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Abstract 

The energy distributions and radial density profiles of the fast confined trapped alpha 

particles in DT experiments on TFTR are being measured in the energy range 0.5 - 3.5 MeV using 

a Pellet Charge exchange (PCX) diagnostic. A brief description of the measurement technique 

which involves active neutral particle analysis using the ablation cloud surrounding an injected 

impurity pellet as the neutralizer is presented. This paper focuses on alpha and triton 

measurements in the core of MHD quiescent TFTR discharges where the expected classical 

slowing down and pitch angle scattering effects are not complicated by stochastic ripple diffusion 

and sawtooth activity. In particular, the first measurement of the alpha slowing down distribution 

up to the birth energy, obtained using boron pellet injection, is presented. The measurements are 

compared with predictions using either the TRANSP Monte-Carlo code and/or a Fokker-Planck 

Post-TRANSP processor code, which assumes that the alphas and tritons are well confined and 

slow down classically. Both the shape of the measured alpha and triton energy distributions and 

their density ratios are in good agreement with the code calculations. We conclude that the PCX 

measurements are consistent with classical thermalization of the fu 

tritons. 
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1.0 Introduction 

The effective operation of a D-T fusion reactor requires that the alpha particles generated in 

D-T fusion reactions be well confined to allow deposition of most of the alpha energy in the plasma 

before they are lost. Based on extensive observations of fast ion behavior in tokamaks [l], alpha 

particles generated in D-T plasmas can be expected to thermalize classically under quiescent 

discharge conditions (Le. in the absence of MHD activity and collective particle effects.) The goal 

of this paper is to advance the state of knowledge of alpha particles in tokamaks by presenting the 

frst  direct experimental observations showing the classical thermalization of alphas in MHD 

quiescent plasmas. 

Several diagnostics designed to measure confined alphas in large tokamaks recently began 

operation in the tokamak experiments; namely, charge exchange spectroscopy [2] microwave 

scattering [3], and energetic neutral particle analysis with the use of low-2 impurity pellets [4,5]. 

The last method, which we call Pellet Charge Exchange (PCX), is now operated routinely on 

TFTR during D-T experiments. PCX diagnostic results have been reported on measurements of 

RF-driven energetic H, 3He and T minority ion tails [6-81, the energy distribution fast confined 

alpha particles [91, and the influence of magnetic field ripple and sawtooth oscillations on the 

behavior of the alpha energy spectra and radial density distributions [lo-121. This publication 

expands on work [13] presented at the 22nd EPS Conference (Boumemouth, UK, 1995). 

2.0 Pellet Charge Exchange Diagnostic and Data Analysis 

In the PCX diagnostic on TFTR, low-2 impurity pellets are injected along a midplane 

major radius. Upon entering the plasma, the pellet forms a toroidally elongated ablation cloud, as 

illustrated in Fig. 1. Using lithium pellets as an example, a small fraction of the alphas incident on 

the ablation cloud is neutralized either by sequential single electron capture, 

He2+ + Li+ => He+ + Li2+ 

He++Li+ => Heo+Li2+ 

or by double electron capture 

He2+ + Li+ => Heo + Li3+. 
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If the line integral target density for particles traversing the cloud is sufficiently large, then the 

fraction of particles emerging from the cloud as neutrals approaches the equilibrium fraction, 

FY(E), which is independent of the linear density of the cloud. Pitch angle scattering and energy 

loss are not important at the pellet ablation cloud densities expected in TFTR [ 141. 

By measuring the energy distribution, dnddE, of the resultant helium neutrals escaping 

from the plasma, the energy distribution of the incident alpha particles, dn,/dE, can be determined 

using 

dn,/dE = K(E) dn,/dE 

where 

and 

dn,/dE = ion distribution in the plasma in the direction of observation, 

dn,/dE = measured signal, 

T(E) = neutral equilibrium fraction, 

V a = ion velocity associated with energy E, 

Q 
- = solid angle of the analyzer, 
4n 

q(E) = calibrated analyzer detection efficiency, and 

AE = energy resolution of the analyzer. 

Note that K(E) must be evaluated for the individual NPA channels. The neutral equilibrium 

fractions, F"(E), used for alphas and tritons are obtained from modeling calculations [9,14]. The 

NPA analyzer detection efficiency, q( E),was calibrated [15] for alphas using megavolt helium ion 

beams generated by a cyclotron accelerator and was derived for tritons using hydrogen ions. 

The escaping helium neutrals are mass and energy analyzed using a high energy (0.3 - 3.7 

MeV for 4He) neutral particle analyzer [15]. The neutral particle analyzer views the cloud 

surrounding the radially injected pellet from behind at a toroidal angle of 2.750 to the trajectory of 

the pellet. As a result, only near perpendicular energetic ions with velocities close to vll/v = - 0.048 

are detected by the PCX diagnostic. The radial position of the pellet as a function of time is 

measured using a linear photodiode array situated on the top of the vacuum vessel. By combining 

this measurement with the time dependence of the PCX signal, radially resolved fast ion energy 

0 
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spectra and density radial profiles can be derived with a radial resolution of - 5 cm. A more 

detailed description of the Pellet Charge Exchange technique and apparatus will be presented 

elsewhere [16]. 

The experimental data are compared with modeling results obtained using TRANSP [17] 
1 

which is a 1 2-dimensional transport code (calculations of magnetic equilibrium are two- 

dimensional) that takes into account the spatial and temporal distributions of background plasma 

parameters and includes modeling of stochastic ripple diffusion of alphas [18]. Monte Carlo 

techniques are used to follow energetic alphas and tritons ion orbits as they thermalize and is then 

used to deduce the full energy and radial distribution of each species. The code assumes the alpha 

particles and tritons are well confined and slow down classically and includes the effects of 

Coulomb pitch angle scattering and velocity diffusion, but does not account for broadening of 

fusion-generated particles about their birth energy due to the kinetic energy of the reacting ions 

[19]. TRANSP provides a good calculation of the alpha and triton distributions integrated over all 

pitch angles. For proper simulation of the PCX measurements, however, the pitch angle should be 

constrained to account for only the deeply trapped particles. 

TRANSP divides the pitch angle range of k 1 into 50 equally spaced bins, giving a pitch 

angle resolution of 0.04. The instrumental resolution is approximately 2 10-5 around the mean 

pitch angle value of vll/v = - 0.048. In order to reduce the Monte-Carlo statistical noise on the 

computed alpha spectra to an acceptable level, the pitch angle window in the TRANSP output 

cannot be constrained to less than -0.2 <v(l/v < 0.2, which is large compared to the narrow 

instrumental window . Fortunately, the alpha distribution has a weak dependence on pitch angle in 

this range and does not exhibit any fine grain structure. The radial averaging used in TRANSP is 

O.OSr/a for thermal particles and O.lr/a for fast ions. For the discharges used in this paper, a = 80 

cm. Thus the radial averaging in TRANSP for energetic alphas and tritons is -8 cm compared with 

the instrumental value of -5 cm 

Although the TRANSP code is a powerful tool for analyzing experimental results, it is 

computationally intensive and has some severe limitations for modeling the PCX measurements. 

For this reason, we developed a Fokker-Planck Post-TRANSP (FPPT) processor code based on 

a numerical solution of the drift-averaged Fokker-Planck equation [20]. The code uses the radial 

and energy profiles of the pitch angle integrated alpha source from TRANSP to calculate alpha 

distributions for experimental conditions specific to the PCX measurements. This code includes a 

preliminary model for kinetic broadening of the alpha birth energy distribution, stochastic ripple 

diffusion effects, and sawtooth mixing of energetic particles [21]. Test calculations were made to 

benchmark the TRANSP and FPPT codes under conditions where stochastic ripple diffusion and 

MHD activity can be neglected. Good agreement was observed. The numerical FPPT code is fast 

and has become the standard tool for analysis of the PCX data. 
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3.0 Alpha Particle and Triton Measurements 

The alpha particle distributions measured by the PCX diagnostic can be influenced by the 

effects of classical slowing down and pitch angle scattering, stochastic diffusion associated with 

toroidal magnetic field ripple, and sawtooth activity. In order to separate the classical behavior 

from the other effects, PCX measurements were obtained during MHD quiescent discharges in the 

plasma core region where stochastic ripple diffusion effects are negligible. This "plasma core" is 

taken to be the region well inside the boundary determined using the following expression 

provided by the Goldston-White-Boozer [22] theory: 6TFpq' (~Nq/&)3/2 >1, where ~ T F  is 

toroidal field ripple, p is the alpha gyro radius, N is the number of toroidal field coils, q is the 

safety factor, q' = dq/dr, and & is the inverse aspect ratio. The alpha slowing down spectrum for a 

D-T discharge (#78607) and the triton spectrum from a similar DD discharge (#78601) are shown 

in Fig. 2. The basic discharge parameters were: Rmaj = 2.52 m, a = 0.8 m, Pb - 20 M W  with Ip 

ramped down from 1.7 MA to 1.0 MA during the 1.3 s duration NBI pulse. Although not 

specifically requested for these PCX measurements, the current ramp down scenario proved to be 

favorable because sawtooth-free discharges occurred at reduced neutral beam power which aided 

the pellet penetration. In going from alphas to tritons, the relevant values of the neutral equilibrium 

fraction, the ion velocity, and the analyzer detection efficiency associated with K(E) in Eq. 2 were 

employed using the sources given in Sec. 2. Additional plasma parameters provided by the 

TRANSP output immediately prior to the pellet injection time, tpCX(s), are given in Table I, where 

tmI(s) is the neutral beam injection period, SN(S-1) is the neutron yield and zsl(s) is the slowing 

down time. The midplane ripple diffusion boundaries for both 3.5 the MeV alphas and the 1.0 

MeV tritons were identical to within 5% in these discharges, with a value of R i p  = 2.76 m. The 

energy spectra were measured in the ripple-free region inboard of this boundary. Note that the 

error bars in Fig. 2 only reflect the statistical errors due to the counting statistics. 

Also shown are TRANSP (solid curves) and FPPT (dashed curves) predictions of the 

alpha and triton energy spectra. The absolute scale for dn/dE was derived from normalization of 

the PCX data with the TRANSP modeling results and was made only once for the alpha data as 

noted in the figure. The same normalization is used for the mton spectrum. Agreement between 

the PCX measurements and the spectra calculated by TRANSP is quite good, indicating that the 

alpha and titon energy distributions and their density ratio is close to the TRANSP prediction, 

which assumes classical slowing down and neoclassical alpha and triton confinement. For the 

FPPT. simulations, the shape of the energy spectra is similar, but differences occur due to the fact 

that Coulomb scattering is included in TRANSP but not in FPPT, which has an effect that is 

particularly evident toward lower energies in the slowing down distributions. For the triton spectra 

near the birth energy, the inclusion of a preliminary model for kinetic broadening in FPPT but not 

in TRANSP is the cause of the difference between the two simulations. Based on the agreement 
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of the energy spectra and the alpha-to-triton ratio with TRANSP predictions, we infer that fusion 

generated-alphas and tritons in the core of MHD quiescent TFTR plasmas are well-confined and 

slow down classically. 

In the TFTR D-T experiments, pellets typically are injected 0.2 - 0.5 s after termination of 

neutral beam heating. This timing delay leads to deeper penetration of the pellet as a result of decay 

of the plasma electron temperature as well as to an enhanced signal-to-noise ratio because the 

neutron background decays significantly faster than the confined alpha population. Even so, 

measurements with lithium pellets result in measurable alpha signals only at alpha energies less 

than 2 MeV, as seen in Fig. 2. To enhance the pellet penetration and also to increase the signal 

level at higher alpha energies, we investigated the use of boron pellets in place of lithium. As seen 

in Fig. 3, for alpha energies above - 2 MeV the calculated equilibrium fraction [14] for boron is 

significantly higher than for lithium. The higher heat of ablation energy of 5.3 eV/atom for boron 

compared with 1.6 eV/atom for lithium should increase the pellet penetration and consequently 

access a region of higher alpha density deeper in the plasma core. In practice, this gain is offset by 

lower pellet velocity from the injector due to the larger mass of boron relative to lithium. 

Nevertheless, under similar plasma discharge conditions an increase in the penetration for boron 

pellets ranging up to 20% (- 12 cm) relative to lithium pellets of comparable mass is observed. 

In order to validate both the use of boron and the models used for alpha neutralization in 

pellet clouds, alpha energy spectra were compared for D-T discharges using both lithium (#86225) 

and boron (# 86228, 89, 81) pellets, as shown in  Fig. 4. The basic discharge parameters were: 

Rmaj = 2.52 m, a = 0.8 m, I, = 1.5 MA and BT = 5.2 T. Additional plasma parameters are given 

in Table I. For this comparison, the spectra were taken near r/a - 0 with a spatial averaging of - 10 

cm and the boron spectra for the three discharges were normalized on the basis of the D-T neutron 

yield to account for differences in  the plasma conditions. As can be seen, the shapes of the 

measured alpha energy spectra for lithium and boron pellets are essentially the same, despite the 

very different energy dependence of the neutralization fractions used in their respective data 

analysis calculations. These measurements also confirm that for alpha particle energies above - 2 

MeV, boron pellets provide a more effective neutralization target that lithium pellets. The 

amplitude of the boron signal is approximately six times greater relative to lithium than expected on 

the basis of the calculated equilibrium fractions. Most likely this is due to the lithium containing a 

larger fraction of higher ionization states than the helium-like ionization state assumed in the 

analysis. Both pellet types are now routinely used in PCX diagnostic measurements. 

With the capability to measure alphas up to their birth energy, alpha spectra during the birth 

and slowing down phases were measured using single boron pellets. Selected plasma waveforms 

and pellet charge exchange signals for the slowing down case (#86291, Pb = 15 MW) are 

presented in Fig. 5. The alpha distribution from 1 .O - 3.5 MeV was obtained using a single boron 

pellet injected 200 ms after termination of a 1.0 s beam pulse. The basic discharge parameters 
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were: Rmaj = 2.52 m, a = 0.8 m, I, = 1.5 MA and BT = 5.2 T. Additional plasma parameters are 

given in Table I. All waveforms are diagnostic measurements except for the central alpha density, 

which is a TRANSP calculation. Note that at the selected time of pellet injection, the D-T neutron 

yield which gives rise to PCX signal interference has decayed significantly while the alpha density 

has not. The delayed rise of the PCX alpha signal relative to the pellet light signal seen in the 

lower panels is characteristic of all energy channels. This behavior is attributed to stochastic ripple 

loss depletion effects [ 121 in the outboard region of the plasma which the pellet must penetrate 

beyond before a measurable alpha population exists at the pitch angle viewed by the PCX 

diagnostic. 

The alpha energy spectrum obtained from the PCX measurements for this discharge using a 

singIe boron pellet is shown by the solid circles in Fig. 6. Also shown (solid squares) is the 

energy spectrum measured for a "beam blip" case (#86299, Pb = 20 MW), where the boron pellet 

was injected 20 ms after a beam pulse of only 100 ms duration. The bold curves are the FPPT 

simuIations of the PCX measurements while the lighter curves illustrate the general evolution of the 

alpha energy distribution at the other noted times during the 1 .O s neutral beam pulse. Reasonable 

agreement is seen between the data and the FPPT code results, which indicates that the alpha 

particles slow down classically. In addition, the absence of any peaking in the fully developed 

slowing down spectra in the region of 3.5 MeV indicates that massive prompt losses do not occur. 

This is consistent with the alpha particles being well confined. Experimental results from the a- 

CHERS [23] and the escaping alpha [24] diagnostics on TFTR, both of which are absolutely 

calibrated, corroborate this classical picture of alpha behavior and also show that massive prompt 

losses of alphas do not occur in MHD quiescent plasma discharges. 

In the "beam blip" discharge, the alphas are created in a time interval short compared to the 

alpha slowing-down time. In principle, the measured energy spectrum for this short pulse neutral 

beam injection scenario can potentially yield information on the alpha birth energy distribution. 

Unfortunately, the existing TRANSP code does not provide for modeling of the kinetic spreading 

of the alpha birth energy spectra, which must include precise information about beam energies 

species and injection angles, the computed thermonuclear beam-plasma and thermonuclear mix, 

and the ion temperature. In the FPPT code, a preliminary model of the "beam blip" data assumes 

simple thermonuclear Doppler broadening of the alpha particle birth energy, Ea, for which the full 

width at half maximum is given approximately by AE(keV) = 182(Teff)o.5 where Teff = 30 keV, 

the mean effective temperature of the deuterium and tritium ions, is based on measurement of the 

D-T neutron broadening in TFTR using a natural diamond spectrometer [25]. The thermonuclear 

formula used in FPPT is a first order approximation to illustrate the importance of the birth energy 

distribution for this data. 

7 
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4.0 Discussion 

The PCX diagnostic does not provide absolute alpha density measurements, which is why 

it is necessary to normalize the data to the TRANSP code results. While the instrumental response 

of the NPA analyzer was absolutely calibrated, the absolute efficiency for neutralization of the 

measured ions by the pellet ablation cloud is uncertain. It has been shown that provided the line 

integral cloud density is sufficiently high so that the charge changing reactions are independent of 

the density and attain an equilibrium fraction, as expected in the TFTR applications, the details of 

the pellet ablation cloud have little effect on the measured energy distribution but do have a strong 

effect on the absolute alpha density measurements [14]. 

The absolute magnitude of the PCX signals are well below estimates made from simple 

analytic calculations. A Monte-Carlo simulation of the interaction of alpha particles with pellet 

ablation clouds [ 141 which accounts for gyro orbit effects as ions traverse a pellet ablation cloud 

reduced the disagreement by a geometrical factor of the order of 2n, but significant differences 

remain. For boron pellets, the measured signals are at least an order of magnitude lower than 

calculated and for lithium pellets the discrepancy is two orders of magnitude or more. We suspect 

that the spatial distribution of ionization states in the cloud [26] may be play a key role in resolving 

this issue, and are configuring an array of line-filtered fiber optics to attempt measurement of this 

variation in the future. However, the observation that measured PCX signals are well below 

expectations is not yet understood. 

For the discharges used in this work, the alpha population is sufficiently dilute that single- 

particle behavior is expected, as can be seen from the nalne ratios given in Table I. To date, no 

'anomalous' alpha particle losses due to alpha-driven collective instabilities have be observed in 

TFTR NBI-heated D-T discharges without ICRH [24,27]. This fact supports the expectation of 

classical ion behavior for the PCX alpha and triton measurements reported in this paper. 

5.0 Conclusion 

With the advent of D-T plasma operation on TFTR, a growing body of results from the 

PCX and other TFTR alpha particle diagnostics [25,26] is replacing prior speculation about alpha 

particle behavior. Using the PCX diagnostic, the first measurement of the alpha slowing down 

distribution up to the 3.5 MeV birth energy was obtained using boron pellet injection. In the core 

of MHD quiescent D-T discharges in TFTR, the good agreement observed between the PCX 

measurements of the confined, trapped alpha particles and tritons and TRANSP and FPPT 
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Measurements of Confined Alphas 

predictions is consistent with the alphas and tritons being well confined and slowing down 

classically. 
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Discharge tNBl(s )  tPCX(s) Te(O) ne(o) nalne zeft(0) ~ ~ ( s - 1 )  

& Type ( k e V )  (IO19 m-3) 

* 
78601 D-D 2.4-3.2 3.43 6.0 2.70 1.3~10’5 3.1 4.0~1014 

78607 D-T 2.4-3.2 3.43 4.5 2.45 2 . 2 ~ l O - ~  2.8 1 . 8 ~ 1 0 ~ ~  

86228 D-T 3.0-4.0 4.22 7.0 2.37 4.6~10-3 3.1 8 . 0 ~ 1 0 ~ ~  

86289 D-T 3.0-4.0 4.22 5.9 2.18 50x10-3 3.0 4 . 9 ~ 1 0 ~ ~  

86291 D-T 3.0-4.0 4.22 5.8 2.00 4.9~10-3 3.0 5.0~1016 

86299 D-T 3.9-4.0 4.03 6.0 3.00 7.0~10-3 2.9 Z.OxlO14 

Measurements of Confined Alphas 

~ ( s )  

1.30 

0.60 

1.14 

1.03 

1.08 

NA 

Table I 

Selected Plasma Parameters for PCX Measurements of Tritons and Alphas. 

* Note that for this D-D discharge only, the table entries for na/ne and T S ~  (s) apply to tritons and 

SN (s-1) is the 2.5 MeV neutron rate. For the remaining discharges, entries correspond to alphas 

and 14 MeV neutrons in D-T plasmas. 
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Fig. 1 Illustration of the Pellet Charge Exchange (PCX) concept using lithium 

as an example of low-2 impurity pellet injection. 
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Fig. 2 Comparison of the PCX measurements of the alpha and triton spectra 

with TRANSP and FPPT predictions. 
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Fig. 3 Calculated neutral equilibrium fractions for alpha particles 

on helium-like lithium and boron. 
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Fig. 4 Comparison of alpha spectra obtained using boron and lithium pellets. 
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Fig. 5 Selected plasma waveforms and PCX signals for measurement of the alpha spectrum 

up to the birth energy using single boron pellet injection. 
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Fig. 6 Evolution of the alpha energy spectra computed using the FPPT code (curves) 

and comparison with the measured alpha spectra for two times: 1) during the 

slowing down phase shown as solid circles corresponding to 1.2 s, and 2) near 

the birth phase shown as solid squares corresponding to 0.12 s. 
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