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ABSTRACT.

M easurements of the decay of gamma (y) rays (from interactions of al pha particleswith beryllium)
in JET Trace Tritium Experiments have demonstrated a significant sensitivity of y-ray emission
to the magnetic shear in the plasma core. In discharges with relatively high currents (I>2MA) the
y-decay rate observed after a short tritium NBI blip corresponded with the classical slowing down
rate of fusion alphasin the case of monotonic g-profile. However, in discharges with acurrent hole
of the size of about 1/3 of the plasmaradius and in low current (>1MA) discharges the measured
decay time was much shorter than the classical slowing down time. Thus a strong reversed shear
indicates adegradation of fast al pha confinement similar to that at low current (1 0= 1IMA). Herewe
present first results of the numerical simulation of the relaxation of fast al pha distribution based on
a kinetic model for NBI ions and fusion alphas in post blip plasmas. Modelling results are in a
gualitative agreement with measurements in reversed shear and monotonic current plasmas.

1. INTRODUCTION

Recent tokamak studies[1-6] show the attractiveness of operational scenarioswith Internal Transport
Barriers (ITBs) that provide improved energy confinement with a reversed magnetic shear in the
plasma core. Usually, such scenarios are associated with hollow toroidal current profiles[2-6] and
a weak poloidal field over a significant central region [4, 5]. Whereas the presence of ITBs is
beneficial to the energy confinement of the bulk plasma, the Reversed Shear (RS) is expected to
deteriorate the confinement of fast ions. In strong RS plasmasthereisan almost currentlesscore. In
such ‘Current Hole' (CH) plasmas, the extent of the region of near-zero poloidal field can reach
about 40-50% of the minor plasma radius. In comparison to a monotonic-g tokamak, numerical
simulations[7] show that acurrent holeinducesalarger radial excursion of fusion aphasleadingto
enhanced first orbit and collisional losses and, consequently, to an overall reduction of a phaheating.
Experimentally, the influence of a current hole on the relaxation of the distribution of fast alphas
after NBI tritium blipsinto a deuterium plasma has been investigated recently in the Trace Tritium
Experiments (TTE) on JET [8, 9]. Indischargeswith relatively high monotonic currents (I>2MA)
the observed decay rate of yrays (due to nuclear reaction 9Be(a,molZC) was about the classical
slowing down rate of fusion alphas, whilein 2.5MA dischargeswith acurrent hole aslarge as about
1/3 of the plasmaradius, and aso in low current (<IMA) discharges the measured decay time was
much shorter than the classical slowing down time; actually it was comparable to the decay time of
DT-neutron production. Hence thisindicates arather strong RS effect on fast al phas similar to that
seen at low current (I p=1M A). The purpose of the present paper isthe modelling and el ucidation of
the reversed shear effect on the relaxation and confinement of fusion alphasin TTE on JET.

2. RESULTS OF y-RAY MEASUREMENTS OF FUSION ALPHASIN JET TRACE
TRITIUM EXPERIMENTS

In TTE the information about relaxation of the fast-alpha distribution after 105keV tritium blips

and during 80keV and130keV deuterium injection can be inferred from the measurements of y-ray



emission arising from interactions of apha particles with beryllium impurity ions. For adequate
description of the y-ray decay in the post blip period the following sequence of nuclear reactions
should be considered

T+D—on+a, (1)

o+Be—on+Cty (2

Taking steady-state deuterium and beryllium populations we conclude from the reaction dynamics
of Egs. (1, 2) that the resulting time behaviour of y-ray emission isinitiated by the evolution of
the NBI triton population. The energy threshold in the reaction cross section of *Be(a,ny)**C
selects fast aphas with energies exceeding 1.6MeV [9]. Therefore, at typical plasma currentsin
TTE (I £ 25+3 MA), thetime TnyI’ 1/e-decrease of y-ray emission [9] must be affected by q(r)
profiles, because| ~2+2.5 MA iscloseto thecritical current | [10] required for good confinement
of alphas with E > 1.6MeV produced in a monotonic current (MC) plasma core. The reversed
magnetic shear resultsin an increase of thiscritical current up to 3[13.5 MA and, consequently, in
an enhanced effect of first orbit loss and radial transport of aphas on the decay rate of y-emission.
On-axis and off-axis co-injected beam tritons (Fig.1) wereused in TTE.

Figure 1 displaysalso the y-detector line-of-sight (L0oS) in the poloidal and toroidal cross-sections
of JET. The y-ray decay times measured for different scenarios (Ip/ B,=1-25MA/2.25-3.2T) are
shown in Fig.2 asafunction of the Spitzer slowing down time of MeV alphas, ﬂ»'%locTe?’/z/ne [11], to
account for various plasma densities and temperatures. As predominant electron heaters the fusion
aphas are expected to slow down with a characteristic time 7_/2. Figure 2 clearly demonstrates
that, in monotonic I>2MA current discharges, y-emission is characterised by along decay-timein
terms of the Spitzer-time 7, which is about 3-4 times larger than the decay-time in RS and low
current discharges. Moreover, according to Eg. (1), the measured y-rateis dependent on the slowing
down time of the parent tritons. One therefore would expect the characteristic y-decaysin excess of
7/2 aso for low current plasmas and CH discharges. Indeed the opposite is seen in Fig.2. To
evaluate the y-ray decay in TTE we use first a1D Fokker-Planck model that takes into account the
time-dependence of NBI triton and fusion alphadistributionsaswell asthe collisional ion transport,
however neglecting pitch-angle scattering. Upon that a 3D modelling is additionally performed
accounting for first orbit and radial transport effects of alphas.

3. GAMMA-RAY DECAY IN 1D KINETIC MODEL FOR NBI IONSAND FUSION ALPHAS
We start from the following system of kinetic equations for tritons, deuterons and fast alphasin the
zero-loss limit of alphas:

difi = V73 ov)Veng + VA v dy) fi-fil tei + S (VY), i = D,Ta (3)

Here vy and v;; are the frequencies of slowing down and parallel diffusion of beam ionsand alphas,



while 7 denotes the effective ion confinement time (7., = o). The triton source term S; ~ Py g,/
E;oin Eq. (3) is nonzero only during the blip (0 <t < t, = blip period), whereas the alpha particle
source term

Su (Et) &< W (LE) [aVaVpf1 (V4T) fp(VpT) UoyT (U), U = Vo=V, (4)

describesfusion a phaproduction during and after the blip (dueto f(t >t,) # 0). Thefactor Win Eq.
(4) represents the broadening of the alpha source within the energy interval |E-E,, |< AE with Ey,=
3.5MeV and AE= 0.8[(3ETE0a)” %+(2E, Eo(x)ﬂ ?]. The choice of DE isdueto conservation lawswith
themaximaof E; and Ej taken hereat their beam energy. In the case of asteady-state|low temperature
distribution of beryllium ions, the knowledge of f (t,E) alowsto find the time evolution of the -
ray emission rate as

S, (Et) < dEEY? [, (Et) Oy (U) EY?, )

where o, isthe 9Be(oc,nwlZC reaction cross-section. Important for the time dependence of Syarethe
following relations among collision rates of fast deuterons, tritons and alphas:

T, E3?
Vi = 5= Vs, Vs, =V§,(1+ ﬁ) D, T, o

(6)

n
Vs-?—:E seD:EVSeaoc TW; Ei =% Te, Kp= 19, k7= 28, Ko = 37.
e

As seen from Eq. (6), the slowing down time of alpha particles on electrons, 7,,° ~ 1/v, ‘isa
fundamental scale for the time dependence of S})(t). Additionally, in thismodel, the blip duration t,
and the confinement time 7 are basic time scalesaswell. It isimportant to notethat the DT fusion
rate is, aside from the major contribution of fusions of beam tritons with the thermal background
deuterons, significantly increased also by beam deuteron reactions with tritons. As displayed in
Fig.3, more intensive injection of beam deuterons enlarges the decay time of S, after the blip,
which is due to fusions of beam deuterons with thermalised tritons. A parameter significant for
slowing down and velocity diffusionistheratio T/E;. For T,> E,/K; (theinitial beamion energies
were E,; = 105keV, Ey, = 80 and 130keV) theratio T/E; affects essentially the beam ion slowing
down. Inthe case of aquasi-monoenergetic triton distribution of half width AE/Ej < (T/E;)"* the
small but finite parameter T/E,; makes velocity diffusion even of greater import to theion energy
distribution than slowing down (dueto v [dIn fT./dInET]2 >>vg). Apparently, velocity diffusion
produces tritons with E;>E,; =105keV and hence substantially impacts on the evolution of the
alpha source term. The reason is the extremely strong increase of the DT fusion cross-section
657(E) ~ E**for 50keV < E < 110keV. Analogously, also the velocity diffusion of the 130keV NBI
deuterons contributesto the DT fusion rate. Note that, according to Fig. 3, aweak velocity diffusion



of beamionsisseentoresultin both areduced DT-fusionrate, S,, aswell as an enhanced decay of
S, after the T-blip when compared to the measured decay rate of 14MeV neutrons. Interestingly, in
spite of the smallness of T/E, = 0.06-0.08, the fusion contribution of beam ions with energies
higher than E;; due to velocity diffusion, i.e. tritons with E; > 105keV and mainly deuterons with
Ep > 130keV, is quite substantial. On the other hand, the longitudinal diffusion of alphas, n;,,, plays
only an insignificant rolein f_(t,E) due to the relatively smooth energy dependence of the |atter.

Figure 4 displays the time evolution of energy distributions of beam tritons, f(t,E), and fusion
aphas, f (t,E), in Pulse No: 61341 witht, = 0.3s, 7, = 0.75s and T_=8.8keV during and after the T-
blip. The time dependencies of the DT-fusion rate, S, (= 14MeV neutron yield), aswell as of the
rate, SV areshownin Figure 5 with themaximum of S, reached at the end of the blip and the maximum
Sy occurring after the blip. We introduce now the model y-decay time, t, ..., as the time period
corresponding to the decrease of S, from S, |, t0 S, ., /e. Because the 1D kinetic model does not
take into account the effects of first orbit loss and radial transport on apha relaxation in the post blip
plasma, the model timet,,..., should be considered as the upper limit of thereal t,. Indeed, for Pulse
No: 61341 the model timet,, ., = 0.32sis more than twice as large as the measured t,, [9].

The importance of first orbit loss and enhanced radial transport of fast alphas for the physical
interpretation of y-ray measurementsis manifested by the results of steady-state 3D Fokker-Planck
calculations of the fusion a phadistribution along the y-detector LoS for typical monotonic current
and RS plasmas in JET TTE. Thisisillustrated in Fig.6, where N(E) represents the fusion alpha
distribution integrated along the LoS. A strong RS with an effective CH size[10] r./a=0.4at |, =
2MA is seen to decrease the alphadensity about 50% near the mid-plane, which isequivalent to the
effect of 45% reduction of L in the MC case. The fact that the density decrease is larger than that
expected for confined alphas, indicates the consequence of spatial redistribution due to slowing-
down induced radial convection. Neglecting this redistribution, then N(E) should be proportional
to F=1-L, with L denoting the fraction of first-orbit and collisional loss. According to Ref. [7] for
a 2MA JET plasma the alpha loss fraction L is expected to be about 31% for monotonic q and
should reach 40% in the case of acurrent holewithr,/a=0.4. Hence the CH induced strong reversed
shear resultsin 13% decrease of the total number of alphas confined inthe2MA JET plasmaof Ref.
[7], which is contrary to the 50% decrease of alphas aong the y-detector LoS modelled in Fig.6.
Thisdifference is assumed to occur due to the significance of RS on the redistribution of confined
alphas. Onthe other hand, Fig. 6 suggeststhat thereisamost no effect by RS and current magnitude
on the energy dependence of N(E).

Next we investigate the reversed shear effect on alpharelaxation in post blip JET plasmas by a
time dependent Fokker-Planck modelling in the 3D constants-of-motion (COM) space.

4. RESULTS OF 3D TIME-DEPENDENT FOKKER-PLANCK MODELLING

Our modelling is based on the time-dependent Fokker-Planck models for beam ions and fusion
alphas. For beam ions the previous 1D kinetic equations are used again, whereas for fusion alphas
the purely convective 3D COM Fokker-Planck description is applied, i.e. we neglect effects of



pitch-angle scattering and velocity diffusion and take into account only first orbit alpha loss.
Calculations of the shear effect on y~ray emission was performed for thel p/BT =2.5MA/3.2T plasmas
both for the monotonic g and strong reversed shear induced by CH with aradial extensionr./a =
0.57. Comparatively, we also model amonotonic low-current plasmawith Ip/BT =1MA/3.2T. Figure
7 displays the calculated evolution of the yrate in sPulse No: 61340 for the 2.5MA monotonic
current case, for CH equilibrium and for monotonic low-current plasmas. Asseen, astrong reversed
shear or alow MC lead to a drastic reduction of the y-rate as well as of the y-decay time. Figure 8
compares the model j~rates (normalised to their maxima) after the end of blip with the yrate and
DT-fusion rate obtained in the 1D model (without first orbit loss and effects of radial transport of
alphas). The shown -rate time dependences clearly demonstrate the significance of first orbit oss
and convective radial transport of alphas. In the MC case the 3D modelled t, turns out to be about
t, = 0-29sin the 1D model. Nevertheless, areversed shear or areduction of plasma current will
lower t, to values similar to the decay time of DT-fusions (t,;=0.12s). Note that this |atter effect
agrees with the y~ray measurements. Finally, using parameters of JET discharge #61340 also for a
monotonic g-profile, Fig. 9 displaystypical y-emission profilesin the poloidal cross-section of JET
att = 0.3s(end of blip) and t= 0.6s. Note that, in spite of an approximately 3 times reduction of the
maximum y-emission rate from the end of blip, t = 0.3s, tot = 0.6s, the y~ray spatial profile along
the detector LoS remains practically unchanged.

SUMMARY

The time-dependent Fokker-Planck modelling of the alpha particle relaxation after a short tritium
NBI pulseinto adeuterium plasmain JET has demonstrated the significant sensitivity of the MeV
alpha-particle distribution to the magnetic shear in the plasma core. An essential effect of the loss
and slowing-down induced radial transport of energetic alphas (E>1.6MeV) on the dilution rate of
their density is observed. In reversed shear and low-current plasmas, both this increased transport
aswell asthe enhanced | oss reduce the a pha-density decay-time (as compared to that in monotonic
high-current plasmas). The reversed shear effect on alpha relaxation is found to be similar to the
effect of current reduction at monotonic g. Results of the proposed modelling are in qualitative
agreement with measurements of y-ray emission frominteractions of al pha particleswith beryllium
in JET Trace Tritium Experiments.
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Figure 1: Gamma detector line-of-sight (blue line) in poloidal and toroidal cross-sectionsin JET. Red lines show the
trajectories of on-axis and off-axis tritium beams used in TTE.



http://figures.jet.efda.org/JG05.01-1a.eps
http://figures.jet.efda.org/JG05.01-1b.eps

T,, S (measured)

0.5
" MS; 2 -3MA, 2.25-3
¢ CH; 2-3MA, 2.25-3.4T
4 MS;1=1MA
0.4+
/’//’ \\\\
g \
7/ ‘I ’
0.3 4 L
// .I I“ '/ P N
/o =182 g S A S,
/ 12 |7
/ Ve F/Q 4 Y
h , /ﬁ -7
0.2} e " ’, - \‘
/ L g S S N R .4 L
1 P e VL e 1
" AL ,I«}Y' /’
\ ////’/ ///T ! /]
'\ 277 - ’ ’
0.1+ . ,,’/»/’ it - N e
=77 . - N -7
s - - ~L__-
APl -7 -
>7 - 1,=15/4 g
’ P Y S
,// ’// g
-7 o
0L \ \ \ g
0 0.2 0.4 0.6 0.8 1.0
Tso S (calculated)

DT fusion rate, (a.u.)

Pulse No: 61341, T = 8.8keV, 140 = 0.75s
2 —— P =12MW
DNBI
fffff P =6MW
DNBI
1.0
——=P_ =12MW
DNBI
44444444444444 P =
0.8 DNBI
Measured
neutron yield
0.6
0.4
0.2
ok e ] R s - g
0 . 1.0 1.2

Figure 2: Measured decay rates of y~ray emission from
the reaction *Be(a,n})'“C after a short tritium NBI pulse
compared to the classical slowing down of alpha particles.
Red symbols — high monotonic current plasma; green
symbols — low monotonic current case; blue symbols —

current hole plasma.

Figure 3: Variation of modelled alpha particle production
Sy (t) with reduction of deuterium injection power Ppyg,
and longitudinal diffusion rate of beamions, v;;, in Pulse
No: 61341 at Pyyg =1.2MW. The squares represent the
measured 14MeV neutron rate, while all lines correspond
to modelled time dependences with the dashed line
displaying a case of beamion velocity diffusion reduced

to V||/5.
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Figure 4: Time evolution of energy distributions of beam tritons (plot a) and fusion alphas (plot b) during and after
the triton blip in Pulse No: 61341 with t, = 0.3s, 7,, = 0.75s and T=8.8keV.
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Figure 5: Modelled alpha production and y-rates as a
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Figure 6: Calculated energy distributions of DT alphas
with E>1.5MeV along the LoS of the JET y-ray
spectrometer for MC and strong RS plasmas (current hole
plasmas with an effective size of “zero” poloidal field
region r*/a=0.41 and 0.57).
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Figure7: Effect of strong reversed shear and plasma
current reduction on modelled g-ratesfor Pulse No: 61340
with t, = 0.3s and the central values 7,,(0)=0.79s,
T(0)=8.4keV, n,(0) =3.8-10"m™>. The red curve
corresponds to a monotonic 2.5MA current, the violet
curve to a strong reversed shear (CH with r*/a = 0.57)
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Figure 8: Relaxation of normalised y-rates after the
tritium-blip in Pulse No: 61340 according to the 3D
model. Thered curve corresponds to a monotonic 2.5MA
current, the violet curve to strong reversed shear (CH
withr*/a= 0.57) and the blue curve to a monotonic IMA
current. The dotted linesrepresent the decays of DT-alpha
production and y-emission in the 1D model.
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Figure 9: Modelled y-ray emission profiles in the poloidal cross-section of JET in post-blip plasma of Pulse No:
61340 [(t = 0.3s (left) and t = 0.6s (right)]. Dashed lines show the y-detector LoS.
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