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d-3He REACTION MEASUREMENTS DURING FAST WAVE MINORITY HEATING IN PLT

R. E. Chrien*, J. D. Strachan

Plasma Physics Laboratory, Princefton University, Princeton, New Jersey 08540

= Time- and energy- resolved d-3He fusion reactions have been measured to {nfer
- the energy of the at or He™ minority ions heated near their cyclotrom frequency
by the magnetosonic fast wave. The average energy of the reacting e 1ons
during e mincrity heating is in the range of 100-400 keV, as deduced from the
magnitude of the reactlon 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 veloclty space diffusion. Oscillations fn the reaction rate are

observed concurrent witbh 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 experi.ment:t;.l'9 ICRF heating experiments employ the
fast magnetosonic wave 1n either the mode conversion or minority regimes. In
the mode conversjon regime, the fast wave 1s converted to the slow lon Bernstein
wave near the two-ion hybrid layer of a two-ion specles plasma which then heats
the resonant ions (cyclotron damping) or the electrons (Landau damping). If one
of the 1ion specles 1is 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 ccllisfons. ICRF heating e*periments in small, low plasma current
tokamaks have demonstrated effective heating 1in the mode conversion regime,7
whereas the minority regime in some cases has been complicated by increased
jmpurity radiation and density rise,7 presumably due to unconfined energetic
minority ions striking the wall,l0 However, the minority heating experiments 1in
the Princeton Large Torus (PLT), which has good energetic ion confinement, have
produced efficient ion heating5 and large fusion reactivityll due to the
energetic minority compomnent,

This paper reports time~ and energy- resolved measutrements of d(°He,p)“He
fusion reactions in PLT during ICRF minority heating of either 3gett or dT 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-3He protons, which are detected
with silicon surface barrier detectors. The scalings of the reaction rate with
ICRF power, electror density, and temperature are in qualitative agreement with

a reaction rate model based on the minority distribution predicted fron
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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 i{a the tokamak discharge.

II. THEQRY

For fast wave minority heating the two-lon hybrid layer, which 1s located
between Tthe cyclotron resonance layers of the two-ion species, influences the
minority heating by increasing the left-handed component of the fast waves .13
The minority heating is also enhanced by the presence of a non—Maxwellian
minority distriburion.*1% For the case of waves launched from the low magnetic
field side of a tokamak plasma with a large charge-to-mass ratio minority

13 5f the wave propagation and

compared to the majority, numerical calculations
damping showed that the wave power is absorbed primarily by the minority ions,
even for appreciable minority concentrations (20%). 1In contrast, for the case
of a smaller e/m minority species, the minority power ~bsurption decreases
strongly with increasing concentration due to the shielding effect of the
two—ion layer which 1n this case is encountered before the minority cyclotron
layer. The calculations also predict that the radial power deposition to the
winority lons 1s 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!? with the Fokker-Planck terms in the Boltzmann equation to describe
diffusion in velocity space for resonant 1lons crossing the cyclotron layer.
When the phase velocity of the wave 1s much largef than the fon thermal
velocity, the diffusion 1s primarily in v,» Pltch angle scattering serves to
keep the distribution nearly isotropic at low energles. At higher energy, pitch

angle scattering becomes less important than electron drag so the distributicn
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becomes strongly anisotropic (vl>>v“). Stix presents explicit expressions for
the distribution in these two limits. In both cases, the tall temperature of
the minority distribution 1is 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 vl>)vﬂ solutions is approximately at the energy where the rates of
pitch angle scattering aad electron drag are equal (approximately 100 keV for
PLT). The v >>v, solution is derived with the assumption that k p ;. 1is small,
where k, is the wave number perpendicular to the magnetic field and p,; is the
minority gyroradius, which 1is 1nvalid 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 lon distribution predicted by

Stix. We use the isotropic solution f; . below E (Figure 1), where

trans
Eprans = 22:2 T, (2 al/2 Zeff)Z/3 1s the erergy at which the v >>v, solution is

14

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

is the electron temperature in keV, and Z g¢ = | “1212/“9 is the effective

impurity number of the plasma. Above E we integrate the product of

trans’
£, = fis(EH<Ettans) and f| = f_,y,(E;) over the allowed velocity space pitch

angles, where f is the v >>v, solution. The distributions are calculated

anls
using a gaussian power deposition profile with a characteristic width ¢ (power
density « exP(—rz/Zoz) ) and density and temperature profiles proportional to

(1-(r/a)?)¥* uhere typically x=1 (x=2) for the density (temperature) profiles.
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The a-JHe fusion reactivity is calculated from the minority ion

distribution:

<ov> = [ g(v) v £(v) d3v / [ £(v) d3v
= (2/m) /2 [ £(E) o(E) E dE / [ £(E) El/ZdE.

Duane’s fitl® {s used for the d-3He fusion cross sectlion. When calculating the
reactivity of a S3He minority distribution,the cross section 1s evaluated as
o(E/1.5) 1o obtain the correct relative velocity. We are concerned with cases
in which the energy of the minority fons 1s very large, s¢ wo neglect thermal
corrections due to the majority 1ions 1n 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 energv
cutoff is always in the anisotropic part of the minority don distribution for
typical plasma curreants ( » 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
coutinuous orbit solutions!? which 1is calculated by conservation of energy,
magnetic moment, and canonical aungular 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 1s more 1mportant for a at minority than a Igett minority
since the lost energy is about 2.5 times lower for dt.

The d-3He reaction rate is calculated for 1 cm radial shells. The total
d-3He reaction rate 1s 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. However, 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 ac*ivation sample measuremens of d~3He reactions during
minority heating have previously been reported.11 In this work we have used two
sllicon 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 bilas (typically 50 V) created a 300 um depleted depth.
Electron~hole palrs were created by each 3.6 eV of proton energy deposited in
the detector, resulting 1in 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 pym stainless steel foill to shield
agalnst electrical noise, other fusion products, and plasma particles. The

protons then passed through a second slit and 255 um foll 1in 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
limiter and to discharges in which the runaway electron levels were low. Second,
the probe was sensitive to vibration from the tokamak pulse, which made it
n=cessary 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. Refore installation on PLT, the
energy calibration was established with a 228qy alpha source 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 5@ ,_yg/crn2 aluminum front surface of the
detector.

The proton detection efficiency of the detector was established during
deuterium neutral beam injection inte a deuterium plasma containing a small
concentration of 3He.18 The detector efficiency was determined by the linear
relatiohship observed between the number of detecter counts and the number of

d-3He reactions expected for beam-target fusion production. The number of d~3ne
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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 wmeasured from
the electron density rise associated with 3He gas 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 (ne - 2“3He) due to impurities in the plasma. The detector efficiency
obtained by this method was 1.5 x 1078 protons/d-3He reaction with an
uncertainty of about a factor of three,

The detection efficlency 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,dQ,from the detector for a path length,£,into
the plasma, then the area subtended is f22dR where the factor £<1 (£>1) accounts
for any possible focusing (defocusing) by the magnetic field. The reaction rate
for an element of path length d2 is f s(r)z2dz dQ where S(r) 1is the reaction
rate per unit volume. The volume element produces a flux per reaction at the
detector of (4nf22)~l where the effect of focusing 1s inverted; that 1is, it
increases the fiux at the detector. The differential count rate is then
S(r) A cos® df dQ where A 1s the detector area and 8 is the angle of the proton
from the detector normal. The detector efficiency £ is then

e = (A/4n) [ S(rd)cose dt d@ / [ 8(r)d3r.
The largest contribution to the detector efficlency 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 efficlency 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.18 We found
that the calculated efficiency was 9 x 10'7, which agrees with the experimental
calibration (1.5 x 10'6) within the wuncertainty im 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{rj. An outward shift of 10 ¢m caused the calculated
efficiency to increase by 147%; 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/df as a
function of minor radius is shown in Figure 3(a). The proton orbits cause de/dg
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”! which represented a maximum d-3He reaction rate of
about 3 x 1010 s, 1In 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

out
given d-3He reaction rate Rd—3He 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-3JHe 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 detect:r 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 pym 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 MeVv. 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 statis*ical variation of about 50%. The enerqgy
loss and detector response were calculated using analytic fits to the data for
proton energy loss in beryllium and silicon.29

The resolution of the spectrometer was influenced by several effects. The
beryllium foil contributed an energy spread of about 100 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 1078 for 27 kG magnetic field., 1Increasing
the magnetic field to 32 kG raised the efficiency to 5.9 x 1078 since the proton
orbits were closer to the plasma center and took longer to drift to the
detector. A 10 cm outward major radial shift o tue plasma center caused a
small (3%) decrease in the efficiency; a 15 cm shift reduced the efficiency by
12%. The differential detector efficiency de/df as a function of minor radius
[Figure 3(b)} 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 JHe minority heating was found to be 0.083. Usirng the
measured efficiency of the proton probe, this implied that the spectrometer
efficiency was 1.2 x 1077, This is three times higher than the calculated

efficiency, which is w’thin the estimated uncertainty.

1v. d-3He PROTON SPECTRA

The d-3He proton spectrum was measured both during deuterium neutral beam
injection and during JHe 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~JHe proton spectrum during deuterium neutral beam
injection into a deuterium plasma containing a small concentration of 3He were
performed 1in PLT (major radius = 132 cm, minor radius = 40 cm, torocidal
field < 22 kG, plasma current ¢ 500 kA) using two 40 keV beams injected parallel
to the plasma current f(co-injection) with akout 1 MW of power. The electron
and JHe line-averaged densities were about 2.5 x 10%3 cm™2 and 2 x 1012 cm_3,
respectively.

The spectrum measured with the proton spectrometer (Figure 4) showed a peak
centered at 14.6 MeV with FWHM of 0.64 MpV. The spectrum was corsistent with a
protyr spectrum centered at 14.7 MeV. The spectrum showed some counts up to 17.5
MeV., We believe that these were due to pilecup of the 14.7 MeV proton counts with
3.0 M protons from the d(d.p)t fusion reaction that are alsc detected by the
spectrometer. The d-d reaction rate is abhout 102 times larger than the d ’He rate
under these conditions.'1

Caleculations of the beam product spectrim during neutral beam irjection have
been performed for collimated detectors.21 For the case of protons produced with
90° pitch angle (matching the detector acceptance} and Zeff = 3, the FWHM of the
prowon spectrum is 0.43 MeV (Figure 4), which is £0% smaller than c¢he measured
proton spectrum. Tne PLT neutral beams produce electrical noise associated with
their ion sources that is seen as a broadering of the pulser signal connected to
the preamplifier. The width of the proton spectrum in Figure 10 may have been
broadened either by pileup with d-d@ protons or by the neutral beam electrical
noise.

The d JHe proton spectrum was also measured during 34e minority ICRP
heating. Unlike the neutral beam measurement, the neu:ron emission was low

an

(¢ 2 x 10~ 5“1) so there was no interfercnce 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 (n
Figure 5. The electron density was 2.5 x 1013 cm™3 and 2.0 x 1013 cm_3 for the
two cases. The spectra had FWHM of 2.3 MeV and 2.0 MeV, respectively. The
scectra were wider than the neutral beam casc, reflecting the high energy of the
3e tail prodrced by ICRF minority heatirg. Tle spectral shape was asymmetric,
showing a downward shift in energy with the peak at about 14.0 MeV. Tre shift
was possibly due to a broad proton spectrum with a significant numbe~ of nrotons
which did not deposit their full energy in the detector.

The proton spectrum was used to estimate the energy of the IHe ionms
responsible for the reactions. Using non-relativistic reaction kinematics, the
proton energy for the reaction d(3He,p)a is approximately

E, = 16,7 MeV (1 + cosb((3/5) E3y,/(18.3 mav))/2),
Both the energetic JHe 1ions and the protons reaching the spectrometer were
expected to be near.y perpendicular to the magnetic field. The upper and Ilower
energy limits of the spectrum then correspcnded to cos@ = #1. The 3He energy in
terms of the width of the spectrum AEp is
Eage = (5/3)(18.3 MeU)((BE,/2)/16.7 Mev)?.

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 AEP. Near the plasma center these JHe energies are
confined 1in PLT for both cases. They were consistent with the tail temperature
expected for the conditions in this experiment (Teff = 50 keV), assuming that
the ceatral power and JHe densities were about 0.6 W/cm® and 2 x 10!2 cm—3,
respectively. The lower energy estimated for the 250 kA case vas consistent

with about 25% lower electron temperature.
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V. d-3He REACTIUN RATE
A. 3He MINORITY HEATING

Most of the d-3He data was obtained Juring fundamental JHe minority heating
in a deuterium majority plasma. This heating mode has proven to be highly
efficient, yilelding a deuterium heating rate of 4-6 eV x 1013 en3 kWl in
experiments with up to 1 MW coupled to the plasma.5 We found that the ion
heating and d-JHe reaction rate were optimized under the same plasma conditians
for a given density, but the d-JHe rate was more sensitive to small changes 1in
plasma conditions.

The d-3He 1..*» was observed to depend s~rongly on the power per particle and
collisicnal drag which theoretically determine the effective temperature Togg of
the e tail. The wave power per 3He ion was determined by the total wave
power, the power deposition profile, and the 3He density. The 3He slow.ng down
time was determined by the electron density and temperature, « Te3/2/ne. For
typical profiles, the slowing down time was longest in the plasma center so the
d-3e rate should have been largest when the power deposition was centrally
peaked, Evidence for central power deposition was obtained from an experiment
in whicn the cyclotron layer was varied in major radius; the best ion heating
and d-JHe rates were obtained when the cyclotron layer was positioned near the
plasma center.}}

The d-3He rate increased strongly with ICRF power Por [Figure 6(b)], varying
as PRFZ’B‘S. At the highest power levels, strong sawtooth oscillations were
usually present on the proton signal; here we have plotted the maximum d-3He
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 dénsity [Figure B(a)], proportional
to “9_3' This density scaling tended to limit the waximum 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

R

Figure 6 1is Pp e

The d-3He rate tended to 1ncrease 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 Te = 1.5 keV during 600 kW ICRF heating alone and
Te = 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 far the low deansity points where the neutral
beam electron heating was less effective.

We assessed the influence of plasma current on d-3He rate by scanning ia
[CRF power at full (480 kA) and 70% (240 kA) currents (Figure 6). Tn both rases
the d-3He rate was proportional to PRFZ»B'S with no evidence of saturation up to
the highest power avallable. 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- Me rate dropped as much as S0% when the 3He density was increased over its
optimum setting. TIf the 3He density was decreased, the ICRF coupling to the
plasma exhibited peaks in the loading resistance characteristic of discrete
toroidal eigenmades; the d-JHe rate did not further 1increase 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. 1In one experiment, 1.3 MW of ICRF power was combined
with 0.6 MW deuterium co-injection. The d-3He rate was 1.6 x 10i% 71 at

A, =4 x 1013 cm-3, while the ICRF heating alone produced a d-3He rate of

e
1.1 < 101 57l ar 5 = 3.2 x 1013 cm 3.

e Using the observed n

e 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-IHe rate.
The largest rates were obtalned in the presence of strong sawtooth activity in
the central soft x-ray emission. In contrast, m=2 activity seemed to be
detrimental to the reaction rate. During a run 1in 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 (l.l keV wvs. 1.5 keV for sawtooth

discharges).
B. dF MINGRITY HEATING

d-3He rates were also measured during fundamental dt minority heating in a
predcminantly 3He plasma. Direct d+ minority heating is possible only for very
dilute (<5%) d* concentrations due to the screening effect of the two~ion hybrid
1ayer.13
We obtained a partial toroidal field By scan (up to the maximum PLT field of

32 kG) at 680 kW of ICRF puower [Figure 8(a)]. The d~3Hle rate was largest for

cyclotron layer positions near the plasma center, similar to the 34e minority By
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scan, The d-d Treaction rate produced by the dt minority showed similar
behavior.

The d-3He rate increased with ICRF power Ppp up to 665 kW [Figure 8(»)],
proportional to PRFh's. The d-d rate also increased approximately as PRF3'7'
™ vas no saturation of reaction rate with power, even though d* ions start

to vecome unconfined at 2.5 times lower energy than 3et 1ons.
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
pover deposition profile width of the ICRF fast 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 wuncertaintles, 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 ¢¢ = 3 due mainly to carbecn impurities. The density and
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temperature profiles were typically ne(r) = 1.5 Ee (1 - (r/a)?) and
T(r) = T(0) (1 - (r/a)?)2.
The d-JHe rate predicted by the model rose strongly with ICRF power. For
constant power deposition width and 34e density, the model predicted a faster

3.4 at constant

rise with power (GPRFS‘S) than observed experimentally (KPRF
density). The difference may be due to the limitation of the model in
overestimating the power deposited in the 3He tail for finite klp}He (about0.5
for PLT). The experimental 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 o of the power deposition praofile
must be increased from 9.5 cm at G.4 MW to 12.5 cm at 1.0 MW for
gy, = 1.2 x 1012 cm-3, or E3He must be increased from 1.2 x 1012 cn™> at 0.4 MW
to 2.1 x 1012 ¢p™3 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
ne_4‘3. The experimental scaling was reproduced by assuming a modest increase
with density of T, (.87 + 1.0 keV, within the experimental uncertainty), or a
decrease in E3He (.12 » .10 x 103 cm-3) or g (10.7 » 9.8 cm).

The predicted variation of the d-3He rate with To was 1n agreement with the
measurement. For flay, = 1.0 x 102 cm3 and ¢ = 9.7 em , an increase in T, from
1.5 to 1.8 keV increased the d-3He rate from 1.4 x 1013 57! to 3.7 x 1013 571 at
fi, =4.0 x 1013 en?, 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 1its asymptotic level by 550 keV for the highest emission level observed.
Hence no saturation in d-3He rates with power due to orblt losses was expected,
consistent with the power scams 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 A3y, ( .12 + .14 x 1013 cw3) or o

(11.8 + 12.6 cm).

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

measured fi, and T,, 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 dT minority heating in a 3He plasma using the

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

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

3 3

at 220 kW, increasing to 3.2 x 1012 cm ° at 665 kW.

For constant fiy = 1.5 x 10!? cm—3,

needed T, = 1.5 x 1012 em™
we needed o = 11.1 cm at 220 kW 1increasing

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 uslng 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 iancluded sawtooth and m=2
activity. Large sawtooth oscillations (20% drop) accompanied the largest
reaction rate conditlons. Ten percent amplitude, 0.5 - 1.5 kHz oscillations in
the reaction rate were correlated with n=1, m=2 MHD activity and were

acccompanied by a 50% drop 1n 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 393 ms and caused 2 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 450 ms. The ICRF power absorbed by the plasma reached 780 kW or about 907 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
- exp(—t/TR‘], characterized by a rise time tp. 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/TD) with a decay time 1 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. TR showed
no correlation with ICRF power, but tended to decrease with electron density
approximately as ne‘1 [Figure 10(a)]. Discharges with m=2 activity in the
plasma tended to have shorter Tp than discharges with sawtooth activity [Figure
10(by] .

The decay time 1, of the d-3He rate varied between 2 and 8.5 ms. Ty was
correlated with the slowing down rate of the energetic 3He fons. These 3He ions
slowed down due to electron drag since their energy was much greater than the
critical energy (28 Te) where electron and deuteron drags are equal. We found

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

drag, uE(O)"l, where vy(0) = neTe_3/2 was the central 3He energy 1loss rate
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(Figure 11). The error bar reflected a 100 eV uncertainty in Te. We found that
T, = Kl“E(O)-l where K| was between 0.13 and 0.30.

The central JHe energy loss time 1s an overestimate of the average energy
loss time of the JHe 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 \JE(O)"l for typical electron temperature and density profiles
{’I‘e « [1 - (r/a)?2]2, n, « [r - (r/a)z]}. Taking 15 cm for the average energy
loss radius, we would find Tp = Ky \JE(lS)_l where Ky was between 0.18 and 0.40.
The °He energy 1loss time was also reduced by the decay of the electron
temperature after the TCRF heating.

The decay time 5 is expected to be shorter than vE_l 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 34e ions have slowed down enough for
their cross sectlons to decrease by l/e. 1In Figure 12 we show the variation of
the fractional d-3He decay time TpVg ¥With 3He energy predicted from the energy
dependence of the cross section. :his figure shows that the observed decay
times imply that the d-3He reactions were caused by 3Ye ions with energlies in

the range of 100400 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 suoft 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!3 cu™3) density.
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However 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 droy at low densities could not be understood in terms of
the e 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
(A, = 2.6 x 1013 cm3) and reaction rate (4.3 x 1012 571y 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 45% and a period of 12 ns. The
proton emission dropped as much as 207 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 1ions 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 emissiorn., 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 (TD = 5.3 ms).
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In the fastest sawtooth decay that we have observed [Figure lh(a)], the
proton emission dropped by 10%Z in 50 ps. The soft x~ray signal [Figure lh(b)]
showed a similar decay time. The conditions for this case were ﬁe = 1.9 x 10!3
em3, figy, = 1 x 1012 en™, and 740 kW of ICRF pover.

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 efficlency was peaked inside 5 c¢m minor radius while the proton
spectrometer efficiency was peaxed at 11 cm and extended out to 22 cm. These
calculations showed that the proton probe was especlally sensitive to the
central emission while the proton spectrometer tended to average over the
emission reglon out to 22 cm.

A possible explanation of the rapid sawtooth decay times was that the
energetic JHe ions were spatially rearranged in the regilon near the q=1 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=1 surface due to its broader spatial sensitivity.
C. d-3He m=2 OSCILLATIUNS
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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An example of the d-3He reaction rate during an wm=2 discharge 1is 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 iz2de numbers of the magnetic islands were identified wusing three soft
x-ray detector arrays. The magnetic island was ldentified as wm=-2, n=1 where
the poloidal mode rotation was fn the electron diamagnetic direction.

The phase information for the diagnostics as well as the ICRF coils (Table
1) was wused 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 wmidplane between the ICRF coils after a phase lag of
30° with respect to t..e x-ray chord (r=25 em) 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 1in Figure 15 showed that the d-3He rate was largest when
the island had the horizontal orientation rear 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-e 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, tic
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 | ms or about one-fourth of the acceleration
time. Therefore tne ion distribution could not reach a new equilibrium #if the
d-3He 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) 1a the vicinity of the ICRF coils.
These proton oscillations might also be due to changes in the “He orbits in
the presence of the m=? island, thereby modulating the detector efficiency. The
o-point of the magnetic island was near the proton detector about 150° ahead of
the maximum sor’t x-ray signal. The proximity occurred about 90° after the peak

in the proton signal during slow island rotation.

VIL. DISCUSSION

The d-3He reaction measurements during 3He minority ICRF heating provide
direct evidence for the formation of a supra-thermal 3He distributlon. A lower
limit on the JHe encrgies 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 l0!% 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 rost of the d-3He

reactions were due to JHe ions in the range of 300400 keV. This estimate
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iepends on the magnitude of the reaction rate and 1s not affected by
uncertainties in the power deposition and 3He density.

The d-3Je proton energy spectrum provides another estiumate 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 energles was obtained from the
measured J-SHe decay times. The decay times were consistent with the slowing
dovn of 100400 keV JHe ions.

The 3He energles in the range of several hundred keV provide an estimate of
the He particle confinement time during ICRF heating. 3He ions gained an
average energy increment AE for each pass through the resonance laver, given by

AE = (1/2)(Znr/vg)(<P>/n3y,)
where vy 1is the 6-component of the parallel velocity and <P> is the ICRF power
density. The 3He lons cross the resonance layer twice per poloidal tramsit, so
the minimum time required to galn an energy E was E n3He/<p>. For a typical 3He
density (1 x 1012 em™3) and power density (1 W cm'3), the minimum confinement
time was 16 ms to reach 100 keV ani 64 ms to reach 400 keV. These escimates 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-%He fusion power(0.2+l.5 kw) and fusion muitiplication
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(2x107% 1.5x10-3) are the highest in any ntrolled fusion experiment to date.

The scalings of the d-3He reaction rate with density, temperature, and ICRF

pover 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-3He proton emission.

The rapid sawtooth drop, much faster thau the energetic 34e energy loss time,

wac 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
Device ¢ 8 V=0-20 VYopcerved
m = 2 magnetic signal 400 0° 40° 40°(fast)
x~ray (top) central chord 70° 90° -110° -110°
x~ray (top) central chord -30° 90° -210° -210°
x-ray (side) r=25 cm chord -3Q° 60° -150° -1>0°
Proton probe Q° 0° 0° 180°(slow)
0°(fast)

ICRF Coil 1700 00 170° -

ICRF Coil 190° 0° 190° -~

Table l: 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 1location

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

Figure 1. Calculated e 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. Differentlial detector efficlency de/d% 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.21

Figure 5. d~3He proton spectra during ICRF heating for a plasma current of (a)
500 kA and (b) 250 kA.

Figure 6. (a) Variation of proton emission with @, showing decrease « 53_3.
(b) Vvariation 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 (Rc) of the cyclotron 1ayer.4 (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 TR with electron density showing
TR =0 . (b) Variation of Tgp with density for m=2 and sawtooth

discharges.

-1

Figure 11. Variation of d-3He decay time with central energy loss time Vg

for e ions due to electron drag.

Figure 12. Fraction of the J3He energy 1loss time required Eor the d-3de
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 l4. 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 m = 2 discharge.
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