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Boltzmann-Fokker-Planck Simulation and Knock-on Tail
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The y-ray emission rate by 6Li(d,p)’Li*, "Li*—"Li+y reaction when 50~250keV proton beam is injected
into 6Li containing deuterium plasmas (ne ~10'° m=3 and T = 1~10keV) is evaluated by simultaneously solving
the Boltzmann-Fokker-Planck (BFP) equations for deuteron and proton. A possible experiment to verify the BFP
simulations, e.g. knock-on tail effect on T(d,n)*He reaction rate coefficient and/or plasma diagnostics which
utilize the tail formation in ion distribution function, is proposed.
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1. Inroduction

It is well known that the nuclear elastic scattering
(NES) contributes to a certain extent to the slowing-down
of suprathermal ions in fusion plasmas. In a conceptual
design of next-generation fusion device, 3.52-MeV a-
particles are continuously produced and use of beam in-
jection with energy more than 1 MeV is aso considered.
In such a state, the NES [1, 2] effects on slowing down of
energetic ions may not be negligible compared with those
due to Coulomb collisions.

In a magnetically-confined deuterium-tritium (DT)
thermonuclear plasma, aiming at an application to the
plasma diagnostic, knock-on tails in triton, deuteron and
impurity ion distribution functions due to NES of ener-
getic a-particle were studied [3-10]. A knock-on tail for-
mation in impurity ions [3, 4], tail effect on the emitted-
neutron spectrum [5, 6] and y-ray emission rate by nu-
clear reaction between fuel and impurity ions [7, 8] were
calculated. The knock-on tail formation (production of
suprathermal ion) by NES of fusion-produced «a-particle
was experimentally ascertained [9, 10]. To know the NES
effect on the reaction rate coefficient, an analysis model
which can consistently treat the distortion of “bulk” com-
ponent of fuel-ion velocity distribution function simultane-
ously with the knock-on tail formationisrequired. We have
previously developed the Boltzmann-Fokker-Planck (BFP)
model [11, 12] to examine the NES effect on the fusion
reaction rate coefficients in magnetically-confined D®He
plasmas. Recently on the basis of the previously deve-
oped BFP mode, we studied the NES effect on fractional
energy deposition to ions [13-15] and T(d, n)*He reaction
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rate coefficient [ 7,8,16,17] in I TER-like deuterium-tritium
plasmas. For a forthcoming burning plasma experiment, it
would be meaningful to perform a verification of the BFP
model by comparing the calculations with measured data
in currently-existing fusion devices.

Use of y-ray spectrometry as a burning-plasma diag-
nostic has been proposed and developed assuming vari-
ous y-ray-generating nuclear reactions [18]. The use of
6Li-induced y-ray-generating reactions was proposed by
Voronchev et al. [19]. In this paper, we consider the use
of 6Li+D reaction in non-reactive (low temperature) and
low density plasmas which are often seen in currently-
existing devices, for the purpose to verify the BFP sim-
ulations. By reasons of (a) the knock-on tail tends to be-
come relatively large in low density plasmas [14-17], (b)
to look at the knock-on tail effect clearly, it is desirable
that the injected-beam specie is different from the back-
ground ion species and (c) the NES cross-section between
proton and deuteron is comparably larger than deuteron-
deuteron one [2], we consider the proton beam injection
into the SLi containing deuterium plasmas. The knock-on
tail formation in deuteron distribution function dueto NES
of injected proton is examined on the basis of the previ-
ously developed BFP model [11, 12]. From the obtained
deuteron distribution function, the 0.5MeV y-ray emission
rate by 6Li(d,p)’Li*, Li*—"Li+y [19,20] is evaluated for
various plasma states. The experiment to verify the BFP
simulationsis presented.

© 2007 The Japan Society of Plasma
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2. Analysis M odel

The following BFP equations for deuteron and in-
jected proton are solved simultaneously:
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where f, is the velocity distribution function of species a
(a = D, p). The first term in Eq. (1) represents the effect
of the Coulomb collision with background ion and elec-
tron. The electron is assumed to be Maxwellian with tem-
perature Te. The second term accounts for NES of parti-
cle a with “background” species i; (a,ji) = (D,p) and/or
(p.D) [7,11,12,14-17]. The third term in Eq. (1) repre-
sents the diffusion in velocity space due to thermal con-
duction. For proton, the particle source (Sproton(V)) and loss
(Lproton(V)) terms can be written as
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where Syg is neutral beam injection (NBI) rate per unit
volume and vyg, is speed corresponding to injected pro-
ton energy Eng). We express the injection rate by using
the beam power Pngi, i.€. Snel = PNB|/(ENB|VO|). Here
Vol represents the plasma volume, and in this paper we
assume Vol = 100m3. To incorporate the unknown loss
mechanism of energetic ion into the analysis, following
Bittoni's treatment [21], we simulate the velocity depen-
dence of the energy loss due to thermal conduction 75(v)
and the particle-loss time 7;,(v) by using a dimensionless
parameter vy, i.e. T:;(p) (V) = Cepytep) (When v < ),
Té(p) (V) = Cc(p)‘l'c(p) (v/vin)” (whenv > vy). The high expo-
nent (y) chosen ensures rapid increment of both confine-
ment times in higher energy range than in thermal energy
range, and thus energetic particle itself and its energy are
hardly evacuated compared with that of thermal particle.
In this paper throughout the calculations y = 6 is assumed.
As was discussed in Ref. 15, in usual plasma condition,
the vy would not be a significant parameter. Considering
energy loss mechanisms both due to thermal conduction
and particles transport loss from plasma, the global energy
confinement time is defined as 1/t = 1/1¢c + 1/7p. For
background deuteron, we assume that the particle loss is
compensated by adequate fuelling method, i.e. Spdo(v —
Vo)/4mv? — fp(V)/Th(v) = 0. Here vo indicates the speed
of the fueled particle, which is much smaller than the ther-
mal speed (nearly equal to zero) and Sp = np/7p. Because
of the small concentration of 6L i, loss of deuteron and gen-
eration of proton dueto 6Li(d,p)’Li* reaction are ignored.
From the obtained deuteron distribution function, we
can evaluate the ®Li(d,p)’Li* reacton rate coefficient as
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In this paper, to facilitate the analysis, ®Li is assumed
to be Maxwellian at the same temperature with electron.
Because 8Li has alarge mass compared with deuteron, the
knock-on tail in 8Li distribution function would appear in
smaller velocity (smaller ®Li(d,p)’Li* cross section) range
than that in deuteron distribution function. Sincethe charge
number of Li is 3, the contribution of p-°Li NES would
also be smaller than that of p-D one.

To estimate the degree of the enhancement of the reac-
tion rate coefficient due to knock-on tail (non-Maxwellian
component) formation by NES, we compare the obtained
fusion reaction rate coefficient with the one in the case
that both deuteron and SLi distributions are Maxwellian.
For this purpose, we must identify the temperature of bulk
component in deuteron distribution function. We deter-
mine the bulk temperature T,k of deuteron by comparing
the bulk component of the obtained distribution function
with Maxwellian by mean of the least squares fitting. To
quantitatively estimate the reactivity enhancement, we in-
troduce the enhancement parameter;

(OV)sLi(d,pyLi
- [7

<O_V>M axwell

- 1] x 100 [%], )
6Li(d,p)7Li

where, (ovyy'®*™ is the °Li(d,p)’Li" reaction rate coef-
ficient in the case that both deuteron and 6Li distribution
functions are Maxwellian at temperature Tyyk. In this pa-
per the NES cross-sections are taken from the work of
Perkins and Cullen [2], the ®Li(d,p) Li* cross sections are

taken from Refs. 20, 22 and 23.

3. Resultsand Discussion

In Fig. 1 we first show the steady-state deuteron dis-
tribution function in the case that mono-energetic proton
beam is injected into deuterium plasmas. The solid lines
indicate the present cal culations while the dotted lines de-
note Maxwellian at temperature Tyyk. In this calculation,
the electron temperature T, = 2keV, fuel-ion and elec-
tron densities np = n. = 10 m=3, confinement times
e = (1/2)tp = 1.0sec and Pygy = 10MW are assumed.
We can see that knock-on (non-Maxwellian) component
appear in deuteron distribution function, owing to the re-
coils of thermal deuteron dueto NES of injected beam pro-
ton. The suprathermal component is extended toward high-
energy range, with increasing beam-injection energies.

In Fig. 2 the 8Li(d,p)’Li* cross section is presented
as a function of center-of-mass energy. The cross section
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Fig.1 Deuteron distribution function under mono-energetic
proton beam injection.
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Fig. 2 ©Li(d,p)’Li* cross section as afunction of center-of-mass
energy.

rapidly decreases with decreasing relative energy. It is ex-
pected that owing to the existence of small fraction of
knock-on tail component, velocity-averaged 6Li(d,p)’Li*
reaction rate coefficient is significantly influenced.

The enhancement parameter of reaction rate coeffi-
cient p is presented in Fig. 3 as a function of proton injec-
tion energies, together with the reaction rate coefficients
when knock-on tail is created and both deuteron and SLi
are Maxwellian at temperature Tyyk. In this calculation,
the electron temperature T, = 2keV, confinement times
T = (1/2)Tp = 1.0sec and Pygy = 10MW are as
sumed. Owing to the tail formations in deuteron distribu-
tion function, the ®Li(d,p)’Li* reaction rate coefficient in-
creases from the values when the NES is neglected. When
Enel = 230keV, the 1 parameter reaches almost ~10%.
If we consider a deuterium plasma containing 1 percent
of ®Li to deuteron, the 0.5MeV y-ray generation rate is
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Fig. 3 ©Li(d,p)’Li* reaction rate coefficients and the enhance-
ment parameter i as afunction of incident proton energy.

roughly estimated as ~ 5 x 10 sec™1. The, parameter be-
comeslarge with increasing proton injection energies. This
is because the knock-on tail reaches higher energy (large
6Li(d,p)’Li* cross section) range with increasing proton
energies (as was shown in Fig. 1). It should be noted that
owing to the knock-on tail formation, the rate coefficient
(0.5MeV y-ray emission rate) is significantly changed.

In Fig.4, we show the enhancement parameter n as
a function of electron temperature for severa incident
proton energies. In this calculation, confinement times
T = (1/2)Tp = 1.0sec and Pygg = 10MW are as
sumed. With decreasing bulk-ion (electron) temperature,
the absolute values of 6Li(d,p)’Li* reaction rate coefficient
(av)%?ﬁ’;Lu when both deuteron and ®Li are assumed
to be Maxwellian rapidly decreases, which relatively en-
hances the contribution of knock-on tail component. It is
found again that the plasmatemperature is a crucial factor
which significantly changes the 0.5MeV y-ray emission
rate, i.e. the knock-on tail formation.

By comparing the measured y-ray emission rate (ab-
solute value of the y-ray flux and its enhancement from the
value for Maxwellian plasma, i.e. parameter n7) with there-
sult of the BFP simulation for various plasma parameters,
it is expected that we can verify the BFP calculations. It
is also desirable that the spectrum broadening of the y-ray
flux can be measured using a y-ray detector having high-
energy resolution. Comparing the measured spectrum with
the result of the simulation we can more directly examine
the shape of the knock-on tail component and its effective
temperature.

On the basis of the BFP model [11, 12], the en-
hancement of the ®Li(d,p)’Li* reaction rate coefficient,
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Fig.4 SLi(d,p)’Li* reactivity enhancement parameter n as a
function of electron temperatures.

i.e. enhancement of the 0.5MeV y-ray emission rate by
Li*—="Li+y reaction, due to knock-on tail formation in
deuteron distribution function when proton beam is in-
jected into SLi containing plasma has been evaluated.
A possible experiment to verify the BFP simulations on
currently-existing fusion devicesis presented.
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