specific magnetic flux surface. The important finding here is that unheated, thermal 3He 
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minorities essentially not localized in such a particular region, but can extend to the entire core plasma 

region. The thermal 3He minority effect on the neutron emission spectrum, particularly in the energy 

range of more than 15 MeV, found in our analysis could be crucial for the confined alpha-particle 

diagnostics using the neutron emission spectrum. In ITER special attention should be paid to (i) 

accurate measurements and/or modeling of 3He concentration to analyze experimental data of the 

non-Gaussian neutron emission spectrum and (ii) a trade-off of 3He concentration for alpha-diagnostic 

and ICRF heating purposes. 

 In this paper we have considered the knock-on tail formation processes by the energetic 

alpha-particles and protons, and in the analysis distortions of fuel-ion distribution functions due to the 

ICRF heating have not been included. As a result of energetic tail formations due to ICRF resonance 

processes, the neutron emission spectrum may change its shape from the one shown in the present 

paper. If a large tail appears in the vertical direction relative to the magnetic field direction in the 3He 

distribution function, the 3He energetic tail may also contribute to the knock-on tail formation in the 

fuel-ion distribution functions especially in the vertical direction [13]. Since the reduction in the 

neutron emission spectrum in the energy range less than ~12.5 MeV and more than ~15.5 MeV (as 

presented in Fig.4) is caused mainly by the reduced alpha knock-on (and enhanced proton knock-on) 

process due to the inclusion of thermal 3He minorities, the relative change in the spectrum would not 

be affected by the non-Maxwellian component in the 3He distribution function itself created by the ion 

cyclotron resonance so much, as far as we look at the effect in all over the burning plasma. For the 

same reason, if non-Maxwellian energetic component appears in deuteron and/or triton distribution 

functions by ICRF heating, the effect on the relative change in the spectrum modification would be 

small. 
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      Experimental confirmation of presence of proton-knock-on deuterium and tritium ions is 

important. In modeling of the experimental result in JET, Zaitsev et al. [13] found out the 

suprathermal tail exceeded by nearly an order of magnitude that expected due to NI scattering of 

ICRF-heated 3He projectile ions on bulk deuterium target ions. They qualitatively suggested the 

correlation with energetic protons produced by 3He(d,p)4He reaction as the most plausible candidate to 

increase the amount of suprathermal fuel ions. The "beam-thermal" 3He(d,p)4He reaction induced by 

the ICRF-heated 3He ions may increase the amount of energetic protons. The further energetic protons 

with birth energy above 15MeV may be produced via the same process as energetic (>3.5MeV) 

alpha-particle productions analyzed in Ref.[18]. Simultaneous analysis of NI scattering of the 

ICRF-heated 3He ions and reaction-produced protons could model the experimental result in JET 

successfully. A further detailed analysis would be required about this point. 

 If the bulk temperature increases, the half-width of the Gaussian distribution is extended (the 

degree of the change in the half-width for 10~30keV temperature is ~400keV). The influence of the 

temperature on the modification of the neutron emission spectrum due to 3He inclusion would not be 

so significant. If the production rates of energetic alpha-particles and protons are changed by the 

increased or decreased fuel-ion densities (and/or temperatures), the magnitude of the knock-on tail 

would also be influenced. However relative change in the neutron emission spectrum due to external 

3He inclusion would not be affected so much, since the magnitude of the knock-on tail is changed due 

to increased or decreased fuel-ion densities (and/or temperatures) regardless of the existence of the 

external 3He supplies. Namely the relative change in the neutron emission spectrum would not be 

affected significantly for plasma temperature and density in usual operations. 
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Figure Captions 
  

Fig.1    (color online) 

Distribution functions of (a) deuterons, (b) tritons, (c) 3He, (d) alpha-particles 

and (e) protons in a typical DT plasma with a small amount of 3He, i.e. 

=)/( / 33 DHeeHe nnnn  0.009 (0.02), 0.042 (0.1) and 0.077 (0.2). The 

electron temperature is 20keV, fuel-ion density , 

energy and particle confinement times 

-319 m104×== TD nn

sec 3)2/1( == pE ττ  are assumed. 

Fig.2    (color online) 

Relative comparison of (a) deuteron, (b) triton and (c) 3He distribution 

functions when 3He with relative concentration of 0.9, 4.2 and 7.7 % is 

included, i.e. =DHe nn /3

-319 m10

sec 3=

 0.02, 0.1 and 0.2, from the values without 3He 

fueling. The electron temperature is 20keV, fuel-ion density 

, energy and particle confinement times 4×== TD nn

)2/1(= pE ττ  are assumed. 

Fig.3   (color online) 

Neutron emission spectra as a function of neutron energy in the laboratory 

system, (a) when no external 3He fueling is made and (b) for several 3He 

concentrations. The dotted line denotes the Gaussian distribution for 20keV 

temperature. The bold line in Fig.3 (a) is obtained by subtracting Gaussian 

component from the calculated total spectrum. The electron temperature is 

20keV, fuel-ion density , energy and particle 

confinement times 

-319 m104×== TD nn

sec 3)2/1( == pE ττ  are assumed. 

Fig.4 

 

 

 

 

 

 (color online) 

Relative comparison of neutron emission spectrum when 3He with relative 

concentration of 0.9, 4.2 and 7.7 % is included, i.e.  0.02, 0.1 

and 0.2, from the values when 3He is not externally supplied. The electron 

temperature is 20keV, fuel-ion density , energy and 

particle confinement times 

=DHe nn /3

-319 m10×4== TD nn

sec 3)2/1( == pE ττ  are assumed. 
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Table 1  H.Matsuura, et al. 

 

 

 

 

 

 
Table 1. Transferred power from alpha-particles to fuel ions  

                via nuclear elastic scattering 

 

 

 

 

 

 
2.39×10-1 

1.29×10-1 

3.73×10-4 

α→3He 
[kW/m3] 

1.70

1.84

1.99

α→T 
 [kW/m3] 

3He/ne (3He/nD) 
α→D 

[kW/m3]

 w/o 3He fueling 2.96 

0.042 (0.1) 2.74

0.077 (0.2)    2.53

2.920.009 (0.02) 1.96 2.75×10-2 
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Figure 1 H.Matsuura, et al. 
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Figure 2 H.Matsuura, et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 - 19 - 



Figure 3 H.Matsuura, et al. 
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Figure 4 H.Matsuura, et al. 
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