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a-particle knock-on signature in the neutron emission of DT plasmas
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The fasta-particle kinetic effects in fusion plasmas of deuterium and tritium are studied in the perspective
that they can give rise to minority populations of fast fuel ions. The resulting modification of the neutron
emission spectrum is computed for a plasma in the state of steady thermonuclear burn of conditions similar to
those envisaged for the planned ITER tokamak. The nuclear interaction in these scattpartigle knock-on
processes is taken into account explicity and the dependence on plasma parameters is investigated. The
findings provide evidence that neutron spectrometry is a potential diagnostic of the-fasticle population
in burning fusion plasma$S1063-651X97)06602-§

PACS numbd(s): 52.40—w

[. INTRODUCTION ture of the neutron emission spectrum that could be observed
with high-count-rate and high-sensitivity neutron spectrom-
A thermonuclear plasma consists mostly of particles ofeters of the magnetic proton recoil type. Other studies have
thermal energies apart from the charged fusion products hapeen presenteid] suggesting the use of high-threshold acti-
ing energies up to several MeV. In burning deuterium-tritiumvation techniques.
(DT) plasmas under conditions to be produced in tokamaks The purpose of the present work has been to perform an
such as ITER1], « particles from thel+t— «a+n reactions ~ &ccurate quantitative calculation of theparticle knock-on
are the most important fusion product. Theparticles are _effect_on the peutron emission spectrum. The best a\_/allable
slowed down from their creation energy through particlelNPut information has been used ar-d anda +1 scattering
scattering in the plasma, which occasionally is a hard" the MeV_ region in order. to determnje their cont_r|but|on to
knock-on collision with large energy transfer. The knock-onthe formation of fast fuel ion populations. In particular, the
coupling between the fast-particle population and the ther-

relative contributions of Coulomb and nuclear scattering

. hav n carefully treated including the interferen -

mal fuel (d andt populationg can generate suprathermal ave been carefully treated including the interference be
d’ andt’ populations or similar populations for other ion

tween the two types of interactions. Since the results showed
R . " hat thea-particle signature should indeed be detectable, the
species in the plasma such as impurities. The knock-on ety \as consequently aimed at understanding which diag-
fects on impurities in plasmas have been investige2¢ds a ot information can be obtained from the observation of
potential a-particle diagnostic through the induced broad, knock-on features. This has been done by demonstrating how
low-intensity feature in the energy spectrum of characteristiGensitive the knock-on signature is to changes in the plasma
phOtOﬂ emission lines. The knock-on effects on fuel ions ar%arameters_ The p|asma dependence study was performed by
of interest because the fusion reactivity would be enhancemhcluding effects previously neglected such as the thermal
by reactions involving the suprathermal populatiods{t  broadening of the fast ion distributions. The capabilities of
andt’+d) compared to the thermal ion reactions only. Thethis a-particle diagnostic are assessed quantitatively in terms
d’+t andt’+d reaction rates would normally be small in of limiting features such as the attainable statistics of the
tokamak plasmas because of the low suprathermal densitigseasurement and time resolution considering also possible
(ng- andn, compared tay andn;) so that the fusion power interference from other processes in the same energy region
balance would not be affected. However, the suprathermadf the neutron spectrum.
densities may be sufficient to give a distinct knock-on signal
in the neutron emission spectrum that could be used for the
purpose of plasma diagnosti¢8]. An initial quantitative
study of the knock-on production af’ andt’ populations The « particles from thal+t— « -+ n fusion reactions are
showed that the nuclear scattering amplitude must be considreated in the plasma at a characteristic energy of 3.54 MeV
ered besides the obvious Coulomb fofdé¢ This study also with some broadening due to the thermal ion motion. These
suggested that the knock-on effect should be a distinct feasource o particles are rapidly thermalized in the plasma
through small-angle particle collisions as is described by the
Fokker-Planck equatiofi6]. This results in ana-particle
*Present address: Department of Neutron Research, Uppsala Upopulation of a certain velocity distribution whose amplitude

Il. GENERAL APPROACH

versity, S-75121 Uppsala, Sweden. is given by the equilibrium of the source and slowing down
TAlso at Istituto di Fisica del Plasma, EURATOM, ENEA, CNR rates for steady-state conditions. Large-angle collisions are
Association, 1-20133 Milano, Italy. rare, but can, on the other hand, impart large energy transfers
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to the bulk plasma ions. Suprathermal deuterons and tritons n
(d" andt’) can be created in such knock-on collisions and fc(0)= 2k S 072) ©
are given an energy that increases with the scattering angle
up to the maximum set big, ; for instance, the maximum
energy is E;-=3.15 MeV and E; =3.47 MeV for
E,=3.54 MeV. The amplitude and energy distribution of the 1 . A
d’ andt’ source terms are functions of the fastparticle /()= ﬂE (2L+1)e? (e —1)P (cosd). (4)
population. L

Large energy transfers require ion interaction at short dis- ’ )
tance. This means that above a certain energy transfer, tH&€re K°=2mimyE/(my+my)%®, n=2,Z5al(ve/c) (the
nuclear interaction will come into play. Therefore, the SOmmerfeld parametgrP, (cosf) is the Legendre polyno-
nuclear elastic scatterindES) cross section must be care- Mial of orderL, ando, and 5, are phase shifts. The Cou-
fully treated in the calculations of the formation of tde  lomb phase shifter are given by
andt’ populations due ter-particle knock-on collisions. The
NES contributions either can increase thfeandt’ popula-
tion amplitudes above the level of what pure Coulomb inter- oo )
action would give or could even lead to a decrease in th&/here argg) indicates the angular coordinate of the com-
case of destructive interference between the two. Zhad ~ Pl€x numberZ in the complex plane. The nuclear phase

anda+t scattering cross sections are also important to knoyp!ifts 4. are deduced from experimental data and here we
in order to calculate the distribution functions of theand ~ Nave used results obtained by Mairal. based on an optical
t' source terms. model analysid9]. For particles with spin #0, the cross

It is clear that the energy integrated densities and ~ Section takes the form
n.: will be a very small fraction of the bulk densities. How-
ever, the suprathermal ions will have distributions that ex- d_U:z L > 1w (60,6)2 (6)
tend to high energies and there can be the dominant fuel ion dQ W 21+ 1) MM
component of the plasma even for very law, and n '

densities. It is these extreme energy regions that we are iRgith summation over all initial and final spin projections

terested in here as they can give contributions to the neutro, , andM/) for a given quantization axis. The total scat-
emission spectrum far from the characteristic energy ogl\/r‘ing amplituded ;' (6,) are given by
A

Eno=14.02 MeV. While the bulk ion reactions would give a
quasi-Gaussian energy distributiof7] that falls as ,
ex] —Eo(VE,— VE))/C,], with Eq=E,, and C,xT;, fmm, (8, 8)=Tc(6) dmim, + Ty (6.) ™
whereT, is the ion temperature, thd' +t andd+t’ reac-

tions make contributions to the neutron spectrum in the exand the nuclear scattering amplitudés quantization direc-
treme high- and low-energy regions. This means that the,, k) are expressed by

signature of the knock-on process is to be found at a certain

distance from the 14-MeV peak depending on thet fu- Jr

sion reactivity as a function of energy and the magnitude of f”WM (6,¢)= _2 (LIOM,|IM,)

the knock-on cross sections. The knock-on signature in the I ik 3

neutron emission is calculated in this paper.

—in Insir?(6/2) + 2i o 3)

and the nuclear scattering amplitude by

o =ard'(L+1+in)], 5)

X(LIM; =M/ ,M{|IM)y(2L+1)
lll. CROSS SECTIONS xe?o @2 1) Y Mg 4): (8
L 1 L)

The elastic differential cross section for two zero-spin
particles (of massm, and m, and chargez, and Z, with  here(aba|cy) are Clebsch-Gordan coefficients aftithe
relative energyE) can be writter{8] spin-dependent phase shifts. The nuclear phase shifts deter-
mine doy, /dQ), while doc/dQ is readily calculated from
do the Rutherford formuldEg. (3)].
d—Q(9)=|fc( 0)+f'(0)[? (1) For small-angle scattering, the Coulomb term dominates,
but this is not important for the generation of fast nuclei. We

in terms of the Coulomb and nuclear scattering amplitudeS2" aSsume, without loss of accuracy, that finite contribu-
9 P Yions to the fast ion populations are only due to collisions

fc(6) and f°(6). This can be rewritten as the sum of the with scattering angle$> 6,,;, (in the c.m. framgor, corre-

7 — 2
pure Coulomb cross sectiahoc/dQ)=|f|* and the cross spondingly, 7= c0S@r)- as in[10]. we chose the limit

section due to nuclear and interference amplitudes,” d .
oy 1dQ=| |2+ 2|fof| S0 that Omin=20°. Furthermore, since the interference can lead to a

negativedoy, /dQ) value for small angles, a positive value is
assured by not allowingy,,,,x to exceed a certain upper limit
- . 2) (7o), the value of which can vary with the kinetic energy
dQ dQ = dQ E of the colliding ions in the c.m. frame. Thus the total
(angle-integrated nuclear-interference(NIl) cross section
The Coulomb scattering amplitude is given by considered for fast ion generation is

dO' dO'C dO'N|
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FIG. 1. Phase shifts] for a+d elastic scattering of the partial

wavesL=0 (a), 1 (b), and 2(c) as a function of energy.
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FIG. 2. (a) Total cross sections anh) average cosine of the
scattering angle for elastie+d scattering as a function of energy.
The cross section is divided into contributions of the pure Coulomb
interaction @¢) and the nuclear interaction plus interference term
(on). The average cosine for isotropic scatteringgf) is shown

with 7= min(7max. 70(E)). This cross section can be com- for comparison.

pared with the same integrated Coulomb cross section in
order to assess the influence of the nuclear interaction. More-
over, the average cosine of the scattering angle in the labo-
ratory frame is given by

2B = [ 7 w22 () (10
M _O-NI(E) _1 M7 dQ n)amn,
whereu is
m1+m2’)7
= , 11
w() VM2 +2mym, 7+ ms 19

with m; andm, being the masses of the projectile and target
particles, respectively. This can be used as an estimator of
the anisotropy of the cross section. As a reference we can use
the u value of an isotropic cross sectigim the c.m. system

and assumingn;>m,), which is

_ 1{m,\?
,u,i50=1—§ —_

m, 12

The total cross sectionsc(E,) and oy (E,) as well as
the average scattering cosipgE ), besides the differential
cross sectiongoy, /dQ(6,E), were calculated using the
phase shiftss] of [9]. The results oru¢, oy, and u for
a+d scattering are shown in Figs. 1 and 2 and &o#t
scattering in Figs. 3 and 4; the results doc/dQ(6,E,)
anddoy, /dQ(6,E,) for E,=3.54 MeV are shown in Figs.
5 and 6.

For a—d scattering it is found thatry, is generally
weakly dependent ofE,, but for a narrow resonance at

9 |
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FIG. 3. Phase shifté‘ﬂ for e+t elastic scattering of the partial

E,=2.1 MeV (Fig. 2) due to the behavior of)\;’ (Fig. D; wavesL=0 (a), 1 (b), 2 (c), and 3(d) as a function of energy.
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FIG. 6. Differential cross sections far+t elastic scattering at

= 0ol 1 E,=3.54 MeV.
1 scattering(viz., 6>60° of Fig. § and this is what contrib-
- utes the most to the fast ion source term.
I e it winfriinds iso ] There are also resonances in the scattering, but at the

relatively high energies oE_,=5.2 MeV andE_ =8 MeV
(Fig. 4) (due to thes}? and 63° terms, Fig. 3. The . value
is larger than typical for isotropic scattering over the entire
energy range, implying that forward scattering is favored.
The Coulomb term shows an overall dominance in the en-
ergy rangeE,<3.2 MeV (Fig. 4), yet the NI term would
dominate the large-angle collisions responsible for fast ion
generation.

The present results show that f@rd scattering it is a fair
approximation to assume, as was dong4f, that the NI
cross section is isotropic and is constant in energy. Only the

FIG. 4. (a) Total cross sections anth) average cosine for
a+t elastic scattering.

there is also a broad resonanceoig, above 7 MeV due to
5% and &5, but it does not concern us here. The 2.1-MeV
resonance affects —d scattering in plasmas as it is located
below the a-particle average creation enerdy,,=3.54
MeV. The value ofu is near the one expected for an isotro- reviously assumed magnitude of,=1.1 b[11] needs to
pic cross section; the slightly higher value at the resonanc e adjusted. Fow-t scattering, the situation is more compli-
indicates a slight preference for forward scattering. The ef'(:aued so the calculated resul,ts must be used for the NI cross
fect of the resonance is to increase the amplitude of the fa’%tectio’n.

deuteron source term over the whole energy range up to the
maximumEg /= 1.87 corresponding t&,= 2.1 MeV. How-
ever, since there is some predominance for forward scatter-

ing, one can expect the deuteron source term to be corre- The slowing down of the fast ions is described by the
spondingly larger at low energies. Apart from the 2.1-MeV Fokker-Planck equation for a uniform and thermal DT
resonance region, the Coulomb term appears to dominajglasma in a steady state with no spatial diffusion. The equi-

generally the entire regioB,<4.1 MeV. This is largely due |ibrium equation for the velocity distributiofi,(v;) can be
to the divergence of the Coulomb component at zero energyyritten [12] as

However, the differential cross section shows that the NI

IV. FAST ION POPULATIONS

term actually dominates the limited region of large-angle 1 9
—(0%rzf)=-Q (13
v? g0 0 V21D = Q2
1045""'\‘*'%' T . .
Y — — -Coulomb ] where Q) is the source term for fast nuclei of chargeand
0L N —NI ] vy is the collision frequency. For a plasma of several ion
g P speciesZ; besides the electrons, the contributionitpis
s
Eio2| .
% 5 Vz:z Vzj, (14
8107 ~< 3 :
1005 o T where
0 30 60 90 120 150 180
0 [deg] 4AmZ?ZeniAy; 2
e (I)(y)—\/—_ye 1. (19
FIG. 5. Differential cross sections far+d elastic scattering at 7 ™

E,=3.54 MeV. The contributions due to the Coulomb interaction o . .
and nuclear interaction plus interferer(®) terms are shown sepa- Here the velocity is expressed relative to the thermal ion
rately. speed by the parameter=v/vy, ; ®(y) is the error function
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FIG. 7. Energy distribution functiori, (solid line) and source ' ' ‘(‘b)'
term Q,, (dashed lingof a particles in a plasma of reference con- - 3 E
ditions. Also shown is thé, function corresponding to a monoen- 3 10" 3 E
ergetic source terntdash-dotted ling = L 4

2 q01f 1
£ ]
2 (Y 2 S g
®(y)=T e *dx (16) T ]
TJ0 le] E
ndA; is the Coulom i 108
andAz; is the Coulomb logarithm 5 ] 5 5 :
E, [MeV]
Agi()=Iny/—L- 2 17
(v)=In —MaX v,— U |- .
zj( mn.eh o FIG. 8. Source term functior®,, andQ,. of (a) fast deuterons

and (b) tritons due toa-particle knock-on collisions. The Coulomb

The slowing down in the plasma is mostly due to multiple (dotted ling and NI (solid line) contributions are shown separately.
small-angle Coulomb scatteririgee, e.g.[6]) while, for in-
stance, nuclear scattering is negligikileee Figs. 5 and 6 For cold plasmasT;=0) one can use the analytical ex-
above. pression forf , [Eq. (18)] to describe thal’ andt’ source

The slowing-down calculations were performed for aterms, which can be writtefil3,2]
plasma with parameters representative of the ITER tokamak,
i.e., electron and ion temperaturesiqf=T; =20 keV and an 8my’n; (» do~
electron density oh,=10'* cm~3. Moreover, deuteron and Qir(vi)= - d_Qfa(Ua)vadva! (19
triton densities ohy=n,= in, have been assumed, implying oo
a plasma free of impuritiesZ(¢=1).

The results for particles are shown in Fig. 7, where one
can compare the slowing-down energy distributignwith
its source termQ,, of finite temperature ;=20 keV). The
source termQ(E,) is given by thed-t fusion reactions. If
T,=0, the source term would be monoenergetie.,
Ea=E§=3.54 Me\) with the energy distribution function

where  y=(m;+my)/2m, and do/dQ=doc/dQ
+daoy, /dQ. The effect of temperature on the fast ion source
term can be included in numerical calculations, which were
done with the Monte Carlo coderRASHTEST[14]. This also
allowed the use of the NI cross sections in tabulated form as
well as the separation between contributions frogy and
oc. In order to avoid zero-energy divergences, low-energy

fo given by the analytical expression cutoffs atE =T, were adopted foE4 andE,. The results on
0 1 o<p* Qu(Eyr) anth/(Et,.) are s_hown in Fig. 8. It can be seen
T (v )= d”t<3‘”’> o TaT e (18) that the NI term is dominant for ion energies above

Y Amunv, |0, v>vk, E4y=0.6 MeV and E;,=0.65 MeV, which is most pro-

nounced forQy,. This difference also reflects the relative NI
wherev* =/2E*/m, [13,2]. This is shown in Fig. 7 as a strength betwee®y andQ, since the Coulomb cross sec-
dot-dashed curve over the energy region from 2.5 to 3.3ions are the same except for a minor kinematic effect. The
MeV. For finite temperatures, the-particle distribution low-energy NI source terms show differences, which is not
must be calculated numerically. The result is shown in Fig. &urprising as the phase shifts are quite differentferd and
as a continuous curve. The analytical expression is thus ae¢+t; in particular, the latter ones change rather rapidly as
curate for the low-energy region, while the numerical ap-one approacheg&,—0 and this will dominate thds;—0
proach must be used to obtain the correct shape in the higlipehavior(cf. Figs. 3 and 1
energy region. The analytical approach works for energies up The source term®y: andQ; are used in Eq(13), which
to E,=2.5 MeV, which is the lower limit of thex-particle  is solved numerically to determine the population functions
creation energy for the cagg=20 keV considered. In this fy andfy (Fig. 9. It can be seen that there are some dif-
region, thef, distribution is dependent only on the inte- ferences between th¥ andt’ distributions. TheQ,, ampli-
grated amplitude of the source term, for steady-state condiude is stronger tha®y., except for the high-energy tail.
tions, regardless of its energy distribution. Both suprathermal populations are significantly different
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FIG. 9. Energy distribution functions for steady-state popula-
tions of fast deuteronsf,) and tritons €,,). The Maxwellian dis-
tribution f,, of thermal ions T;= 20 keV) is shown for comparison.

fast triton populations due te-particle knock-on f;/) and triton
burn-up (). The Maxwellian distribution functiorfy, is also
shown.

from the Maxwellian distribution of the bulk iongalso

shown in Fig. 9 and they both dominate fdE>0.2 MeV.  Pparticles. For a fast incident particielbeingd’ or t’) on a
The truncation aE=T;=20 keV therefore has no influence Stationary targetbeingt or d), the neutron energy varies
on the high-energy part. The fast ion components are wea%ithin the bounds set by=0° and 180° depending on the
and can be estimated by the relative density ratiodncident ion energy &;); Fig. 11 shows thaEf*{(E;) for

FIG. 10. Comparison of distribution functions of steady-state

ng: /Ing=0.4% andn, /n;=0.3% considering the region 0=0° approaches 20 MeV for_del_Jter(_)ns and tritons of 3
E>E. Therefore, the neutron production by reactions involv-MeV. The neutron energy distribution is constant between

ing two fast ions is negligible relative to those between fasthe extreme limitsE™ and Ef* (“square box” shapes,)
and thermal ions. Only the latter need to be considered.

for fast monoenergetic ions impinging isotropically on a cold

Fina”y' we note that another intrinsic source of Supra_target. If instead the tal’get consists of thermal iOhS, the dis-

thermal ions in DT plasmas, which can produce fusion neutribution will modify the square box shape into one with
trons, is the reactiod+d— p+tyqy (t4e=t"). The character- smoothed edgesS{,). For ions with distribution function
istic energy of this source term Byo=1 MeV and is cal- fi’, the spectrum can be written

culated to have the slowing-down distributiéf shown in
Fig. 10. Thet” distribution is of smaller amplitude than that
of fi; the ratio is always smaller than 1l/@eached at
E=0.8 MeV), while for the interesting region of higher en-
ergies E>1.2 MeV) it is vanishingly small. Therefore, the
neutron spectrum due @' +t andd+t’ reactions reflecting
plasma knock-on effects can normally be observed without
interference from the so-called triton burn-up contribution.

dN
E(EH)ZJ' fi/U'i’iUi'Sth(En;Ui’vTi)dUi'a (21)
while the total neutron yield is

Y,:ffiro'irivirdvir. (22)

V. NEUTRON EMISSION SPECTRUM B T T T T

The fusion neutron energy is determin@ibnrelativisti- __22:— ~ -
cally in the c.m. systeinby [15,16| 2 20: = ]
s 20 ~- 7]

Erm Q1K)+ Vemeost\| ™ (1 K  1of = ]
= — —_— [ -~ ]

n mn+ma(Q ) ¢.mCO mn+ma(Q ) fu: - z s 1

L ]

16~ ]

1 ) e ]

+ E mnvc.m. (20) 14 v e by v by 1 7

0 1 4 5

2 3
. , E [MeV]
in terms of the c.m. system velocity¢ ,), the angleé

betweenv, andV,,,, the reactionQ value, and the total
incident kinetic energyl =uv2); w=mgm,/(mg+my) is

FIG. 11. Maximum neutron energfn® of the reaction
t’+d—a+n (solid line) andd’ +t— a+ n (dashed lingas a func-

the reduced mass ang, the relative velocity of the reacting tion of energy E=E,; =Ey/).
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FIG. 13. Neutron energy spectra due to suprather(®&) ion

(®) reactions (I’ +t andt’ +d) with exponential fit to the high-energy

tail compared with thermalT) ion reactions §+t) with a quasi-
Gaussian curve fit. The crossover poili.) of the two spectra is
indicated. The calculations represent steady-state plasma conditions
for a temperature of;=T,=20 keV, as explained in the text.

truncation usingfy=f;,=0 for Ey =E; <E;,=150 keV
] in the calculations. The important feature here, however, is
5 1 15 that there exist regions where the suprathermal component
E, [MeV] dominates the spectrum. For the plasma conditions consid-
ered, these regions are defined by the upper and lower
FIG. 12. Cross section of th¢a) d'+t—a+n and (b))  boundsEc=12.7 and 15.5 MeV. Note that these limits de-
t’+d—a+n reactions as a function of energy for target ions thatpend weakly on the assumdd value reflected in the width
are thermal ;=20 keV, solid linegand cold [T;=0, dotted lines  of the thermal component. The low-energy region cannot be
observed experimentally due to high background so only the
Here oj,; is the thermal cross section defined ashigh-energy tail can be used to measure the suprathermal
aii(vir, T)=(ov)(T)/vi, where(ov), is the reactivity, component. The regiok,,>15.5 MeV represents an inte-
i.e., neutron yield per pair of reacting ions where one isgrated amplitude yieldY’), which is a fraction of the total
monoenergetic and the other belongs to a thermal distribwield (Y) at the level of Y/,=1/5000. The useful
tion. We have calculated the energy dependence of the ther-particle knock-on signal is thus a weak feature of the neu-
mal cross section fod’ +t and d+t’ reactions and com- tron emission spectrum for reference plasma conditions.
pared the results with available information on the
corresponding reguldcold) cross sectioriFig. 12). We note VI. a-PARTICLE INFORMATION
that the thermal effect moderates the maximum of the cold _ )
cross section occurring &y =100 keV andE, =150 keV Thel neutron spectrum can be described in terms of a
for d'+t andd+t’. This means that the thermal cross sec-Gaussian thermal component and a suprathermal component

tion is increased at low and high energies relative to the coldFi9- 13. The latter, considering only the high-energy part,

one, which is most conspicuous on the low-energy side. Th§2n be analyzed as an exponential given by two parameters,

peak position is thus shifted to lower energy. namely, the yieldY’ and the slope factax. The yieldY’ is

Neutron energy spectra were calculated with the Mont&l€fined as
Carlo method using thePACHE code[14]. The code samples = dN
the deuteron and triton velocity distributions, thus simulating Y/ = f —dE,. (23
single reactions occurring at specific values of relative ion ecdEn

energy. All such events were treated statistically and as- o o

signed appropriate weights including the calculated reactioff"0m the results in Fig. 13 one determinég=0.021% or,
cross section. The cross-section parametrizatiofl@fand after subtracting the thermal component neé&ic,
the angular differential cross section[df8] were used. The Yre=0.018%. The slope factox is defined through
sampling method was administered so as to provide good , ,

statistics also in energy ranges where the spectrum amplitude dN - Y_ef(EnfEC)/)\ (24)

is down by many orders of magnitude relative to the peak dE, A '

value. The results show that the neutron emission spectrum

of a burning plasma consists of two components due to thethich in practice is obtained by fitting an exponential to the
mal and suprathermal ion reactiofféig. 13. The suprather- spectrum in the rangg,>Ec. This gives\ =0.44 MeV.

mal component has low- and high-energy tails that extend The quantitiesY/, and \ are dependent on the plasma
well beyond the region dominated by the thermal ion reacparameters, e.g., the temperatiige It should be noted that
tions. The middle region arounl,=14 MeV appears as a Y/ is independent of the reactivifpv), so that noT; de-
flat level, but this is just an artifact reflecting the adoptedpendence is introduced this way. With the lo€atound a
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FIG. 14. Energy spectrum for the neutron emission from a burn- 8x 10" [ Oc(d+t)]
ing plasma in steady-state conditions with¢deshed linpand with 6x107 O,(d'+1) 1
an extraa-particle loss mechanisiisolid line), as explained in the ]
text. — 4x107 F .
> ]
2 2x10 .
. . . ’ ay . - ]
certain temperatujeapproximationY,=T_Y, one obtains " ] sl REes .
ay=3.3 for T,=20 keV. The dependence on other param- g 12x10° @ {55MeV<E <165MeV  (c) ]
eters such as the ion densitieg and n; and the effective = 1x10° E, > 16.5MeV ]
chargeZ is found to be weaker. The plasma dependence of o ax10 b
Y/e can be described biy14] 5 ;
> 6x10" [
) _
, ocTaYndnt B aY<Z—Zeﬁ) ng/n; 25 ax107 |
e nz el Z-1] (1+ng/ny*’ ?
ne ( d t) 2x 107 :
whereZ is the charge of the main impurity element. A simi- ol
lar analysis for the slope factar gives with the approxima- 0 1 2 3 4 5

E, [MeV]

tion )\ocTZ‘A an estimated value @, =0.14 forT.= 20 keV;

i.e., \ is practically insensitive to changes in plasma param-

. . FIG. 15. ProbabilityP (E,) f -particle knock- tri-
eters. On the other hand, changes in the suprathermal i90,¢ (&) Probability P(E,) for a-particle knock-on cont

- , . . ion to a suprathermal neutron signal with enegy- E and(b)
population would affectY and A rather directly, which 5. differential yieldy,(E,) of knock-on neutron production as

would therefore reflect the plasma confinement properties. I function ofa-particle energy. A distinction is made between dif-
is therefore interesting to investigate the response of the nelgrent reaction contributionn (a) and (b)] and different neutron
ltfoln emission spectrum to changes in tHet’, anda popu-  energy rangefin (c)]. See the text for definitions.

ations.

For the purpose of illustration, we consider a situation(d+t’ or d’+t) and interactionNI or Coulomb, i.e., the
where the confinement is affected by a specific loss mechéusion reaction cross sectionsy,(d+t'), op(d’ +1),
nism such as where alt particles of energye,<Ey are  o(d+t’), and oc(d’+t). The differential neutron yield
suddenly lost. The corresponding-particle distribution vy (E,)=dY'/dE,=f,(E,)P.(E,) is also of interest in this

function takes the form context for which we make the same cross-section decompo-
sition while also distinguishing between the regions of 15.5
~ 0, E.<Eo MeV<E,<16.5 MeV andE,>16.5 MeV. The calculated
f=1,% (26) | PR
1, E,>E,, results onP(E,) andy,(E,) are shown in Fig. 15.

First, it is interesting to note tha& (E,) increases with

where f, is the unperturbed distribution. F&,=2 MeV  E. [Fig. 15a)] and thatY’ is the integrated product of the
one obtains a change in the neutron spectrum that amounts gPopulation distribution and the probabiliy,,, i.e.,
AY'/Y'=—-40% andS\/\=+13% (Fig. 14). This means

that by measuringy,,; and A one cannot only verify the y/:f f, P, dE,. (27)
presence ok particles in the plasma, but also monitor more

substantial changes in th&parti_cle population. Generally, \vith the approximatiorP ,(E,)<E,,, one obtains

the plasma confinement properties and the onset of extra loss
mechanisms would be investigated quantitatively on the ba-

sis of comparison off’ and\ values obtained from mea- Y'“f foE.dE,, (28)
surements and plasma model predictions.

To examine the specific diagnostic informationyify, and  where the integral is the fast-particle pressure in the
\, we introduce the quantity?,(E,) expressing the prob- plasmap,, i.e.,Y'=Cp,. Neutron spectrometry is thus a
ability for an a-particle of energyE, to contribute toY’'. potential diagnostic for the-particle pressure, but the deter-
This probability can be divided according to type of reactionmination of the proportionality facto€ depends on input
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account the plasma in-homogeneity, which is neglected here.

0.012 LR U A T A L LA N B L N BN U B R B . P .
B 155MeV<E <16.5MeV In fact, thea particles and the fast nuclei involved in the
0.01 | 16.5 MeV<E:< 17.5 MeV generation of suprathermal neutrons describe orbits in the
® 0008 [ E, >17.5MeV plasma along which the values of the plasma parameters
= i change. Similarly, the neutron spectra observed will be a
- 0-006 ¢ superposition of contributions from plasma regions of differ-
o- 0.004 | ent temperature and density. These effects are estimated to
; be small, but could weakly modify the results.
0.002 |
ol VII. EXPERIMENTAL CONSIDERATIONS
0 1 2 3 4 5
E, [MeV] Observation of thex-particle knock-on effects in the neu-
tron emission requires a neutron spectrometer with high sen-
— [ (b) 15.5MeV < E < 16.5 MeV/] sitivity. This means, first of all, that it must have sufficient
2 2x10° 16.5 MeV <E_<17.5 Mo\ efficiency so that the signal can be measured with desired
= ; [0 E >17.5MeV count rate C,). Moreover, it is desired that the weak
;"’ knock-on signal and the dominatithermal”) peak of the
5 o f neutron emission be measured simultaneously. This, in turn,
:1 x10 implies requirements on the minimum acceptable values of
W count rate capabilityG®") and energy coverage\Ec/E).
= i With a target signal count rate of 10005 one obtains
ot Ct>10" s~ 1, while AE./E should exceed-20%.

0 05 1 1.5 2 The sensitivity must also include the ability to handle the
E, [MeV] potential interference from background. The background af-
fecting neutron spectrometry is essentially of two types:
FIG. 16. (a) Probability P (E;/) for the fast triton contribution  ambient background that can affect any part of the neutron
to the suprathermal neutron signal il neutron differential yield  spectrum andii) background that arises from the fact that
yv(Ep) as a function of triton energy with a distinction made with neutrons emitted from the plasma can reach the spectrometer
respect to the different neutron energy range. after having scattered in surrounding material including the
walls of the collimator through which the plasma is viewed;
information from other diagnostics. Moreover, the knock-onthe scattered background reflects the direct emission spec-
cross section must also be known. trum but for a downshift in energydepending on the de-
The results of Fig. 1@) show that the probability for the tailed conditions for the scatteringrhe spectrometer should
knock-on process to contribute to the fast neutron productiomave such properties that the background can be kept below
is crucially dependent on the nuclear interaction. Indeed ithe level where it interferes with the observation of the signal
dominates over the Coulomb contribution ferenergies of  spectrum, i.e., without having to apply background subtrac-
above 1.5 MeV, which is also true if one takes into accountion to the data acquired. This is possible only for the high-
the f,, distribution function[Fig. 15b)]. The inclusion of the  energy part of the knock-on signal as the scattering back-
nuclear interaction is therefore essential and its relativgyround on the low-energy side of the thermal peak is an
strength is important for the magnitudeof, but also for the  jrreducible part of neutron spectral measurements and can
shape k). The latter derives from the observation in Fig. only marginally be controlled by change of the experimental
15(c) that there is a certain correlation betwdgpandE, so  conditions with existing practical constrainis9]. A sche-
that, for instance, the regidg,>16.5 MeV is mostly fed by matic representation of the background components con-
high-energya particles. nected with measurement of the neutron emission spectrum
The sensitivity of the neutron spectrum to details of theover seven orders of magnitude in the energy region 12—-20
d’ andt’ distributions can be studied in a similar way. For MeV is shown in Fig. 17.
instance, calculations of the quantitieB(E;/) and One possible choice of instrument for this application is
yi-(E¢) for thet’ distribution give the results oR,/(E;/) the magnetic proton recoiMPR) spectrometef20,21]. It is
and y.,(E;/) shown in Fig. 16 for three different neutron estimated to be able to satisfy the above requirements on
energy regions. It can thus be observed that the low- antlackground controlcf. Fig. 17), count rate capability, and
high-energy regions of the neutron spectrum are mostly fegnergy coverage. The neutron flux efficiency factor of the
by tritons of low and high energies, while the intermediate-MPR ise=10"* cm?, which could give a count rate of up to
energy region draws contribution more evenly from tritonsabout 18 s~ for the high-energy tail of the knock-on spec-
of different regiondFig. 16a)]. A closer energy correlation trum for a typical ignited discharge in ITE@Rision power of
between the neutrons and tritons is shown if one considerabout 1 GW. This measurement would give statistical errors
also thef,, distribution function of the plasmgFig. 16b)].  as illustrated in Fig. 18 with regard to measuring the slope
The difference betweew. andy,, [Figs. 15c) and 1@b)]is  factor A using a data accumulatiofresolution time of
a reflection of the underlying features of the distributionAt=1 s. With this time resolution it is only possible to de-
functions wheref;, shows a much stronger decrease withtermine the intensity of the knock-on spectrum while the
energy tharf . statistics would only allow tha parameter to be determined
The model used in this work can be refined by taking intowith an accuracy of only 30%. This means, for instance, that
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FIG. 17. Schematics of the neutron spectrum in a collimated FIG. 18. lllustration of how data on the high-energy tail of the
tokamak experiment due to emission from the plagsigna) and neutron spectrum due t@-particle knock-on can be used based on

background due to scattered neutr¢hs2) and ambient radiation  the assumption of 1000 counts. Energy bins and statistical errors for
3. each bin are shown\E indicates the spectrometer intrinsic resolu-

tion.

one cannot measure changes in losses garticles in the tokamaks such as ITER. The high-energy knock-on signal is
p'asfna over short time pepods. On the o'ther hand, one “edicted to have an amplitude of 0.02% relative to the main
”?0’?"‘“ the plasma conditions where, for instance, there is eutron signal ofl+t reactions. An analysis of the informa-
distinct change "0’.“ one Iqss level to another. ThUS a tion content in the signal suggests that it can be used as a
measurement over integral times of 1_.10 s has a dIagnOStFﬁonitor of thea-particle population in fusion plasmas. The
V‘T’"L%e’ as it can be u_sed to compare with pla_sma model P heasured amplitude and shape of the neutron knock-on spec-
dictions and to confirm the presence efparticles as one trum can be used to study the confinement properties of the

approaches the ignition state. It is also interesting to note thglasma including effects of fast ion loss mechanisms, while

over time periods of tens of seconds, one can obtain an a juantitative results would be based on a comparison of mea-

surements with plasma model predictions. It was shown that
the amplitude is proportional to the fastparticle pressure

% the plasmas. Finally, the measurability of the knock-on
signature in the neutron spectrum was assessed based on
presently known experimental techniques. It is found that a
neutron spectrometer of the magnetic proton recoil type sat-
Viil. CONCLUSION isfies the feasibility requirements both with regard to the

We have calculated the knock-on rate for collisions be-2bsolute signal intensity giving sufficient count rate and rela-
tweena particles(from d+t— a-+n) and fuel ions ¢ and tive to examined background sources. It is concluded that

t) in deuterium-tritium plasmas of steady-state ignition con-"€Ulron spectrometry is a potential-particle diagnostic

ditions in order to determine the neutron spectrum resulting"€thod to monitor the fast ion confinement properties of
from reactions involving fast deuterom’) and triton ¢') ignition plasmas in tokamaks and to measure #hparticle

populations, i.ed’ +t—a+n andd+t’'— e+ n. Itis found pressure. The present findings are relevant for the planning

that the nuclear interaction of the+ d and«+t large-angle of future ignition plasm_a experiments on, _for instance, ITER
scattering changes both the magnitude and shape od'the as yvell as for_att_e_mptlng t_he first preliminary observatlons
andt’ populations compared to what pure Coulomb scattergur'”g the preignition studies to be performed on the Joint
ing would give. Therefore, both the nuclear and CoulompEUropean Torus.
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curacy at the 10% level in th® determination. “Steady-
state” changes in the plasma that show up in the neutro
spectrum can therefore be monitored at the 10% sensitivi
level overAt=10 s, which is of interest over burn times of
thousands of seconds.
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