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Time- and energy- resolved d- He fusion reactions have been measured to Infer 

the energy of the d or He minority Ions heated near their cyclotron frequency 

by the magnetosonlc fast wave. The average energy of the reacting JHe ions 

during JHe minority heating Is in the range of 100-400 keV, as deduced from the 

magnitude of the reaction rate, its decay time, and the energy spread of the 

proton reaction products. The observed reaction rate and its scaling with wave 

power and electron density and temperature are In qualitative agreement with a 

radial reaction rate model using the minority distribution predicted from 

quasilinear velocity space diffusion. Oscillations in the reaction rate are 

observed concurrent with sawtooth and m=2 MHD activity in the plasma. 
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I. INTRODUCTION 

Ion Cyclotron Range-of-Frequency (ICRF) heating is an attractive auxiliary 

heating method in tokamak experiments. "' ICRF heating experiments employ the 

fast magnetosonic wave in either the mode conversion or minority regimes. In 

the mode conversion regime, the fa3t wave Is converted to the slow Ion Bernstein 

wave near the two-ion hybrid layer of a two-ion species plasma which then heats 

the resonant ions (cyclotron damping) or the electrons (Landau damping). If one 

of the ion species is sufficiently dilute and hot, the fast wave can damp 

predominately on it directly (minority regime) and produce a non-Maxwellian 

minority distribution which heats the majority ions and electrons through 

Coulomb collisions. ICRF heating experiments in small, low plasma current 

tokamaks have demonstrated effective heating In the mode conversion regime, ? 

whereas the minority regime in some cases has been complicated by increased 

Impurity radiation and density rise, presumably due to unconfined energetic 

minority Ions striking the wall. However, the minority heating experiments In 

the Princeton Large Torus (PLT) , which has good energetic ion confinement, have 

produced efficient ion heating' and large fusion reactivity due to the 

energetic minority component. 

This paper reports time- and energy- resolved measurements of d(3He,p)'*He 

fusion reactions in PLT during ICRF minority heating of either 3 H e + + or d + in a 

majority plasma of the other species. Information about the energy distribution 

of the minority species is obtained by measurements of the spectrum, magnitude, 

and time evolution of the escaping 14.7 MeV d-^He protons, which are detected 

with silicon surface barrier detectors. The scalings of the reaction rate with 

ICRF power, electron density, and temperature are in qualitative agreement with 

a reaction rate model based on the minority distribution predicted from 
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quasilinear RF diffusion. The d-3He reaction rate can exhibit oscillations 

which are related to the sawtooth or m=2 oscillations in the tokaraak discharge. 

II. THEORY 

For fast wave minority heating the two-ion hybrid layer, which is located 

between the cyclotron resonance layers of the two-ion species, influences the 

minority heating by increasing the left-handed component of the fast waves." 

The minority heating is also enhanced by the presence of a non-Maxwellian 

minority distribution. > For the case of waves launched from the low magnetic 

field side of a tokamak plasma with a large charge-to-mass ratio minority 

compared to the majority, numerical calculations1J of the wave propagation and 

damping showed that the wave power is absorbed primarily by the minority ions, 

even for appreciable minority concentrations (20%). In contrast, for the case 

of a smaller e/m minority species, the minority power absorption decreases 

strongly with increasing concentration due to the shielding effect of the 

two-ion layer which in this case is encountered before the minority cyclotron 

layer. The calculations also predict that the radial power deposition to the 

minority ions is centrally peaked with virtually no surface heating. 

The production of energetic non-Maxwellian minority ion distributions is the 

subject of a theory of Stix. He includes a quasilinear-type RF diffusion 

coefficient'-1 with the Fokker-Planck terms in the Boltzmann equation to describe 

diffusion In velocity space for resonant ions crossing the cyclotron layer. 

When the phase velocity of the wave is much larger than the ion thermal 

velocity, 'he diffusion is primarily in v,. Pitch angle scattering serves to 

keep the distribution nearly isotropic at low energies. At higher energy, pitch 

angle scattering becomes less important than electron drag so the distribution 
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becomes strongly anisotropic (v.»v..). Stix presents explicit expressions for 

the distribution in these two limits. In both cases, the tail temperature of 

the minority distribution is determined by the product of the wave power per 

minority ion and the ion slowing down time due to electron drag. The tail 

temperature for the anisotropic limit is increased by 50£ since the wave power 

is not shared with the parallel degree of freedom. The transition between the 

isotropic and v.>>v. solutions is approximately at the energy where the rates of 

pitch angle scattering a.id electron drag are equal (approximately 100 keV for 

PLT). The v^»v n solution is derived with the assumption that k i P m l n is small, 

where k, is the wave number perpendicular to the magnetic field and Pm4 is the 

minority gyroradius, which is invalid for the high minority energies in PLT. 

The approximation overestimates the power deposited in the tail of the minority 

distribution and hence the number of fusion reactions. 

We have developed a one-dimensional model to calculate the d-3He reaction 

rate during ICRF minority heating experiments. We divide the plasma into radial 

shells and in each shell calculate the minority ion distribution predicted by 

Stix. We use the isotropic solution f, below E
t r a n s (Figure 1), where 

Etrans = 2 2 ' 2 Te ^ 2 A 1 / Z Zefi^2^ i s t h e e' e r8y a t which the v 1»v | | solution is 

expected to become valid. Here, A is the atomic mass of the minority ions, T 

is the electron temperature in keV, and Zeff = \ ni zi ' ne i s t h e effective 

impurity number of the plasma. Above E.. r a n s, we integrate the product of 

f U = fis(E||«;El.rans) and fj_ = f^isCE^ over the allowed velocity space pitch 

angles, where f a n l s is the v,»v. solution. The distributions are calculated 

using a gaussian power deposition profile with a characteristic width a (power 

density « exp(-rz/2a ) ) and density and temperature profiles proportional to 

(l-(r/a) ) x where typically x=l (x=2) for the density (temperature) profiles. 
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T'he d-3He fusion reactivity is calculated from the minority ion 

distribution: 

<ov> = f o(v) v f(v) d 3v / / f(v) d3v 

= (2/m) 1 / 2 / f(E) a(E) E dE / / f(E) E 1 / 2dE. 

Duane's fit1'' is used for the d-3He fusion cross section. When calculating the 

reactivity of a 3He minority distribution,the cross section is evaluated as 

o(E/l,5) to obtain the correct relative velocity. We are concerned with cases 

in which the energy of the minority ions is very large, so wo neglect thermal 

corrections due to the majority ions in calculating the reactivity. The 

reactivity for the distribution in Figure 1 Is shown as a function of the upper 

energy cutoff of the reactivity integral. The reactivity integral must be cut 

off at the energy at which the minority ions become unconfined. The enerf.v 

cutoff is always in the anisotropic part of the minority ion distribution for 

typical plasma currents ( > 200 kA ) in PLT. The first unconfined orbit in this 

case is a banana orbit which touches the outer limiter. It is one of the 

continuous orbit solutions'' which is calculated by conservation of energy, 

magnetic moment, and canonical angular momentum between the initial position and 

the limiter position. The reactivity calculation is averaged over the radial 

shell to account for differing cutoff energies at different poloidal angles. 

The energy cutoff is more important for a d + minority than a Ĥe"1""1" minority 

since the lost energy is about 2.5 times lower for d~*". 

The d-3He reaction rate is calculated for 1 cm radial shells. Thr; total 

d-3He reaction rate is obtained by summing the reaction rates per shell. The 

predicted d-JHe reaction rate is very sensitive to the electron temperature and 

density, the minority density, and the power deposition profile width. Of these 

quantities, the last two are not well— known experimentally. Howevery the 
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reaction rate is expected to be peaked near the center due to the peaking of the 

power deposition and temperature profiles. 

III. DETECTOR SYSTEMS AND CALIBRATION 

Time-Integrated acf Lvation sample measurements of d-3He reactions during 

minority heating have previously been reported.11 In this work we have used two 

silicon surface barrier detector systems to make time- and energy- resolved 

measurements of the d-3He protons. 

Time-resolved d-3He measurements were performed with a probe- mounted 

surface barrier detector (proton probe) located on the horizontal midplane of 

the torus. The detector was 160° toroidally displaced from the limiter and 

mounted on a port aligned 42° from perpendicular to the vacuum vessel. The 

detector was positioned 0.5 to 2.5 cm inside the vessel and about 9 cm from the 

plasma. 

The silicon surface barrier detector had an active area of 0.3 cm x 2.3 cm. 

An applied reverse bias (typically 50 V) created a 300 vim depleted depth. 

Electron-hole pairs were created by each 3.6 eV of proton energy deposited in 

the detector, resulting in a current pulse proportional to the total energy 

deposited. 

Protons incident on the detector from above passed through a collimating 

slit in a 0.3 cm thick stainless steel cap surrounding the detector holder 

[Figure 2(a)]. The slit was covered with a 75 (im stainless steel foil to shield 

against electrical noise, other fusion products, and plasma particles. The 

protons then passed through a second slit and 255 um foil in the detector 
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holder. They lost about 6.5 MeV of energy in the foils and deposited about 3 MeV 

in the depleted region of the detector. 

The proton probe was affected by three types of interference in PLT 

operation. The detector was sensitive to hard X rays which penetrated the 

stainless steel cap. This limited the use of the probe to locations away from the 

liraiter and to discharges in which the runaway electron levels were low. Second, 

the probe was sensitivfe to vibration from the tokamak pulse, which made it 

necessary to support rigidly the detector holder and coaxial line within the probe 

housing. Finally, the detector was apparently affected by heat. At times when 

the detector was too close to the plasma, its leakage current increased indicating 

that its resistance had dropped. It was necessary to ensure that the probe was 

not inserted too far or that the plasma did not ride out in major radius. 

The current pulses from the detector were measured by a low-noise, 

charge-sensitive preamplifier. The amplifier output was connected to a pulse 

height analyzer and to a single channel analyzer (SCA) and scaler which provided 

pulse counting with 10 ms time resolution. The SCA discriminator was set above 

the noise level from hard X rays and vibration. Before installation on PLT, the 

energy calibration was established with a 228Tjj a | p n a s o u r c e which has six peaks 

between 5 and 9 MeV. The calibration procedure included the alpha energy loss in 

passing through 0.1 cm of air and the SO p,g/cm aluminum front surface of the 

detector. 

The proton detection efficiency of the detector was established during 

deuterium neutral beam injection into a deuterium plasma containing a small 

concentration of 3He. 1° The detector efficiency was determined by the linear 

relatiohship observed between the number of detector counts and the number of 

3 1 
d- He reactions expected for beam-target fusion production. The number of d- He 
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reactions expected was calculated using a bounce-averaged Fokker-Planck code for 

the beam ions.'' The 3He density used as input for this code was measured from 

the electron density rise associated with 3jje g a s puffing during ohmically 

heated discharges. This method is uncertain because of residual 3He remaining 

from previous discharges and because of the effects of the neutral beam heating 

on gas influx. Another uncertainty is the deuterium density which can be less 

than (n - 2n3u ) due to impurities in the plasma. The detector efficiency 

obtained by this method was 1.5 x 10 protons/d-3He reaction with an 

uncertainty of about a factor of three. 

The detection efficiency of the proton probe was also calculated by 

following the particle orbits from the detector back into the plasma. If we 

follow a differential solid angle(dn}from the detector for a path length, l t into 

the plasma, then the area subtended is EJt2die where the factor €<1 (f>l) accounts 

for any possible focusing (defocuslng) by the magnetic field. The reaction rate 

for an element of path length di is f S(r)22d£ dn where S(r) is the reaction 

rate per unit volume. The volume element produces a flux per reaction at the 

detector of (4Trf£2)-1 where the effect of focusing is inverted; that is, it 

increases the flux at the detector. The differential count rate is then 

S(r) A cos9 d£ dft where A is the detector area and 9 is the angle of the proton 

from the detector normal. The detector efficiency E is then 

e = (A/4*) / S(r)cos9 dl dfl / / S(r)d3r. 

The largest contribution to the detector efficiency was due to protons with 6=0. 

Those orbits saw the largest effective detector area. They also had the largest 

gyro-radii and therefore the closest approach to the plasma center (where S(r) 

was largest) from the detector location. The solid angle of the detector was 

partially reduced by its proximity to the vessel wall. 
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The efficienc> was evaluated numerically by Integrating along the actual 

proton orbits backward from the detector and integrating over the solid angle 

defined by the collimating slits. For comparison with the experimental 

calibration we used the S(r) calculated for beam-target reactions. We found 

that the calculated efficiency was 9 x 10 , which agrees with the experimental 

calibration (1.5 x 10~°) within the uncertainty in the measurement. The 

calculated efficiency itself has an uncertainty of about a factor of two due to 

its sensitivity to the width of S(r), which is not experimentally known for ICRF 

heating, since protons born near the plasma center can barely reach the probe 

location. The effect of an outward Shafranov shift of the plasma center was 

small for the beam-target S(r). An outward shift of 10 cm caused the calculated 

efficiency to increase by 14%; a 15 cm shift caused a 9% increase over the 

centered case. The reaction rate measurements reported in this paper were 

obtained using the experimentally determined efficiency. 

The differential detector efficiency per unit path length de/dJl as a 

function of minor radius is shown in Figure 3(a). The proton orbits cause dc/dJt 

to be peaked near the center of the plasma. 

The pulse counting method used with the proton probe could operate up to a 

count rate of = 5 x 10^ s - 1 which represented a maximum d-^He reaction rate of 

about 3 x 10 s~l. In order to measure higher reaction rates, we used a 

charge-sensitive amplifier to measure the detector current. The amplifier 

bandwidth was 1 MHz. The frequency response of the complete system was tested 

up to 100 kHz with a light-emitting diode. The amplifier output V for a 

given d-^e reaction rate R d _ 3 H e was calculated from the amplifier gain, the 

detector efficiency, the energy deposited per proton, and the charge created per 

unit energy. 
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Measurements of the d- He proton energy spectrum were performed with a 

silicon surface barrier detector located at the bottom of the PLT vessel (proton 

spectrometer). Protons entered the spectrometer [Figure 2(b)] with approximately 

zero parallel velocity and 40° elevation through five 0.17 cm diameter collimating 

holes. The detectir had a depleted region of 1000 pm for an applied bias of 350 

V. The entrance angle of 40° was chosen to increase the proton path length in the 

detector so that protons with energy up to 15.5 MeV would deposit their full 

energy in the depleted region. It also ensured that the detector did not have a 

line-of-sight view of plasma within the limiter radius. Damage to the top surface 

of the detector was prevented by the use of a 12.7 ^n beryllium foil at the 

detector surface. 

The finite width of the collimating holes permitted the incident protons to 

have a range of angles to detector suface. Curvature of the orbits due to the 

proton gyromotion decreased the angle of elevation. We calculated that the 

protons could have angles between 44° and 29° corresponding to complete proton 

energy deposition in the detector of between 14.8 MeV and 18 MeV. The presence of 

the beryllium foil caused the protons to lose between 90 keV and 130 keV for the 

range of possible angles with a statistical variation of about 50%. The energy 

loss and detector response were calculated using analytic fits to the data for 
HA 

proton energy loss in beryllium and silicon. 

The resolution of the spectrometer was influenced by several effects. The 

beryllium foil contributed an energy spread of about 1C0 keV. The capacitance of 

the detector (7.5 pF) and the coaxial line to the preamplifier (60 pF) caused a 

noise width of only 5 keV. Vibration of the detector during a discharge could 

introduce additional noise. The effect of vibration was measured by introducing a 

precision pulser signal into the preamplifier with the detector connected. From 

the width of the pulser line, we found that vibration typically introduced 
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about 120 keV of noise. The detector resolution, calculated from the root mean 

square of these effects, was 160 keV. 

The detection efficiency of the proton spectrometer was calculated using the 

orbit code. The efficiency was 4.4 x 10 for 27 kG magnetic field. Increasing 

the magnetic field to 32 kG raised the efficiency to 5.9 x 10~ 8 since the proton 

orbits were closer to the plasma center ant1, took longer to drift to the 

detector. A 10 cm outward major radial shift o tiie plasma center caused a 

small (3%) decrease in the efficiency; a 15 cm shift reduced the efficiency by 

12%. The differential detector efficiency de/d£ as a function of minor radius 

[Figure 3(b)J was broader than for the proton probe. In this case, the proton 

gyro-orbit averaged over the central 20 cm of the plasma while drifting downward 

to the detector. 

The relative efficiency of the proton spectrometer and proton probe 

measured during ICRF %e minority heating was found to be 0.083. Using the 

measured efficiency of the proton probe, this implied that the spectrometer 

efficiency was 1.2 x 10 . This is three tines higher than the calculated 

efficiency, which Is wJthin the estimated uncertainty. 

IV. d-3He PROTON SPECTRA 

The d-3He proton spectrum was measured both during deuterium neutral beam 

injection and during 3He minority ICRF heating. The velocity distribution of 

the energetic ions was well-known from charge exchange measurements for neutral 

beam injection. Charge exchange measurements during 3He minority heating have 

not been successfully performed due to the low probability of '.he double charge 

exchange process. 
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Measurements of the d- He proton spectrum during deuterium neutral beam 

injection into a deuterium plasma containing a small concentration of He were 

performed in PLT (major radius = 132 cm, minor radius = 40 cm, toroidal 

field < 32 kG, plasma current « 500 kA) using two 40 keV beams injected parallel 

to the plasma current Ico-injection) with about 1 MW of power. The electron 

and 'He line-averaged densities were about 2.5 x 10 ^ cm"" and 2 x 1 0 1 2 c m - 3 , 

respectively. 

The spectrum measured with the proton spectrometer (Figure 4) showed a peak 

centered at 14.6 MeV with FWHM of 0.64 MeV. The spectrum was consistent with a 

proto"> spectrum centered at 14.7 MeV. The spectrum showed some counts up to 17.5 

MeV. We believe that these were due to pi]oup of the 14.7 MeV proton counts with 

3.0 K protons from the d(d,p)t fusion reaction that are also detected by the 

spectrometer. The d-d reaction rate is about 10 z times larger than the d~^He rate 

under these conditions. 

Calculations of the beam product spectrin during neutral beam irjection have 

7 1 

been performed for collimated detectors. For the case of protons produced with 

90° pitch angle (matchinq the detector acceptance) and ^ e f f = 3, the FWHM of the 

proton spectrum is 0.43 MeV (Figure 4), which is 50% smaller than che measured 

proton spectrum. The PLT neutral beams produce electrical noise associated with 

their ion sources that is seen as a broadening of the pulser signal connected to 

the preamplifier. The width or the proton spectrum in Figure 10 may have been 

broadened either by pileup with d-d protons or by the neutral beam electrical 

noise. 
— 3 3 

The d JHe proton spectrum was also measured during He minority ICRF 

heating. Unlike the neutral beam measurement, the neutron emission was low 

(<: 2 x 10'~ s~ ) so there was no interference due to pileup with d-d proton 
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counts. The noise width of the pulser signal was 120 keV. The spectrum was 

measured during 350 kW ICRF heating at 24.6 MHz. 

The measured spectra for plasma currents of 500 ,\A and 250 kA are shown Ln 

Figure 5. The electron density was 2.5 x 10 1 3 cm - 3 and 2.0 x 10 1 3 cm" for the 

two cases. The spectra had FWHM of 2.3 MeV and 2.0 MeV, respectively. The 

spectra were wider than the neutral beam ca=>c, reflecting the high energy of the 
3He tail produced by ICRF minority heatir.g. Tie spectral shape was asymmetric, 

showing a downward shift in energy with the peak at about 14.0 MeV. The shift 

was possibly due to a broad proton spectrum with a significant numbe" of protons 

which did not deposit their full energy in the detector. 

The proton spectrum was used to estimate the energy of the He ions 

responsible for the reactions. Using non-ielativistic reaction kinematics, the 

proton energy for the reaction d(3He,p)a is approximately 

E p = 14.7 MeV (1 + cos6((3/5) E3He/(18.3 M?V)) 1 / 2) . 

Both the energetic 3He ions and the protons reaching the spectrometer were 

expected to be near'.y perpendicular to the magnetic field, '"he upper and lower 

energy limits of the spectrum then corresponded to cosS = ±1. The 3He energy in 

terms of the width of the spectrum AE is 
P 

E 3 H e = (5/3X18.3 HtV)((fcEp/2)/14.7 MeV) 2. 

Using this estimate, we found that the 3He energy was about 190 keV for the 500 

kA case and 140 keV for the 250 kA case. These estimates are conservative since 

we have used the FWHM for AE . Near the plasma center these 3He energies are 

confined in PLT for both cases. They were consistent with the tail temperature 

expected for the conditions in this experiment (T e ff = 50 keV), assuming that 

the central power and 3He densities were about 0.6 W/cm3 and 2 x 10 J Z cm - 3, 

respectively. The lower energy estimated for the 250 kA case *-as consistent 

with about 25Z lower electron temperature. 
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V. d-3He REACTION RATE 

k. 3He MINORITY HEATING 

Most of the d-3He data was obtained during fundamental 3He minority heating 

in a deuterium majority plasma. This heating mode has proven to be highly 

efficient, yielding a deuterium heating rate of 4-6 eV * 10 1 3 cm-^ kW - 1 in 

experiments with up to 1 MW coupled to the plasma. We found that the ion 

heating and d-3He reaction rate were optimized under the same plasma conditions 

for a given density, but the d-3He rate was more sensitive to small changes in 

plasma conditions. 

The d-3He r.'̂r? was observed to depend strongly on the power per particle and 

collisi^nal drag which theoretically determine the effective temperature T << of 

the 3He tail. The wave power per 3He ion was determined by the total wave 

power, the power deposition profile, and the 3He density. The 3He slowing down 

time was determined by the electron density and temperature, <* T ' /n . For 

typical profiles, the slowing down time was longest in the plasma center so the 

d-^e rate should have been largest when the power deposition was centrally 

peaked. Evidence for central power deposition was obtained from an experiment 

in which the cyclotron layer was varied In major radius; the best ion heating 

and d-3He rates were obtained when the cyclotron layer was positioned near the 

plasma center." 

The d-3He rate Increased strongly with ICRF power P R F [Figure 6(b)], varying 

as PDp • At the highest power levels, strong sawtooth oscillations were 

usually present on the proton signal; here we have plotted the maximum d-3Ha 

rate before the sawtooth drop. The d-3He rate showed no evidence of saturation 

up to the maximum power in this experiment. 
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The d-3He rate decreased with electron density [Figure 6(a)], proportional 

to a ~ 3. This density scaling tended to limit the maximum d-3He rate due to the 

density rise associated with large ICRF powers. When the power scan data are 

corrected for density rise, the combined scaling of d-3He rate obtained from 

Figure 6 is P R F
3' 4n e~ 3-

The d-3He rate tended to increase with electron temperature. In one 

experiment, the electron temperature was increased by using 900 kW of hydrogen 

neutral beam injection. Thomson scattering measurements showed a central 

electron temperature of T = 1.5 keV during 600 kW ICRF heating alone and 

T e = 1.8 keV during combined ICRF and neutral beam heating. The d-3He rates at 

various densities for this comparison are shown in Figure 7. The electron 

temperature difference was smaller for the low density points where the neutral 

beam electron heating was less effective. 

We assessed the influence of plasma current on d-3He rate by scanning ia 

ICRF power at full (480 kA) and 70% (340 kA) currents (Figure 6). Tn both nases 

the d-3He rate was proportional to Pj)p with no evidence of saturation up to 

the highest power available. The d-3He rate was lower at the same power for the 

70% current case, possibly due to lower electron temperature (not measured). 

The 3He density had a qualitative effect on the d-3He reaction rate. The 

d-3He rate dropped as much as 50% when the 3He density was increased over its 

optimum setting. If the 3He density was decreased, the ICRF coupling to the 

plasma exhibited peaks in the loading resistance characteristic of discrete 

toroidal eigenmodes; the d-3He rate did not further increase under these 

conditions. The optimum 3He density was in the range of 5% to 10%, as measured 

by the electron density rise from the 3He gas puff during ohmic heating. 
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The d-3He rate could be substantially Increased by deuterium neutral beam 

injection, probably due to reactions between the 40 keV injected deuterons and 

the energetic 3He tail. In one experiment, 1.3 MW of ICRF power was combined 

with 0.6 MW deuterium co-injection. The d-3He rate was 1.6 * 101"* s _ 1 at 

n e = l x 1 0 " cm , while the ICRF heating alone produced a d-3He rate of 

1.1 x IQ l u s"1 at n e = 3.2 x JO 1 3 cm" . Using the observed n g scaling, we find 

that deuterium injection provided an enhancement factor of 2.8 in the reaction 

rate when normalized to constant density. 

MHD activity in the discharge had a significant effect on the d-3He rate. 

The largest rates were obtained in the presence of strong sawtooth activity in 

the central soft x-ray emission. In contrast, ra=2 activity seemed to be 

detrimental to the reaction rate. During d run In which sawtooth and m=2 

activity alternated from shot to shot, the d--3He rate was as much as 60% lower 

during m=2 discharges despite 30% lower density. The electron temperature was 

also lower during the m=2 discharges (1.1 IceV vs. 1.5 keV for sawtooth 

discharges). 

B. d + MINORITY HEATING 

d-3He rates were also measured during fundamental d + minority heating in a 

predominantly 3He plasma. Direct d + minority heating is possible only for very 

dilute (<5%) d f concentrations due to the screening effect of the two-ion hybrid 

layer.^ 

We obtained a partial toroidal field B^ scan (up to the maximum PUT field of 

32 kG) at 680 kW of ICRF power [Figure 8(a)]. The d-3He rate was largest for 

cyclotron layer positions near the plasma center, similar to the 3He minority B-, 
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scan. The d-d reaction rate produced by the d + minority showed similar 

behavior. 

The d-3He rate increased with ICRF power P R p up to 665 kW [Figure 8(b)]„ 

proportional to PR/ 1' 5- The d-d rate also increased approximately as P R F . 

T • ia.s no saturation of reaction rate with power, even though d + ions start 

to become unconfined at 2.!> times lower energy than 3 H e + + ions. 

C. COMPARISON WITH REACTION RATE MODEL 

The predictions of the reaction rate model described earlier have been 

compared with the measured rates. The predicted d-3He rate was sensitive to the 

power deposition profile width of the ICRF fsst wave, the minority ion density, 

and the electron temperature. The power deposition width was not known 

experimentally, while the minority density was measured only during ohmic 

heating and could be affected by a different wall source or recycling rate 

during ICRF heating. Within the uncertainties, the observed rates are 

consistent with the predictions of the model. 

In applying the model, several experimental quantities were used as inputs. 

The ICRF power was calculated from the forward power produced at the source 

times the ratio of plasma loading resistance and total resistance which includes 

losses in the transmission line and vacuum vessel; it was typically 80% to 90% 

of the forward power. The line-averaged electron density was measured by a 

microwave Interferometer. The ion temperature was measured from the neutron 

emission and by a mass-sensitive^ charge-exchange diagnostic. The electron 

temperature was measured by Thomson scattering. The majority deuterium density 

was calculated using Z g fj = 3 due mainly to carbon impurities. The density and 
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temperature profiles were typically ng(r) = 1.5 n e (1 - (r/a)2) and 

T(r) = T(0) (1 - (r/a) 2) 2. 

The d-3He rate predicted by the model rose strongly with ICRF power. For 

constant power deposition width and 3He density, the model predicted a faster 

rise with power ( aP R F ) than observed experimentally ("PRp3"* at constant 

density). The difference may be due to the limitation of the model in 

overestimating the power deposited in the 3He tail for finite k.p., (about0.5 
1 JHe 

for PLT). The expetimental measurements were reproduced either by using a power 

deposition width which increased with power or a 3He density which increased 

with power. For example, the gaussian width cr of the power deposition profile 

must be increased from 9.5 cm at 0.4 MW to 12.5 cm at 1.0 MW for 

" 3He = 1 - 2 * 1 Q l 2 c m~ 3> o r "3jie m u s t b e Increased from 1.2 x 10 1 2 cm - 3 at 0.4 MW 

to 2.1 x 1 0 1 2 cm"-1 at 1.0 MW for o -- 9.5 cm to match the experimental scaling. 

The model predicted a decrease of d-3He rate with electron density as 

n g . The experimental scaling was reproduced by assuming a modest increase 

with density of T g (.87 +1.0 keV, within the experimental uncertainty), or a 

decrease in n 3 H e (.12 •» .10 x 10 1 3 cm - 3) or a (10.7 -• 9.8 cm). 

The predicted variation of the d-3He rate with T was in agreement with the 

measurement. For n3 H g = 1.0 x 10 1 2 cm and a = 9.7 cm , an increase in T e from 

1.5 to 1.8 keV increased the d-3He rate from 1.4 x 10 1 3 s _ 1 to 3.7 x 10 1 3 s - 1 at 

n £ = 4.0 x 10 1 3 cm - 3, similar to Figure 7. 

The model predicted that 3He orbit losses become important above 1700 keV 

(850 keV) for 500 kA (340 kA) plasma current. The d-3He reactivity reaches 90 % 

of its asymptotic level by 550 keV for the highest emission level observed. 

Hence no saturation in d-3He rates with power due to orbit losses was expected, 

consistent with the power scans at full and 70% plasma current. The difference 

in d-3He rates for the two cases could be modeled by an electron temperature 
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decrease (1.7 -»• 1.5 keV) or an increase in fi3He ( .12 + .14 x 10 1 3 cm - ) or o 

(1!.8 * 12.6 cm). 

We also modeled the m=2 and sawtooth discharge comparison. Based on the 

measured n"e and T e, the model predicted 20% lower d-3He rates during the m=2 

case, whereas the m=2 case was actually 60% lower. The difference may have been 

due to a broader power deposition profile, higher 3He density, or poorer 

energetic 3He confinement or acceleration during the m=2 case. 

We examined the case of d minority heating in a 3He plasma using the 

reaction rate model. The power scan data [Figure 15(b)] could be reproduced in 

a manner similar to the 3He minority power scan case. For a ~ 11.1 cm, we 

needed n d = 1.5 x 10 1 2 cm"3 at 220 kW, increasing to 3.2 x 10 1 2 cm - 3 at 665 kW. 

For constant n d = !.5 x 10 1 2 cm , we needed a = 11.1 cm at 220 kW increasing 

to o = 16.0 cm at 665 kW. 

VI. d-3He TIME EVOLUTION 

The time evolution of the d-3He reaction rate during 3He minority heating 

was measured using the proton probe. The general features of the time evolution 

included the rise and fall times of the d-3He rate at the beginning and end of 

the RF heating. Oscillations in the reaction rate included sawtooth and m=2 

activity. Large sawtooth oscillations (20Z drop) accompanied the largest 

reaction rate conditions. Ten percent amplitude, 0.5 - 1.5 kHz oscillations in 

the reaction rate were correlated with n=l, m=2 MHD activity and were 

acccompanied by a 50% drop in the reaction rate. 
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A. GENERAL FEATURES 

The general features of the d-3He time evolution are illustrated in Figure 9 

for one of the highest reaction rate cases. The 3He gas puff occurred from 350 

to 3 93 ms and caused ?. rise in the electron density beginning at 380 ms. The 

forward power from the ICRF amplifier was turned on at 420 ms and reached 850 kW 

at 4 50 ms. The ICRF power absorbed by the plasma reached 780 kW or about 90% of 

the forward power. 

The c-3He reaction rate began to rise when the ICRF power reached its 

maximum level. After 10-20 ms, the d-3He rate rose linearly («t/TR) or as 

[l - expC-t/Tg11], characterized by a rise time Xp- The d-3He rate rose more 

slowly with the onset of sawtooth oscillations until reaching a steady average 

level. The d-3He rate dropped as exp(-t/-rD) with a decay time T D when the ICRF 

power was turned off. 

The d-3He rise time varied from 20 to 65 ms which was comparable to 

(somewhat greater than) the Ion (electron) energy confinement time, in showed 

no correlation with ICRF power, but tended to decrease wiLh electron density 

approximately as n ""* [Figure 10(a)]. Discharges with m=2 activity in the 

plasma tended to have shorter T„ than discharges with sawtooth activity [Figure 

10(b)]. 

The decay time ly. of the d-3He rate varied between 2 and 8.5 ms. T n was 

correlated with the slowing down rate of the energetic 3He ions. These 3He ions 

slowed down due to electron drag since their energy was much greater than the 

critical energy (28 T ) where electron and deuteron drags are equal. We found 

that TV was proportional to the central 3He energy loss time due to electron 

drag, \v.(0) , where vE(0) « ne Te w a s t h e c e n t r a l 3He energy loss rate 
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(Figure 11). The error bar reflected a 100 eV uncertainty In T g. We found that 
Tn = ^ i ^ W " 1 "here K 1 was between 0.13 and 0.30. 

The central 3He energy loss time is an overestimate of the average energy 

loss time of the 3He ions. The calculated volume- weighted d-3He emission was 

peaked at about 8 cm and the banana width of the 3He ions (10 cm for 200 keV 
3He) causes them to sample plasma away from the center. The energy loss time at 

15 cm was 0.74 V K ( 0 ) I o r typical electron temperature and density profiles 

{Te tt [l _ (r/a) 2] 2, n <* [l - (r/a)2]}. Taking 15 cm for the average energy 

loss radius, we would find tp = K2 \>g(15) where K2 was between 0.18 and 0.40. 

The 3He energy loss time was also reduced by the decay of the electron 

temperature after the TCRF heating. 

The decay time T-. is expected to be shorter than v^ - 1 due to the steepness 

of the d-3He cross sectio- with energy in the energy range of interest. The 

reaction rate should drop by 1/e when the 3He ions have slowed down enough for 

their cross sections to decrease by 1/e. In Figure 12 we show the variation of 

the fractional d-3He decay time T D V E with 3He energy predicted from the energy 

dependence of the cross section. Vhis figure shows that the observed decay 

times imply that the d-3He reactions were caused by 3He ions with energies in 

the range of 100-400 keV. 

B. d-3He SAWTOOTH OSCILLATIONS 

The largest d-3He reaction rates which we observed were accompanied by large 

(up to 20% drop) sawtooth oscillations in the proton probe signal. These proton 

sawteeth occurred together with the soft x-ray sawteeth. The decay time of the 

sawtooth drop varied from 50 ps at the highest reaction rates and low density to 

several ms at lower reaction rates and higher (= 4 x 10 1 3 cm - 3) density. 
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HoweveTj the proton sawteeth were never observed using the proton spectrometer 

which had a broader spatial sensitivity (Figure 3) and presumably integrated the 

emission over the radial extent of the sawtooth. 

The rapid sawtooth dioy at low densities could not be understood in terms of 

the 3He collisional energy loss rate v at the time of the sawtooth. The d-3He 

reaction rate should evolve to a new equilibrium level with a decay rate of 

about 5v due to the steep energy dependence of the cross section. Even if the 

electron temperature dropped 50% in a sawtooth with no change in density, the 

collisional decay time would be about 0.7 ms or longer which cannot explain the 

fast low density sawtooth drop. 

The proton sawteeth are illustrated (Figure 13) for a moderate density 

(ng = 2.6 x 10 1 3 cm - 3) and reaction rate (4.3 x 10 1 2 s"1) case at 820 kW ICRF 

power, together with the neutron and central soft x-ray traces (both inverted). 

The soft x-ray sawteeth had a drop of about 4 5% and a period of 12 >ns. The 

proton emission dropped as much as 20% with decay times between about 0.5 and 2 

ms. The volume-integrated neutron signal also showed sawtooth oscillations 

which were smaller in amplitude (=10%) and had a longer decay (3-4 ms). The 

proton emission dropped immediately when the ICRF power was turned off, but the 

neutron emission did not begin to drop until the next sawtooth occurred. This 

indicated that the energetic 3He ions producing the proton emission were far 

above the critical energy and contributed a negligible amount of heating t? the 

deuterons as reflected In the neutron emission. The effect of the last sawtooth 

in Figure 13 was seen on the proton signal as an increase in the decay rate. 

A low density, high reaction rate case was shown in Figure 9. The sawtooth 

decay was smaller in amplitude (10%) and faster (0.1-0.3 ms) ,compared to the 

decay of the emission at the end of the ICRF heating (x D = 5.3 ms). 
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lt\ the fastest sawtooth decay that we have observed [Figure 14(a)] , the 

proton emission dropped by 10% in 50 ps. The soft x-ray signal [Figure 14(b)] 

showed a similar decay time. The conditions for this case were n e = 1.9 x 10 1 3 

cm - 3, n3 H e = 1 x 10 1 2 cm - 3, and 740 k.W of ICRF power. 

Measurements of the d-3He reaction rate using the proton spectrometer in the 

current mode showed no proton sawteeth. The difference in d-3He time evolutions 

measured by the two detectors was probably due to their differing spatial 

sensitivities. The calculated detector efficiencies (Figure 2) showed that the 

proton probe efficiency was peaked inside 5 cm minor radius while the proton 

spectrometer efficiency was peaked at 11 cm and extended out to 22 cm. These 

calculations showed that the proton probe was especially sensitive to the 

central emission while the proton spectrometer tended to average over the 

emission region out to 22 cm. 

A possible explanation of the rapid sawtooth decay times was that the 

energetic 3He ions were spatially rearranged in the region near the q=l surface 

(r = 10 cm). The decrease of the proton probe signal could have resulted from 

movement of some 3He ions to regions of smaller detection efficiency. The 

proton spectrometer would continue to detect the reactions caused by those ions 

in the plasma outside the q=l surface due to its broader spatial sensitivity. 

C. d-3He m=2 OSCILLATIJNS 

Oscillations in the d-3He reaction rate also occurred during discharges with 

m=2 poloidal magnetic perturbations. These discharges typically had poorer 

thermal plasma confinement and occurred less often than sawtooth discharges. 
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Ar> example of thfc d-3He reaction rate during an ir.=2 discharge is shown 

(Figure 15). The d-3He reaction rate oscillations reached a maximum amplitude 

of about 10%. Oscillations in the d-3He rate, soft x-ray chord, and m=2 

magnetic signal all decreased in frequency together. The time scales of these 

signals agreed to within 0.1 ms. 

The i;?de numbers of the magnetic islands were identified using three soft 

x-ray detector arrays. The magnetic island was identified as ra=-2, n=l where 

the poloidal mode rotation was *n the electron diamagnetic direction. 

The phase information for the diagnostics as well as the 1CRF coils (Table 

1) was used to determine the orientation of the magnetic island at the ICRF 

coils. The o-points (regions of highest x-ray emission) of the island were 

located on the horizontal midplane between the ICRF coils after a phase lag of 

30° with respect to t..e x-ray chord (r=25 cm) shown in Figure 15 and with a 

phase lead of 140° with respect to the maximum of the m=2 magnetic signal. The 

magnetic signal incorporated an active integrator with an RC time constant of 4 

ms so its phase information was accurate only for 1 kHz or greater oscillation 

frequencies. Comparison of the d-3He rate and x-ray chord signal during the 

slow island rotation in Figure 15 showed that the d-3He rate was largest when 

the island had the horizontal orientation near the ICRF coils. For faster 

island rotation, the d-3He rate peaked 0.3 to 0.4 ms ( or about 180°) after the 

island was horizontal near the ICRF coils. In addition, the amplitude of the 

d-3He oscillation was smaller during the faster rotation. The m=2 magnetic 

signal maintained the expected =170° phase lag with respect to the x-ray signal 

for oscillation frequency above 1 kHz, confirming the island orientation already 

described. 
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Based on the d-3He rise time (20 ms) at the beginning of ICRF heating, t';ic 

time for the d-3He rate to rise by 20% was 4 ms, while the decay time after the 

ICRF pulse implied a 20% drop In about 0.8 ms. The oscillation period during 

the fast island rotation was about 1 ms or about one-fourth of the acceleration 

time. Therefore the ion distribution could not reach a new equilibrium ?.f the 

d-%e oscillations were caused by m=2 power modulations at the oscillation 

frequency. Such changes in the ICRF power by the m=2 mode are possible due to 

changes in the plasma (and ICRF coupling) in the vicinity of the ICRF coils. 

These proton oscillations might also be due to changes in the JHe orbits in 

the presence of the ra=? island, thereby modulating the detector efficiency. The 

o-point of the magnetic island was near the proton detector about 150° ahead of 

the maximum sott x-ray signal. The proximity occurred about 90° after the peak 

in the proton signal during slow island rotation. 

VII. DISCUSSION 

The d-3He reaction measurements during 3He minority ICRF heating provide 

direct evidence for the formation of a supra-thermal 3He distribution. A lower 

limit on the 3He energies can be estimated assuming that the 3He ions are 

monoenergetic. For the measured 3He and deuterium densities, the maximum 

reaction rate of about 1.7 x 101** s - 1 implies an energy of 100 keV for the 3He 

ions. 

The reaction rate can provide another estimate, assuming that the 3He energy 

distribution was described by the quasilinear velocity space diffusion theory. 

Our reaction rate model based on this theory predicted that r-.ost of the d-3He 

reactions were due to 3He ions in the range of 300-400 keV. This estimate 
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jepends on the magnitude of the reaction rate and Is not affected by 

uncertainties in the power deposition and 3He density. 

The d-3He proton energy spectrum provides another estimate of the 3He 

energies. In an experiment at 350 kW ICRF power, the proton spectrum had a FWHM 

of 2.3 MeV, which corresponds to a reacting 3He energy of at least 190 keV. 

A fourth estimate of the reacting 3He energies was obtained from the 

measured J-3He decay times. The decay times were consistent wltn the slowing 

down of 100-4 00 keV 3He ions. 

The 3He energies In the range of several hundred keV provide an estimate of 

the 3He particle confinement time during ICRF heating. 3He ions gained an 

average energy increment iE for each pass through the resonance layer, given by 

AE = (l/2)(2Ttr/ve)«P>/n3He) 

where v„ is the 6-component of the parallel velocity and <P> is the ICRF power 

density. The 3He ions cross the resonance layer twice per poloidal transit, so 

the minimum time required to gain an energy E was E n3„ /<p>. For a typical 3He 

density (1 x 10 1 2 cm~3) and power density (1 W cm -^), the minimum confinement 

time was 16 ms to reach 100 keV ani 64 ms to reach 400 keV. These estimates are 

similar to the d-3He rise times observed. 

VIII. CONCLUSIONS 

The energy of the reacting minority ions during fast wave heating was 

determined from measurements of the d-3He fusion reaction rates and the energy 

spectrum of the escaping protons. The d-3He reactions produced during 0.4 to 

1.0 MW 3He minority heating are due to 3He ions in the range of 100-400 keV. 

These energies further implied energetic 3He confinement in the range of 15 to 

60 ms or better. The d-3He fusion power (c.2-*! .5 kw) and fusion multiplication 
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i —T (2x10 + 1.5x10 ) are the highest in any jntrolled fusion experiment to date. 

The scalings of the d-^He reaction rate with density, ttmperature, and ICRF 

power are consistent with a one-dimensional reaction rate model based on the 

minority distribution predicted from quasilinear RF-diffusion theory. 

Sawtooth and m=2 oscillations are observed in the d-^He proton emission. 

The rapid sawtooth drop, much faster than the energetic 3He energy loss time, 

was suggestive of expulsion or redistribution of these ions from the plasma 

center. The m=2 oscillations were observed in the presence of a rotating 

magnetic island structure. 
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TABLE 1 

* 6 ip=<f>—2e ^observed 
40° 0° 40° 40°(fast) 

70° 90° -110° -110° 

-30° 90° -210° -210° 

-30° 60° -150° -loO0 

0° 0° 0° 180°(slow) 

0°(fast) 

170° 0° 170° — 
190° 0° 190° 

Table I: Toroidal (measured clockwise from proton probe) and poloidal 

(measured from outer horizontal midplane) angle locations of the 

diagnostics and ICRF coils shown in Figure 25, together with their phase 

relationships with respect to a n = 1 m = -2 helical magnetic island 

structure. The observed phases are with respect to the midplane location 

between the ICRF coils for both fast and slow island rotation. 
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FIGURE CAPTIONS 

Figure 1. Calculated 3He minority distribution function near the plasma center 

during ICRF heating for one of the highest reaction rate cases and 

variation of d-3He reactivity with maximum 3He energy for this 

distribution. 

Figure 2. (a) Proton probe used for time-resolved d-3He reaction measurements 

which was inserted into the vacuum vessel in the horizontal midplane. (b) 

Details of the proton spectrometer used for energy-resolved d-3He 

measurements located at the bottom of the vacuum vessel. 

Figure 3. Differential detector efficiency de/dJl as a function of minor radius 

for the (a) proton probe and (b) proton spectrometer. 

Figure 4. d-3He proton spectrum during deuterium neutral beam injection into a 

deuterium plasma containing a small concentration of 3He, together with the 

predicted spectrum. * 

Figure 5. d-3He proton spectra durinp ICRF heating for a plasma current of (a) 

500 kA and (b) 250 kA. 

Figure 6. (a) Variation of proton emission with n showing decrease °= n ~^. 

(b) Variation of proton emission with ICRF power for two values of the 

plasma current. 

Figure 7. Variation of the d-3He rate with density for two electron 

temperatures. 

Figure 8. (a) Variation of d-3He and d-d rates with central magnetic field, 

and therefore with major radius (R ) of the cyclotron layer, (b) Variation 

of d-JHe and d-d rates with ICRF power. 

Figure 9. Time evolutions of the d-3He reaction rate, input ICRF power 
absorbed by the plasma, and electron density. 
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Figure 10. (a) Variation of d-3He rise time T R with electron density showing 

T R " n ~ • (b) Variation of T» with density for m=2 and sawtooth 

discharges. 

Figure 11. Variation of d-3He decay time with central energy loss time v> ~ 

for 3He ions due to electron drag. 

Figure 12. Fraction of the 3He energy loss time required for the d-3He 

reaction rate to drop by 1/e as a function of 3He ion energy. 

Figure 13. Time evolution of the d-3He proton signal and the central soft 

X ray and neutron signals (Inverted). 

Figure 14. Time evolutions of (a) d-3He rate and (b) central soft x-ray 

detector signal during a fast sawtooth decay. 

Figure 15. Time evolutions of d-3He rate, soft x-ray (r = 25 cm) chord, and m 

= 2 magnetic loop signal during an in = 2 discharge. 
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