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ABSTRACT

Recent experiments at JET aimed at producing 4He ions in the MeV range through 3rd harmonic

ICRH acceleration of 4He beams in a 4He plasma. MeV range D was also present through parasitic

ICRH absorption on residual D. In this contribution, we analyze TOFOR neutron spectrometer data

from these experiments. A consistent description of the data is obtained with d(d,n)3He and
9Be(α,n)12C neutron components calculated using Stix distributions for the fast D and 4He, taking

finite Larmor radius effects into account and with a ICRH power partition of PD
   = 0.01×P4He, in

agreement with TOMCAT simulations.

1. INTRODUCTION

Recent JET experiments were aimed at production of energetic helium ions in the MeV energy

range with 3rd harmonic ICRH-acceleration of 4He beam ions, to mimic fusion-born alpha particles.

This technique permits the experimental investigation of the MeV energy helium ions mimicking

fusion-born alpha particles without the complications of a DT campaign. The scenario is complicated

by a residual minority of D in the vessel, absorbing the ICRH power at the same frequency as 4He,

similar to the experiments described in [1,2,3]. Populations of fast 4He and D will hence be present

in the plasma.

Data was collected during a series of 8 successful pulses, with magnetic field BT=2.25T, applied

ICRH frequency ωRF = 51.4MHz, average electron density ne = 2.8×1019
 m

-3 (varying in the range

2.5-4×1019
 m

-3 ), electron temperature Te = 3.4keV (from high resolution Thomson scattering), D

density nd = 0.158×ne and 4He density n4He = 0.385×ne (deduced from light spectroscopy and Zeff

measurements). 9Be was seeded to the plasma with estimated density nBe = 0.005×ne. Typical neutron

rates (RNT), NB and ICRH powers (PNB and PRF) for the experiment are shown in Fig.1, where the

traces at early times show the time evolution for Pulse No: 79174 and those at later times represent

Pulse No: 79170. It should be noted that the NB power is doubled for Pulse No: 79174 with two
4He Positive Ion Neutral Injectors (PINIs) applied, compared to Pulse No: 79170 with single PINI
4He NB heating. Note also the slow build-up of the neutron rate, indicating a slow ICRH tail

formation process.

The neutron emission during this experiment was observed using the TOFOR neutron

spectrometer4, located in the JET roof laboratory with a vertical view through the plasma core. The

Line-Of-Sight (LOS) of TOFOR is described in detail in [5]. It is approximately limited to the

range 2.74-3.02m at the torus midplane (Rmaj JET = 2.96m). The instrument consists of two sets of

plastic scintillators at a distance of about 1.2m from each other; the neutron energy is deduced from

the measured time-of-flight between the two detector sets. The full response of the system to incident

neutrons has been simulated using GEANT4 in the range En = 1-18MeV and is used in the analysis

of TOFOR data. To lowest order, En = (1.02×102/tTOF)2; this means that the 2.45MeV neutrons

from thermonuclear d(d,n)3He reactions show up as a peak around 65ns in the spectrum.

A neutron spectrum from similar experiments run at JET in 2004, obtained from Minimum
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Fisher Regularization unfolding of NE213 data, is shown in [6]. The authors claim the observation

of a En = 2.45MeV neutron peak from d(d,n)3He reactions, and a number of higher energy peaks

that they expect to originate from 9Be(α,n)12C reactions. No qualitative estimate of how the different

ion distributions manifest themselves in the data is given. Neutron spectra from 9Be(3He,n)11C

reactions have been recently measured at JET, as reported in [7], where the cross sections and

neutron spectra for the 9Be(α,n)12C reaction were also established.

In this contribution, we analyze the measured neutron spectra from the experiment using Monte

Carlo calculated d(d,n)3He and 9Be(α,n)12C neutron components and interpret the results in terms

of the underlying physics. We conclude that a consistent description of the data is obtained using

Stix distributions for 4He and D, with an ICRH power partition in agreement with TOMCAT [8]

simulations, and taking finite Larmor radius effects into account.

2. DATA ANALYSIS

The D and 4He ion distributions in the plasma center [Fig.2] have been calculated using the Stix

formalism [9] with a full treatment of the ICRH diffusion coefficient and with average experimental

parameters as input. Especially noteworthy is the sharp cut-off in the distribution function at an

energy E*, approximately proportional to B2/ne as discussed in [10].

Figure 3 shows the summed TOFOR data collected during all 8 pulses of the experiment (Pulse

No’s: 79167-79175, excluding 79172). A feature of interest is the absence of a peak in the region

60-70ns, i.e., no regular thermonuclear d(d,n)3He peak is observed. There is a clear cut-off around

42ns in the data, consistent with the reproduction of the D distribution E* in the neutron spectrum,

as previously observed for 3rd harmonic ICRH tuned to D beams in D plasmas at JET.11 There is

also a significant number of neutrons observed above E* in energy, i.e., in the region 30 < tTOF <

40ns. These originate from 9Be(α,n)12C reactions.

The data has been analyzed with the help of model components on a neutron energy scale. In

Fig.3(a), d(d,n)3He and 9Be(α,n)12C components, folded with the TOFOR response function, are

shown together with the data. These components are calculated with the Monte Carlo code

ControlRoom [12], sampling from the Stix 4He distribution and a Maxwellian 3.4-keV Be distribution

and from the Stix D distribution reacting with itself, respectively. In the component calculation, the

total applied ICRH power (PRF = 4.34MW on average for the session) has been divided between the

D and 4He species until the intensity ratio between the tTOF < 40ns and tTOF > 40ns regions of the

spectrum was reproduced. The components in Fig.3(a) are not fitted to the data; their intensity has

been scaled to approximately match the measurement. We find that the intensity ratio 9Be(α,n)12C

to d(d,n)3He is reproduced if PRF
 ≈0.01×PRF.

This result was compared with simulations of the ICRH wave absorption properties of the scenario

using the 1D wave code TOMCAT (Fig.4). TOMCAT assumes Maxwellian distributions for all

species involved; the beam 4He distribution is approximated as a T4He = 50keV Maxwellian. The

temperature of all other species is set to T = Te =  3.4keV. Realistic values for the densities are used.
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TOMCAT gives a total absorption efficiency for the scenario of 30.3%, with 16.3% of the power

absorbed by the 4He beam population, 0.18% by the residual D and 13.6% by the electrons. The

TOFOR observation of PRF
 ≈0.01×PRF   is in agreement with the TOMCAT result.

The components from Fig.3(a) are shown on a neutron energy scale in Fig.5(a), where also the
9Be(d,n)10B simulation result is shown. The multiple peaks in the 9Be(α,n)12C and 9Be(d,n)10B

cases represent excited states of the product nucleus.

The components are shown on an absolute scale (m-3MeV-1s-1) as obtained from the calculations.

It is clear that any 9Be(d,n)10B contribution will be below the observable level in the data.

As can be seen in Fig.3(a), the calculated d(d,n)3He component is not a satisfactory description

of the data on the low neutron energy side (tTOF > 60ns). This can be understood as a consequence

of the finite Larmor radius for high energy ions.

With the ICRH resonance centered at 3.05m and the line-of-sight at the torus mid-plane covering

the region 2.74-3.02m, it is clear that the downward motion of a significant fraction of ion orbits

will fall outside of the LOS, while the upward motion will fall inside. The neutron energy (En)

spectrum is kinematically broadened due to the high reactant energies, with the upward motion

leading to high En as observable from above, and the downward motion to low En. This means that

with the downward motion falling outside of the instrument LOS, low energy neutrons will be lost.

This is taken into account in the analysis as presented in Fig.3(b). Here, the dashed components

from Fig.5(b) are used to describe the d(d,n)3He and 9Be(α,n)12C neutrons.

These components are calculated with a new Monte Carlo code [13] taking the line-of-sight

effect into account. In the calculation, the fast ion distributions are assumed to be those obtained

from Stix within a limited radial interval. The interval is obtained as the full width at half maximum

of a Gaussian fit to the TOMCAT [4] Hebeam absorption curve from Fig.4, i.e., R = 2.91-3.11m. In

Fig.5(b), the spectra taking the LOS into account (dashed lines) are shown together with the full En

spectra (solid lines); the full spectra calculated using the new code are seen to match the results

from the ControlRoom calculation.

The components taking the LOS effect into account are fitted to the data in Fig.3(b). A component

due to scattered neutrons is also used in the fit. The shape and intensity (0.167×direct) of this

component is fixed relative to the direct En spectrum according to MCNPX simulation results. [5]

The neutron spectrum resulting from the fit (with Cred = 1.16) is shown in Fig.6, where the d(d,n)3He,
9Be(α,n)12C and scatter components are also indicated. Neutrons from 9Be(α,n)12C reactions are

observed with relative intensity NαBe/(NDD + NαBe) = 0.33. A value ne = 2.6×1019 m-3 yields a good

fit to the data in terms of E*. The measured data are consistent with the presence of deuterons with

ED < 2.5MeV and 4He with E4He < 5.5MeV. This spectrum can be compared to the result for Pulse

No: 62955 from the 2004 experiment.6 The authors show only the spectrum for En <7 MeV. The

peak at En = 5MeV is likely to represent E* from the D distribution. This is lower than the E*

observed in our case, consistent with a higher ne = 2.6×1019 m-3 for Pulse No: 62955.

The statistics in the TOFOR data from the pulses studied in this experiment are too low for
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separate study of individual pulses. Separate analysis of data from periods of single and double

PINI NB heating has been tried. This shows that 4He heating dominates in the single PINI case

(PRF ≈ 0.005×PRF  ), while D heating becomes more important in the double PINI case (PRF ≈
0.02×PRF   ). This is consistent with gamma spectroscopy observations. Fast D is diagnosed through

measurements of the 3.09MeV gamma peak from 12C(d,p)13C reactions, fast 4He through observation

of the 4.44MeV gamma peak from 9Be(α,n)12C reactions [14]. Two different gamma spectrometers,

a high purity Ge (HpGe) crystal and a LaBr scintillator [15], were used during the experiment, both

placed in the TOFOR line-ofsight, about 3m further away from the JET vessel. HpGe data is available

for single PINI pulses, LaBr for double PINI. The relative intensity of the 3.09 and 4.44MeV peaks

for the single PINI pulses is 1.64, for double PINI 5.71, taking into account the energy dependence

in the detector efficiencies. Interesting to note is that this observation is not reproduced in the

TOMCAT simulations: according to these, the increased 4He beam density in the double PINI case

should lead to higher relative 4He absorption. This is not understood at this point.

3. DISCUSSION

Several factors impact on the results obtained in the analysis of TOFOR data from this experiment.

The ICRH power partition between D and 4He and E* in especially the D distribution are factors

that can be fairly well established from the TOFOR analysis. Other factors with an important impact

on the results obtained are the densities of the species involved and simplifications made in the

line-of-sight effect calculations.

Regarding the line-of-sight effects, it is clear that the assumption of a fixed-shape fast ion

distribution over the radial interval 2.91-3.11m and bulk ions only outside of this radial interval is

a rather crude estimate of the true scenario. It can however been seen [Fig.3] that an effect of the

order obtained in this simple estimate is needed to describe the data. It should be stressed that if the

radial interval used in the simulation is shifted towards the high-field side of the plasma, the line-

of-sight effect is decreased (more downward motion orbit sections fall within the line-of-sight),

while the effect is enhanced if the interval is shifted towards the high-field side. The code developed

to take line-of-sight effects into account is able to take fast ion distributions from SELFO as input

for a more accurate estimate – however, we have not been able to obtain any SELFO results for

these pulses.

As mentioned, no clear thermonuclear d(d,n)3He peak can be distinguished in the TOFOR data

[Fig.3]. However, the simulated components show a thermonuclear peak, which leads to a rather poor

description of the data in the region 60 < tTOF <70ns. This can be understood from looking at Figure 2;

A significant fraction of the calculated D population falls at low energies consistent with a “bulk” D

population. If a lower nD was assumed, the ICRH would accelerate a larger fraction of the D population,

resulting in a lower “bulk” part of the distribution and a smaller thermonuclear peak. This means that

TOFOR data suggests that nD is overestimated. In fact, we have seen also in other experiments, where

“clean” d(d,n)3He data in the 2.45MeV peak region allow for nD to be deduced from TOFOR data,

4HeD
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[16] that nD deduced with the method used here (from visible spectroscopy, based on light measured

in the divertor region) overestimates the TOFOR “core” nD result.

CONCLUSIONS

In this paper, it has been shown that measurements with the TOFOR neutron spectrometer at JET

during an experiment with 3rd harmonic ICRH tuned to 4He beams in bulk 4He plasmas with residual

D can be consistently described with simulated components calculated for D and 4He ion distributions

in the MeV range. Fast neutrons from d(d,n)3He and 9Be(α,n)12C reactions are observed. Neutrons

from 9Be(d,n)10B are also produced in this scenario but with an intensity below the observable

level in the data. 33% of the total neutrons incident on TOFOR are found to originate from 9Be

reactions.

The relative intensity between the d(d,n)3He and 9Be(α,n)12C neutrons is reproduced if PD
   

 = 0.01×P4He

is assumed, in agreement with predictions from the 1D wave code TOMCAT. TOFOR data and

gamma spectroscopy measurements of pulses with single or double PINI NBI heating suggest that

PD  /P4He  is higher in the double PINI case.

A line-of-sight effect that occurs due to the finite Larmor radius of the high energy ions in

combination with the limited field of view of TOFOR needs to be taken into account to accurately

fit the data with the simulated components on the low neutron energy side. A code has been developed

that takes this effect into account in the neutron spectrum calculation, and the calculated spectra

used in the fit to the data.

The E* cut-off in the fast D and 4He distributions due to finite Larmor radius effects is reproduced

in the measured timeof- flight spectrum. This measured E* is accurately fitted with simulated

components assuming ne = 2.6×1019 m-3, consistent with fast ion distributions with ED < 2.5MeV

and E4He<5.5MeV.
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Figure 1: (a) Typical neutron rates (RNT), and (b) NB
(short-dashed blue) and ICRH (solid red) powers from
the experiment as functions of plasma time. To the left
are traces for JET Pulse No: 79174, to the right 79170.

Figure  2:  D (so l id)  and 4He (dashed)  ion
distributions calculated using the Stix formalism
with ne =  2.6×1019 m-3 and other plasma parameters
as described in the introduction.
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Figure 3: Summed TOFOR data from the 8 successful
pulses of the experiment, (a) with ControlRoom d(d,n)3He
and 9Be(α,n)12C neutron components as discussed in the
text and (b) with fitted total sum (solid), d(d,n)3He (short
dashed), 9Be(α,n)12C (long dashed) and scattered
(broken) neutron components taking line-of-sight effects
into account.

Figure 4: ICRH absorption result from TOMCAT as a
function of x = R-R0 (R0 = 2.985m). 4He beam absorption
dominates.

Figure 5: Neutron spectra for the d(d,n)3He (long-dashed
blue), 9Be(α,n)12C (solid magenta) and 9Be(d,n)10B
(dotted red) reactions calculated using (a) ControlRoom
and (b) a new Monte Carlo code. In (a), the intensities
are determined on an absolute scale. In (b), also the
spectra calculated taking the limited line-ofsight of
TOFOR into account are shown (short-dashed lines).

Figure 6: Total neutron spectrum (solid line) deduced from
a fit to the data [Fig. 3(b)] using d(d,n)3He (short dashed),
9Be(α,n)12C (long dashed) and scatter (dot-dash)
components.
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