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ABSTRACT.

The paper investigates the temporal evolution of y-ray emission induced by nuclear interactions
between energetic fusion-born apha particles with beryllium impurity ions in JET plasmas. The
alpha slowing down time and loss rates are assessed from the delay time between y-emission and
alpha production in deuteron-triton fusion reactions during tritium NBI blipsinto aJET deuterium
plasma. The use of y-diagnostics is also demonstrated for examining the energy distributions of
ICRH accelerated “He-ionsin the MeV energy range.

1. INTRODUCTION

The investigation of fusion apha particles produced in JET by short tritium NBI pulses (blips)
into deuterium plasmas in Trace Tritium Experiments (TTE) [1,2] and of RF accelerated ‘He-
ions in Alpha-Particle Simulation Experiments (APSE) [3,4] by the use of y-diagnostics [5] isa
new and promising approach in the study of fast ion behaviour in tokamak plasmas. In these
experiments, the information on fast alphas is inferred from measurements of y-ray emission
from nuclear interactions of alphaswith beryllium impurity ions (°Be(a,ny)*?C). One of the most
important issues to be addressed to the diagnostics of such y-raysis the possibility of assessing
experimentally the confinement properties of energetic a-particles and of drawing conclusions
ontheir spatial and velocity distributions. Thisis of particular interest in plasmas with new types
of magnetic topology, such as the Current Hole (CH) equilibrium observed in JET [4] and JT-
60U [5].

In previous modelling [6-10] it wasfound that the interpretation of the experimentally observed
evolution of a-induced y-ray emission in TTE requires not only the calculation of a-particle
transport, but also an equally accurate description of the time dependence and the shape of the
fusion source in phase space. In Ref. [9] the possible evaluation of loss and/or slowing-down
rates of fusion alphas from the delay time between production in fusion reactions and induced y-
emission was shown to be a viable technique.

Here we present adetailed modelling of the temporal evolution of the distribution of a-particles
produced by tritium NBI blipsin JET deuterium plasmas and manifest requirements for reliable
evaluation of fast alpha confinement based on y-diagnostics. Further we analyze the relaxation
of the distribution function of RF heated “Heions dueto the drop of ICRH power and demonstrate
the possible examination of the energy distributions of ICRH accelerated alphas in JET via g-
diagnostics.

The paper is organized in the following way. As afirst step, a qualitative 1D Fokker-Planck
analysisof evolutions of y-emission isperformed in Sec.2 asinduced by specific time-varying a-
particle distributions. Then Sec.3 contains the results of experimental observations of time-
dependent alpha-induced y-emission in JET as well as results of corresponding time-dependent
1D and 3D Fokker-Planck modelling. Finally, a summary and the concluding discussion are
presented in Sec. 4.



2. EVOLUTION OF y-EMISSION INDUCED BY TIME-DEPENDENT A-S

(1D QUALITATIVE ANALYSIS)
In the case of steady-state beryllium ion density at low temperature, the time evolution of the y-
emission rate R, is determined as

R,() O / dEEf, (E. 1) 0, (E), 1)

where o, denotes the 9Be(or,ny)lZC reaction cross-section substantial only for alpha energies E >
E..=1.6 MeV, and for the purpose of aqualitative analysis here, only an energy and time-dependent
alphadistribution function, f(E,t), is referred to. Accounting for losses by the average loss time
(7)) - approximation this distribution function is found from the simple kinetic equation

0, f= 2E-Y2 1571 9. (E321) - f/1, + SE, 1), 2)

where the critical energy of alphas, E_ ((B7T,)<<E,, is neglected due to the MeV energy range of
interest. The RHS of Eq. (1) can be readily expressed as
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where the Spitzer slowing down time is determined by the electron temperature and density as
TSDTe3’ ’In,, Sisthe apha source rate and Ty, 1 the slowing down time of alphas from their birth
energy to the threshold energy E,...

2.1 SHORT TERM MONOENERGETIC ALPHA SOURCE
In the simplest case of amonoenergetic alphasource effective only in aninfinitesimal timeinterval
at=0,i.e. SI® (E- Eyt), the temporal evolution of the gamma emission rate

2
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is predominantly determined by alphalosses and the energy dependence of the cross section o,
Thisevolution of gammaemission produced by ad(E-E,t)-sourcewith E,=3.5MeV isdisplayed
in Fig.1. It isseen that in the case of well confined a phas the maximum g-ray emission isinduced
by a’s slowed down to energies ~ (1.6+2) MeV and appears delayed in comparison to the alpha
production by about 30% of the Spitzer slowing down time. Alphaloss, e.g. taking 7, < 743, will
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essentially reduce the gamma emission as well asits delay asis seenin Fig. 2. As a quantitative
characteristic of gamma emission delay we use the time shift Tay of the“centroid” of Rﬂ) against
the alpha source centroid, which is determined by the moment when the gammayield is half of its
total, i.e. . Inspection of Fig. 2 showsthat the gamma emission induced by well confined alphas
appears delayed by

Tgy (N0 loss) =13 =14 (1) >> 19 H0.24 D0 61y, (6)

while, as the apha confinement is degraded corresponding to alosstime t=t/3, they- delay is
reduced by 0.08t,(~ 0.27,,).

To interpret the y-emission delay time and to illustrate how it can serve for diagnostic purposes,
we comparatively analyse the temporal evolution of the fast alpha populationwithE> E_, i.e.

00 Tory
N, (t, E > Eyi) = f dEEL? de exp €1/1))S(E, t1) . (7)
Emin 0
We choose to introduce a ‘cumulative lifetime’ of alphaswith E > E_ by

t
Ts (1 :f dtN (t, E > E,). ©)
0
Noting that for S[B (E-E,,t) the fast alpha population is N (t, E>E) ~exp(-1/1) 1< Tay the
time behaviour of 7, can be expressed as v
Ts (1) O [1- expe t1)] H (Tay ) 9

with the symbol H designating the Heaviside step function. In analogy to the y-delay time, we use
T5, i.€. the characteristic time of alpha population evolution, to introduce a so-called alpha delay
time 1, defined as the time shift between the centroid of N (t, E>E ) and the centroid of the alpha
source by 75 (74,) = 0.575 (Tou) and explicitly calculated as

2
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which, for the case of perfect alphaconfinement, yields °,, =1,.(1,>> 1) = 0.57,, with the superscript
“0” designating here and in the following the case of zero alpha loss. From Eq. (10) it becomes
evident that the alpha delay timeis, for long slowing down times (ray> 7,), again strongly effected
by the loss time of alphas. The deviation of 7,,(7, # 0) from roda = 0.51,, is displayed in Fig.3,
wherefor the alphaloss case 1, = 1/3 thetime shift of the centroid of the number of alphasis 7,,(T
= 143) = 0.367,, and hence close to the centroid shift of gammaemission, 7, (7,= 743) =0.397,,
(Fig.1). Thus, hereinthe case of most pronounced time dependence of the alphasource, the evolution



of alpha population corresponds well with the evolution of apha induced g-emission and hence
gammadiagnostics with adequate temporal resolution can reasonably characterise the behaviour of
MeV aphas.

2.2 EFFECT OF THE SOURCE’'S TEMPORAL PROFILE ON THE EVOLUTION OF
FAST ALPHAS

First we consider well confined alphas (7, >> 1) and the simplest case of astep-liketime dependence
of a monoenergetic source, i.e. SEt) [® (E-Ey) s(t) = O(E-Eg)H[t(At -t)] with Dt designating the
duration of aphaproduction. Thiskind of source, illustrated in Fig. 4 by the shadowed area, facilitates
straight-forward integration of Eq. (7) and supposing monoenergetic § yields N, (t) ~ G(At + 1, y-t)
+ G(-t) - G(At -t) - G(Tay—t), with G(x) =xH(x) and Toy~ ray(EO). Typical shapes of N_(t) are
shown in Fig.4a as depending on the ratio of At/rw In the case of long periods of fusion apha
production, At >, the maximum of N, occurs when the source is active, whereas for short term
alpha sources (At < ray) the alpha density reaches its maximum only at shut-down of S(t) and
remains for Ty, — At Obvioudly, this difference is caused by the dissimilarity of the distribution
functionsf, (E, t = At) at the moment of source “shut-down” (t = At) as displayed in Fig.4b. For
sufficiently long periods of alpha production, At >Tqy the energy distribution of slowing down
aphas for E > E_ approach the steady-state solution f(E) that would be formed by a stationary
source. Dueto 7, < At the alphadistribution is given sufficient time for completerelaxationto E,...
Of interest to g-diagnostics is the population of alphas exceeding E,, at any time considered. For
that we examine the time dependence of N, (E=E,,t) for shortand long term alpha production. In
Fig.4 it is seen that in the case of At > 7, the decay of N,(E=E) due to decelerationto E < E,
begins with the source break-down and is characterised by the decay time 1, for the decrease of
N,(E=E,,) from maximum to zero, which for well confined al phas approaches Tay- Differently, in
the case of short apha source periods, At <Tyy the production time is too short for complete
relaxation of fusion alphas during At. The relaxation to E_ happens after source break-down and
takesthetime Tq,— At Sincefor that thefast alphadistribution is, due to continuous slowing down,
steadlily shifted towardslower energies, the alphadensity decays— after relaxation to E,,—during a
time interval equal to the source duration At. Because such distinct temporal behaviour can be
expected to be reflected also in apha induced y-emission, the measurement of decay times of y-
emission [1] will allow for conclusion on alpha slowing down ratesin the case of long-time fusion
sources. Note that for short-term sources the decay times are determined by the source duration At
and hence do not tell about MeV-alpha kinetics. Nevertheless, the delay of y-emission against the
fusion alpha source provides the required information about fast a pha behaviour, even in the case
of short term alpha production. To demonstrate this we use the delay of fast alpha population
compared to their source S, generally given by 75, = t—tg, where t5 denotes the moment when the
yield of fusion-born aphasis half of thetotal alphayield over thetimeinterval At, and similarly ty
designatesthe moment when the‘cumulativelifetime’ of alphas, i.e. thetimeintegral of N, reaches



one half of itstotal value, i.e.

ty At + ray

fdtx ) = o.5f dix (1), X = S, N. (11)
0 0

Taking here, in the case of a step-like source, tg= At/2 and ty, = (ray+ At)/2 we obtain the simple
delay time 1,5, = raylz, if alpha losses can be neglected. It is independent of the fusion source
duration (see Fig.4) and coincideswith delay time roéa(Eq.lo) of well confined fast alphas produced
by S (E-E,t).

Inthenext step let usconsider JET TTE-liketemporal shapes of the fusion a pha source generated
by tritium ionsinjected into adeuterium plasma (Pulse No: 61348, injection period toiip = 0.1s) and
examine the evolution of fast alpha population and of g-emission. Figure 5 demonstrates the
enhancement of both the delay of alpha build up and the delay of y-emission when the slowing-
down timeincreases. One might expect anoticeabl e discrepancy in the evolution of gamma-emission
and of MeV a phapopulation dueto the essential energy dependence of the cross-section o,. However,
direct calculations demonstrate only aweak dissimilarity of thetime behaviour Ry(t) andN,(E>E..t)
for typical TTE conditions. However, the effect of GV(E) becomesimportant in the case of relatively
large Toy> 200ms (corresponding to Spitzer sowing down times 7> 600ms). Though the discrepancy
of the temporal shapes of R, and N, is significant for large 1, , the dissimilarity between their
delay times remains small.

Thisisconfirmed by Fig.6 displaying the delay times of fast al phapopulation and gammaemission
as a function of slowing down time Ty I is seen that for the TTE-like s(t)-shape considered the
difference between 7, and Tay israther small (<10%) for Toy<0.5s and dependsonly dlightly onthe
energy spectrum of the fusion source (Fig.6b). In the case of large slowing-down rates (rO(y <0.1-
0.15s) both delay times are close to 0.57,,~0.197,, while weaker deceleration (T, >0.2s) yields 7,
= Ty, 110.67,,~0.237,. These estimations settle thetime scale of the delay of y-emissionin JET TTE
plasmas around 20% of the Spitzer slowing down time. In spite of the wide energy spectrum of the
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alpha source because of substantial beam-target and beam-beam fusions, and regardless of the
essential time spread of the fusion source in the post-blip period the delay of alpha induced y-
emission can be well detected, particularly in the case of large slowing down times and short blips.
Thisisconfirmed by Fig.7 displaying the modelled evolution of a-induced y~emission asafunction
of aphaenergy for atypical tritium NBI blip plasmain JET. As evident there, the maximum y-ray
emissivity isinduced by alphas slowed down to energies ~ 1.9 MeV. The time of peak emissionis
seen to be delayed against the maximum fusion source strength s(t) at the end of the T blip by about
100 ms, which isabout 0.157,. Note that the time shift between these maximais small compared to
the 250 ms integration time of g-signalsin TTE. Therefore an accurate evaluation tool has to be
suggested to detect delay times and, which seems to be the shift of centroids of y-emission yield
and of fusion alphayield (equivalently determined with neutron diagnostics).



2.3 EFFECT OF ALPHA LOSS

As expected, a considerable effect of alpha loss is observable on the time behaviour of alpha
population build up. Fig.8 demonstrates the evolution of the normalized fast alpha population as
altered by enhancement of losses. High loss rates corresponding to alosstime 7; < T, areseento
substantially reduce the delay of alpha population with respect to fusion source. As evident from
Fig.9, plasmas with a higher Spitzer slowing down time (O Te?” 2| n,) and, consequently, higher Toy
allow for investigation of a wider range of alpha loss rates via delay time measurements.
Conveniently, in thiswider range the dependence of the delay time 1, on 7, ismost pronounced. In
contrast, if T >T,y the lossinduced reduction of delay timeisin the order of only 10-15% and may
be useless for diagnostics in view of the time resolution of y-signals.

2.4 RELAXATION OF STEADY-STATE MAXWELLIAN-LIKE ALPHA DISTRIBUTIONS
Sourcedriven steady state distributions of fast ions can be of several kinds depending on the source.
In the specific case of RF heating of injected *He ions [3, 4], a Maxwellian-like distribution f [
exp(—E/T;) with an effective temperature T, > 0.5 MeVmay be realised [14]. For ideal confinement
such a steady state Maxwellian can e.g. be formed by a model source of fast ions such as

S, (E) = -2E"Y2r 1o, [(E32 + E 3 (E)], f{E) = fy exp CE/Ty), (12)

effective during atime At > 1_and where f_ denotes the Maxwellian distribution with the factor f,
independent of E,t. Examining the build up of well confined Maxwellian aphas during RF and
their relaxation after RF switch-off can be described by Eq.(2) using the alpha source

S, (E. ) =S, (E) H [-t(At + 1)]. (13)

Introducing this source, which isturned off at t = 0, into Eq. (7) and supposing T,= const we arrive
at the following expression for the relaxing population of well confined fast alphas

Ng (t=0,E>Em)§ f dEEY2 exp CE/Ty), E32 = (E32= (E32+ E32) exp [3tt] - E32 (14)
E1
which can be rewritten in the compact form
F[E, (t)/T{]
FIE/T{l

where erfc(z) = 1- erf(z) and erf(z) isthe error function. Recall that the superscript “0” standsfor the
case of ideal alpha confinement (7, = ). Generalization to the case of alpha loss results in the
following expression

0 0 VT
Ny (t) = N4 (0) , F(2) =Vz expkz) + —— erfc(/z), (15)
2

N, (t 1)) = exp tiry) N2 (1). (16)



Typical evolutions of the population N, (t > 0,E > E_) of well-confined alphas after RF shut down,
which are of interest in view of interpreting the time behaviour of alpha induced g-signals, are
shown in Fig.10 depending on the effective temperature T, . The decay of well confined a phaswith
Maxwellian distributions around T, ~ 1-2 MeV occurs on atime scale in the order of the Spitzer
slowing-down time and evidently speeds up with lower effectivetemperature. Of course, also alpha
losseswill reduce the decay time, especially when 1, << 1, These conclusions can be drawn aswell
from the analysis of the decay time of alpha popul ation defined by 1/1y, =-dInN_/dt. Using Eq. (16)
we can express this decay time as

= T,(\),q / (T& +71), (17)

where TNO represents the decay time of N, in the case of ideal confinement. Explicit expressions for
N, (t) given by Eq. (15) allow for the compact asymptotic approximation of

T,(\), = T,?,Oexp Et/ty) (18)
with
00 T¢ T T
IN=Tg — |0.385+0.876 — |, .Z514|1.22+0.2— | . (19)
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This expression for rNO illustrates a nearly linear increase of the decay time of N, with effective
temperature and Spitzer slowing-down time. Further it indicates the decrease of TNO with time and,
consequently, the relaxation of alphapopul ation happensfaster than by exponential decay. Equation
(15) describesthe full relaxation of the population of E>1.6MeV a phas from the steady-state level
N, max 0 thefinal level N, .. = 0inthe absence of the fast a pha particle source (when RF power is
switched-off). However, in APSE the ICRH power applied for *He ions acceleration was only
partly (about 40%) reduced in the |CRH notches from maximum to anon-zero minimum value. For
arealistic description of accelerated *Heionsin APSE we modify our analysis and suppose that at
the reduced level of ICRH power, P their distribution function after relaxation is a steady-
state Maxwellian with the effective temperature T, . = T, Pian.,/ P& [14] and with the finite
steady-state level of the population of E>1.6MeV aphas N,;,# 0. Accounting for the non-zero
sourceterm at t>0 corresponding to minimum ICRH power for the population of E>1.6MeV alphas

we obtain the following expression

(20)
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describing the partial relaxation of N, from N
established at maximum P, ;) to N
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P,cry)- The contribution of the non-zero source to N(t) at t>0, given by the second term on the
RHS of Eq. (20), isdemonstrated in Fig. 11. Finally, Fig. 12 displaysthe resultant temporal evolution
of the population of fast (E>E,) Maxwellian-like alphas depending on the value of the effective
temperature in the case when N, /N . = 0-4. Comparing the time dependences of N,(t) in
Fig.12 and Fig.10 we conclude that finite values of N, ; /N, réduce the decay rates of fast alpha
population in comparison to those corresponding to full relaxation (N,;,=0) but do not influence
the sensitivity of N, decay rates to the effective temperature of alphas. What we comprehend by
this 1D kinetic qualitative analysis is that g-diagnostics may serve to evaluate the effective
temperature of RF heated ions as well as their confinement.

3. EXPERIMENTAL OBSERVATIONS OF TIME-DEPENDENT ALPHA-INDUCED Y-
EMISSION IN JET
We analyze here the time-dependent g-emission induced both by fusion aphasin TTE experiments
and by “He ions accelerated via third harmonic 1on-Cyclotron-Resonance Heating (ICRH) in &
particle simulation experiments on JET. Figure 13 displays the y-detectors line-of-sight (L0S) in
thetoroidal (a) and poloidal cross-section (b) of JET. Further shown in thisfigure are the trgjectories
of on-axis and off-axis co-injected neutral beams of tritiumin TTE and, respectively, of “Hein APSE.
Interpretive modelling of fusion aphainduced g-emissionin TTE was carried out based on a3D
time-dependent Fokker-Planck code that accounts for only first orbit (FO) loss of fast alphas and
neglects their diffusive transport.

3.1 DELAY OF ALPHA-INDUCED yEMISSION IN TTE: EXPERIMENTAL EVIDENCES
AND MODELING RESULTS

Our qualitative analysisindicated that preferable discharges for observing gamma delays are those
with longer slowing-down times and shorter NBI blip duration. Moreover, such discharges are
advantageous for assessing possible apha loss effects, as only strong losses with 7, < Tq, 0047,
significantly reduce the y-emission delay. Table 1, in which ¢, denotes the safety factor in the
plasma center, summarizes the basic parameters of 6 shortest-blip TTE discharges on JET with
different qualities of apha confinement, which are subjects of the analysis here.

ShotNo I/B,MA/T 1, ms o ToippMs Mloss% 14(exp), ms t,(mod), ms

S

61131 2.3/2 280 <1 150 ~19 <26 18
61151 1.4/1.65 420 >1 100 ~44.5 3-53 102
61158 2/2.45 440 >1 150 ~17 45-106 93
61346 2.5/3.2 620 >>1 100 17-19 40-127 121
61347 2.5/3.2 640 >>1 100 17-19 58-121 135
61348 2.5/3.2 690 >>1 100 18-19 49-128 125

Table 1:Basic parameters and delay times fo250ms time intesal



In this context we consider Current Hole (CH) plasmas (Pulse NO's: 61346, 61347, 61348) and
Monotonic Current (MC) plasmas (Pulse No's: 61131, 61151, 61158). The safety factor profiles
are represented for MC plasmas in Fig.14 and, respectively, for CH dischargesin Fig.15. We note
that a significant sawtooth activity was observed during tritium NBI in Pulse No: 61131. Hereto
Fig.16 demonstrates nearly a 1 keV drop in electron temperature and about 30% reduction of the
DT neutron emission in the plasma core as caused by sawtooth activity towards the end of blip.
Figure 17 displays the time behaviour of y-ray intensity, R, measured in the CH plasma of Pulse
No: 61348 (Ip/Bt = 2.5MA/3.2T) with a 0.1s blip duration and a Spitzer slowing down time in the
coreof t,,= 0.69s. Thedelay of y-emission becomes apparent from Fig.18, where the measured Ry(t)
is, due to the delay, still higher than the DT neutron emission rate averaged over the time interval
corresponding to the integration time of the y-measurements (= 250ms). Here the delay time,
measured as the shift between the centroids of y-ray and neutron emission in the time interval of
5x250ms, is 89ms. Figure 19 compares the measured R, (t) in two CH discharges with nearly
identical pl asmaparameters(lp/Bt: 2.5MA/3.2T, 14,=0.62-0.64s) but different temporal behaviour
of the fusion rate as indicated by the measured neutron emission rates N14. The alpha slowing
down in both discharges was quite similar as evident from Fig.20. Also the g-delay times of both
discharges are very close (rdy = 0.08-0.09s) disregarding the essential difference of the temporal
source shapes and of R, (t), because both the g-emission rates aswell asthe fusion rates differ in a
corresponding way. Thus this indicates the relevance of Ty 85a characteristic for alpha slowing
down and confinement.

For MC plasma discharges Fig.21 compares the measured delays of Rywith those following
fromthe 3D Fokker-Planck model [3, 6] , which result in overestimated delay times dueto neglecting
alphalosses other than FO loss.

Expectedly, Figuresl8 and 21a,b demonstrate this overrating of y-emission by the FP model
applied here. For the CH plasma of Pulse No: 61348 (dotted curve) the measured y-emission rates
are considerably smaller than the modelled ones, especialy in the time interval 250-500ms, thus
indicating the existence of additional losses of a-particles and/or of enhanced slowing down rates.
Since in the case of sawtooth activity already the source term was effected, Fig.21 illustrates only
weak discrepancy between measured and modelled rates, which obviously also occurred due to
faster slowing down (1= 0.27s) here. For al discharges listed in Table 1, Fig.22 compares the
measurements of y-emission delay times with modelling results. Evidently, in view the large error
bars, a better time resolution of y-measurements would be desirable. If, however, such improved y-
diagnostics will confirm this pronounced difference (20-75%) between modelled and measured
valuesshown in Fig.22, thisdiscrepancy may be used for ng additional transport mechanisms
and evaluating alpha confinement as well as slowing down. We inject to note that the 3D Fokker-
Planck simulation of fusion alphas performed here is in excellent agreement with calculations
based on the CRONOS/SPOT code [9], which isillustrated for Pulse No: 61341 in Fig.23.



3.2 TEMPORAL EVOLUTION OF G-EMISSION INDUCED BY RF-HEATED “HE IONS

Time-resolved measurements of y-ray emission induced by | CRH accelerated *Heionswere carried
inthe a-particle simulation experimentson JET (with third harmonic ion-cyclotron-resonance heating
of 116keV *Hebeamsin *He plasmas|3, 4]). In these experimentsthe | CRH notches (prompt drops
of the ICRH power from = 8MW to = (5+6)MW for atime 0 <t < 1s, see Fig.24) resulted in the
relaxation of the maximum y-emission rate Rgmax: established before the notch (t < 0), to areduced
level ~ (0.4+0.5) Rymax during the notch. For the measurements a vertical gamma-detector (see Fig.
12b) with rather short integration time At;, = 100ms was used. Fig. 24 demonstrates typical time
variations of P,ry, Pyg;» @ Well as of electron temperature and density in APSE. It is seen that a
40% drop of P,z (from 7.5MW to 4.8MW) for 0 <t < 1sin Pulse No: 63073 resulted only in a
weak (= 0% ) decrease of electron temperature and in an even smaller ateration of the electron
density in the plasma centre. Correspondingly, the Spitzer slowing down time in the plasma core
was reduced from <t_> (t < 0) = 0.41sto <1 > (t = 0.5s) = 0.34s. Simultaneously, the 40% drop of
P, cry resulted in about 50% decrease in the y-emission rate indicating asignificant reduction of the
popul ation of *Heionsthat isaccel erated above 1.6MeV. | mportant hereisthefollowing observation:
the characteristic scale for changing the Spitzer slowing down time due to the ICRH notch is= 3s
and hence significantly exceeds<t_> that issmaller than the 1s notch duration. On the other hand,
the characteristic time scale of Ry-alteration due to relaxation of the “Heion distribution is small (<
0.5s) and comparable with <t_>, which accords to the qualitative analysis of Sec.2.4. This
circumstance allows to separate the Ry-variati ons that are triggered by the relaxation of fast “He
ions from those relating to the slowly varying level of the y-emission rate during the P, notch,
Ry”OtCh, whichisfound after relaxation and evolves only dueto the changing slowing time <t > (t).
Note the analogy of R,"" with the population of fast “Heions N, ., considered in Sec. 2d, which
was established at reduced power after relaxation of the fast “He population. The possibility of
subtracting RYnOtCh from the total gamma emission rate is demonstrated in Fig. 25 where two JET
discharges with different NBI powers but with similar PICRH reduction (= 40%) and similar <t_>
(t<0)=0.39sarecompared. Thedashed linesin thisfigure represent thefit of experimental data of
R, and the dotted marked lines demonstrate the slow time variation of R, induced by the change of
the Spitzer slowing-down time, thus characterizing the level of gamma emission at reduced ICRH
power, Ry“OtCh. We note that the injection power of 116keV “He neutrals was kept at a steady level
of 2MW (1.3MW on-axisand 0.7MW off-axis beams) for Pulse No: 3073 and at 1.35MW (on-axis
beam only) for Pulse No: 63062. Although the presence of additional off-axis beam does not
essentially affect the localization of energetic *Heionsinthe plasmaas evident from Fig.26, it can
essentially diminish the efficiency of ICRH heating of helium ions. The indication of a higher
" effective temperature” of ICRH accelerated “He ions in the case of low Py, can be concluded
from Fig.25 where for Pulse No: 63062 Ry(t) isseen to decay with acharacteristic time much larger
than the corresponding decay time in Pulse No: 63073 with higher NBI power. This effect of P,
on the effective temperature of accelerated *Heionsisin agreement with classical expectations.
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According to Stix formula[14] the tail temperature of ICRH accelerated ionsis

To~Picrn Tse! (2Nin) ~Picru Pra (21)
wheren_, . isthe minority ions density. Note that this formula also yields a higher heating level of
accelerated ions at reduced Pyg,. We point out that the dissimilarity in y-emission relaxationtfor
different NBI powers is in agreement with our analytical evaluations in Sec. 2d as well and
corresponds with the relaxation of the populations of E>1.6MeV Maxwellian alphas at different
temperatures. A quantitative accurate modelling of the temporal evolution of y-emission in APSE
should be obviously based on a 3D time-dependent kinetic model of ICRH accelerated ions

(accounting for collision induced diffusive and convective transport) which, however, is beyond
the scope of this paper.

SUMMARY

Examination of thetemporal evolution of y-emission induced by fast a phas colliding with beryllium
impurity ionsin several JET discharges demonstrates the perspectives of studying fast ion behaviour
using g-diagnostics. Particularly, in the case of TTE-like short term DT fusion sources leading to a
fast alphadistribution far from equilibrium, the possible evaluation of particle and energy lossrates
of fast alphas viathe delay time between alphainduced g-emission and the fusion source is shown
to be a viable technique. On the other hand, fast ions with quasi-equilibrium distributions, e.g.
obtained by RF heating over a sufficiently long period, can be scrutinized by investigating the
relaxation of fast ion induced y-emission.

Our 3D Fokker-Planck modelling of y-emission in TTE plasmas, which takes into account only
first orbit lossof aphas, overestimatesthe measured gammadelay timethusindicating that additional
losses of a-particlesor enhanced energy |osses of alphas may exist. Thusaconsiderable disagreement
between modelled and measured gamma delay times was detected in current hole and low current
plasmasand in those with sawtooth activity. Inthe case of reliable gammadiagnosticsthisdiscrepancy
can be evaluated to give information on alpha confinement and slowing down. We note that in [9]
modelling of gamma emission rates induced by energetic (E > 5MeV) minority protons during RF
heating in JET demonstrated the necessity to embed some additional radia diffusion in order to
reduce the difference in the temporal evolution of measured and modelled y-emission.

In conclusion we point out that, in tritium NBI blip experiments on JET, the relatively low
accuracy of delay times determined from measurements was caused mainly by the largeintegration
time of y-signals, which was performed for the first time [1]. For reliable verification of gamma
delay times the upper limit for the time resolution of measurements should be around 0.17,
demanding, however, for a substantial increase of the alpha source power in order to attain an
equivalent number of detected gammas. This can guarantee an acceptable accuracy of alpha
confinement evaluation via y-emission diagnostics in TTE-like plasmas.
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The present analysis of y-emissioninduced by ICRH accelerated *He-ionsinal pha-particlesimulation
experimentsin JET has confirmed the perspective of y-diagnostics of RF heated ions in tokamaks,
e.g. theexperimental inspection of therelaxation of y-emission induced by energetic RF accelerated
ions can serve for evaluating their energy distribution.

Evidently, applying multi-channel measurements of thetemporal evolution of g-emission induced
by fast ions in tokamak plasmas should alow for investigation of spatial profiles of slowing down
and loss rates of fast ions.

Finally we note, that —dueto relatively low slowing down rates of fast ionsin ITER (7 ,= T/
2~0.7-0.9s) — gamma diagnostics of time-dependent fast ion distributions look promising also of
NBI deuterons (E,= 1IMeV) in future tokamaks via nuclear reactions of D-ions with Be and/or C
impurities (energy threshold 0.4MeV and 0.6MeV, respectively).
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Figure 16: Sawtooth effect on electron temperature and
DT fusion emissivity during tritium blip in TTE Pulse No:
61131.
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current (figure a, b) and in a plasma with sawtooth activity (figure c).
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Figure 23: Comparison of Fokker-Planck modelled y-
emission rate, RJ,, and CRONOS/SPOT calculations of
N (E>1.7MeV) for Pulse No: 61341.
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Figure 26: Poloidal images of time-averaged y-ray emissions for Pulse No: 63067 (1.33MW on-axis and 0.64MW
off-axis beams, 2s time average) and Pulse No: 63062 with 1.35MW on-axis beam only (averaged over Is).
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