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Abstract

CHARGED FUSION PRODUCT AND FAST ION LOSS IN TFTR

Several different fusion product and fast ion loss processes have been observed in
TFTR using an amay of pitch angle, energy and time resolved scintillator detectors located
near the vessel wall. For D-D fusion products (3 MeV protons and 1 MeV tritons) the
observed loss is generally consistent with expected first-orbit loss for Ip < 1.4 MA, except
near the outer midplane where stochastic TF ripple loss dominates when Ip > 1 MA,
However, at higher currents, Ip = 1.4-2.5 MA, an MHD induced D-D fusion product loss can
be up to 34 times larger than the first-orbit loss, particularly at high beam powers, P 2 25
MW. The MHD induced loss of 100 KeV neutral beam ions and = 0.5 MeV ICRF minority
tail ions has also been measured < 45° below the outer midplane. The potential implications
of these results for D-T alpha particle experiments in TFTR and ITER are described.
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L_Introduction:

Good confinement of the fusion product alpha particles born at 3.5 MeV
in D-T is essential for efficient and predictable alpha heating of future tokamak
reactors. In addition, the unanticipated loss of only a few percent of the fast
alpha population could potentially damage the first wall or divertor structure,
since these fast alphas will contain =10-30% of the total stored plasma energy,
and this energy loss might be highly localized, or might occur on a faster
timescale than the thernal plasma loss.

This paper describes measurements of the loss of D-D fusion products
and other fast ions in TFTR, and discusses the implications of these results for
the TFTR D-T experiment and for an ITER-sized D-T tokamak. Since the D-D

fusion product population is very small (<10# of the total ion density), the
present measurernents mainly concern “single-particle” loss mechanisms, which
will most likely persist in future tokamaks, even without collective fast particle
instabilities[1]. Previous studies in TFTR have shown that classical first-orbit
loss is the dominant D-D fusion product loss mechanism in MHD-quiescent
plasmas at R = 2.6 m, and that diffusion of D-D fusion products across the
passing/trapped boundary is small[2]. Here we concentrate on other loss
mechanisms which may be more relevant for high current plasmas like ITER,
such as those caused by toroidal field ripple, MHD activity, and ICRF heating.

Most of the experimental results are obtained from the “lost alpha”
diagnostic, which measures escaping fast ions with gyroradii in the range 11
cm2 p 2 2 cm, e.g. D-D fusion product protons and tritons with p = 5cm at
5 T. Three detectors are fixed at poloidal angles of 452, 60° and 90° below the
outer midplane of the vacuum vessel a few centimeters outside the geometrical
shadow of toroidally displaced “RF limiters” (the plasmas may be displaced in
major radius with respect to the vessel center). A fourth detector is mounted on
a movable probe 20° below the outer midplane. Experimental details and
calibrations are described elsewhere[2-4].

2. Stochastic TF Ripple I  D-D Fusion Products:

The radially movable detector located 202 below the outer midplane was
designed to measure stochastic toroidal field (TF) ripple induced loss of D-D
fusion products(5,6]. In theory, this mechanism causes the banana tips of fast
trapped ions to diffuse vertically, such that they should be lost to the wall just
below the outer midplane[7]. In TFTR, the stochastic threshold for D-D fusion
products occurs outside a poloidal circle of radius r = 0.5 m centered at R = 2.2
m, where the ripple strength is § > 0.02%{3]. Note that this mechanism does
not involve trapping inside the local TF ripple wells, but rather the diffusion of
normal banana trapped ions.

The first experimental indication of stochastic TF ripple diffusion came
from the pitch angle distribution measured when the probe aperture was = 4.5
cm behind the geometrical shadow of the RF limiter radii (120° and 170°
counter toroidally). Two well-resolved peaks were observed for an R = 2.6 m
plasma at Ip = 1.4 MA, as shown in Fig. 1{a). The location of the lower peak
at a pitch angle of X= 55% (with respect to the co-toroidal direction) matches the
expected first-orbit loss, while the location of the larger peak at
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X= 62 cannot be explained by first-orbit loss, but agrees fairly well with the
expected location of stochastic TF ripple loss having banana tips below the

plasma center, as calculated by hybrid mapping/guiding center Monte Carlo
code MAPLOSI[3].

The ratio between the observed peak heights does not quite agree with
the model, and a better fit to the data can be obtained with an ad hoc coefficient
of =2 multiplying the original stochastic threshold[3]. However, there are also
uncertainties of this order due to the modeling of the limiter geometry and the
q(r) profile, which are not yet fully taken into account. At higher currents the
high-pitch angle peak increases with respect to the first-orbit loss peak, as
expected from the ripple loss model, since first-orbit loss decreases more
rapidly with current. At lower currents (€1 MA) the high-pitch angle peak is
smaller than the first-orbit loss peak as expected, since most D-D fusion
products are then lost on their first orbit.

In a second experiment the detector was scanned radially in an Ip = 1.6
MA plasma with R = 2.45 m to measure the “scrape-off” width of D-D fusion
products in the shadow of the RF limiter, with the result shown in Fig. 1(b). A
simple random walk model was used to interpret this data in terms of the radial
step size per bounce, Ar, for these confined trapped ions measured in the
shadow of the RF limiters, resulting in the model curves shown in Fig. 1(b).
The best fit to the data is for Ar = 0.65 cm, which is in good agreement with
the expected TF stochastic ripple step size of At = 0.75+0.2 cm for D-D fusion
product ions in the region of these banana tips. Separate measurements of
radial diffusion in the shadow of a second movable probe also imply a vertical
step size Ar=0.5 cm/bounce, roughly consistent with the Goldston-White-
Boozer model[3,5].

The escaping ion energy determined from the measured gyroradius
distributions for these cases was very near to the birth energy of these D-D
fusion products. This is also consistent with the MAPLOS calculation for TF
stochastic ripple loss, which show a mean loss time of only =3 msec, which is
small compared to the thermalization time of = 0.2 sec. Note that the results of
Fig. 1 were taken at relatively low beam power (11 MW and 19 MW,
respectively) in discharges without strong coherent MHD activity (see Sec. 3).

3._Anomalous Loss Processes:

One measure of the MHD induced D-D fusion product loss can be
determined by comparing the total loss to the 902 detector (integrated over pitch
angle and gyroradius and normalized to the neutron rate) with the expected first-
orbit loss, as done in Fig. 2(a) for a set of about 200 TFTR discharges. These
plasmas had a major radius of R = 2.45 m, a minor radius of a = 0.8 m, a
toroidal field of B = 5.0+0.2 T, and a neutral beam injection (NBI) power of P
= 5-32 MW. There are evidently many cases in which the total loss at 90° is
significantly larger than that expected from the first-orbit loss model (TF ripple
loss is not expected at 90%). The first-orbit loss curve is normalized to the data
at Ip = 0.7 MA where the first-orbit loss is expected to be dominant, since the
banana widths are larger than the plasma radius(2].

Figure 2(b) shows this same fusion product loss rate plotted vs. NBI
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power for the Ip = 1.80-1.85 MA cases of Fig. 2(a). There are apparently two
types of anomalies: one in which the loss gradually increases by a factor of =2
between 20-32 MW (corresponding to 0.5-3.3x10'% neutrons/sec), and the
other in which it can increase to up to a factor of 3-5 above the first-orbit loss,
even at relatively low beam power. For the latter cases the increased loss is
clearly modulated by strong coherent MHD activity (Sec. 3.1), while it is not
for the cases which show a gradual increase in loss with NBI power (Sec. 3.3).

The global loss corresponding to these anomalies can not be easily
determined, since these detectors measure only four points on a large and
complex limiter/wall surface, and since their absolute calibration is uncertain to
within a factor of 2-3. However, rough estimates can be made based on the
observed increase above the first-orbit level at 90° assuming that the spatial
distribution of the anomalous loss is similar to that of the first-orbit loss. Since
the total loss to the bottom detector during strong MHD actvity at 1.8 MA can
rise up to the first-orbit loss level at = 0.8 MA, which is = 20% globally[3],
then the maximum MHD-induced loss can be estimated to be = 10-30%
globally. For the other type of anomaly the total loss at the bottom is about
twice the first-orbit loss level at 1.8 MA, which is in the range of a few percent;
therefore this loss can be estimated to be = 1-10% globally.

3.1 Coherent MHD-Induced Loss

A typical case of coherent MHD induced D-D fusion product loss is
illustrated in Fig. 3(a), which shows the loss vs. time at the 902 detector for an
Ip = 1.4 MA discharge with P = 24 MW, as monitored by a photomultiplier
(PM) tube with a frequency response of up to =20 kHz. Here the D-D fusion
product signal is normalized to the neutron rate vs. time for another discharge in
the same sequence without MHD activity (at P = 20 MW). Thus the MHD
activity after 3.5 sec increases the fusion product loss by about a factor of 2
above the MHD-quiescent case. Qualitatively similar MHD induced loss is
observed over the range Ip = 1.0-2.5 MA in TFTR.

This increased fusion product loss is modulated at the frequency of the
=(0.5 kHz MHD activity, as shown in Fig. 3(b). In this discharge there was
srongm=2,n=1and m= 1, n=1 MHD activity starting at = 3.5 sec, witha
typical (2,1) level estimated from the Mimov signals to be B~r/BT==3x10“ near

the q = 2 surface at 3.6 sec. This type of MHD induced fusion product loss has
previously been observed for other types of coherent modes over a wide
frequency range (=1 Hz-10 kHz)[8], e.g. during fishbone-like m=1, n=1 MHD
activity, in which the loss increases along with bursts of MHD activity, and
during H-modes[9], when the loss often shows rapid spikes correlated with
ELMS. Similar MHD induced loss is seen in the the other escaping fusion
product detectors.

h n L

Sawtooth crashes are often accompanied by sudden bursts of D-D
fusion product loss lasting = 0.1-1 msec which are briefly up to 2-4 times
higher than the first-orbit loss level, such as shown for the 902 detector in Fig.
4(a). These bursts are localized near the pitch angle of the passing/trapped
boundary (as if passing ions near q = 1 were being radially transported at the
crash), and can be seen on all detectors. Fusion product loss can also increase



dramatically prior to a major disruption, as shown in Fig. 4(b), where the
instantaneous loss rate increases by over a factor of 50 during the pre-disruptive
period (2.80-2.84 sec). This is most likely due to the large pre-disruptive MHD
activity, which in this case involves an m = 2, n = | locked mode[10)].

The global loss fraction for confined fusion products during these two
types of events can be estimated from the instantaneous loss rate (normalized by
the expected first-orbit loss rate of = 5%) times the ratio of the duration of the
increased loss divided by the fusion product slowing-down time (= 0.2 sec).
Thus at each sawtooth crash, during which the loss rate increases by a factor of
2 over = 100 psec, the loss fraction is only = (2x5%)x(0.1 msec/200 msec) =

104; however, for the pre-disruptive loss the corresponding loss fraction is =
1-10%. Note that these estimates make the oversimplified assumnption that the
poloidal loss distribution during these events is the same as it is for the first-
orbit loss, which is not necessarily the case.

MHD induced loss of neutral beam and ICRH minority tail has also
been observed using the same detectors. In these cases the MHD activity might
be driven by the fast ions themselves, since their population is >100 times
larger than the D-D fusion product populations described above. For example,
bursts of 100 keV beam ion loss have been observed in the outer midplane
detector during high frequency magnetic fluctuations identified with TAE
modes, as described elsewhere[11]. Also, during the Axisymmetric Beam-
Driven Mode (ABM)(12], which is thought to be another beam-driven MHD
mode, a loss of 100 keV beam ions has been observed at similar fields (B=1.5
T, Ip = 0.5 MA), but at even lower NBI power (P = 2 MW), as shown in Fig.
4(c). This type of beam ion loss coincides with magnetic fluctuations at 30 and
50 kHz, i.e. much lower than the expected TAE frequency. The detected beam
ions have a pitch angle of X= 502, corresponding to loss of trapped ions near
the passing/trapped boundary. Since most of the beam ions are injected on
passing orbits, the implication is that the MHD activity ransports some of these
ions until they are trapped and lost.

Various types of ICRF induced MeV ion loss have been observed on
TFTR. During H minority heating above =2-3 MW (without NBI) a clear H
tail loss is observed, mainly in the detectors at 45% and 20° below the outer
midplane at an energy of E = 0.5£0.2 MeV and a pitch angle corresponding to
trapped ion orbits with banana tips = 0.8 m below the plasma center. The
estimated tail ion power loss is =0.1 MW at an ICRF power of 4 MW, ie. =1-
10% of the ICRH power (assuming that loss is uniform <452 below the outer
midplane). This anomalous loss can be strongly modulated by MHD activity ;
for example, it often has a large decrease in phase with the central soft x-ray
signal, and can be modulated by m=2 modes and sawtooth crashes (which can
produce a spike similar to that for D-D fusion products). This may also be
related to high frequency instabilities observed recently in similar ICRH-only
discharges{13].

During 3He minority heating an anomalously large loss is also observed
in the 452 detector, along with the first-orbit loss of D-*He alphas in all
detectors{14]. However, this anomalous signal is at a gyroradius just below
that of the D-D or D-3He fusion products, leading to the suspicion that it is not
due to tail ion loss, but rather to ICRF induced deconfinement of fusion
products. Additional evidence for the latter process is shown in Fig. 4(d),
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which shows the 902 detector signal for an ICRF electron heating experiment
with NBI but without any minority tail species. This increased loss observed
with ICRF can (so far) only be understood as ICRF induced deconfinement of
one of the D-D fusion products, possibly the 1 MeV triton (due to its second
harmonic resonance). Note that in this case the other PM detectors did not
show increased loss, thus eliminating the possibility of RF pickup.

The present uncertainty concerning the mechanisms of these ICRF
induced ion losses leaves open the possibility that D-T alphas could be
deconfined by ICRH in TFTR or ITER. However, these processes might
eventually be useful as a means for alpha particle burn control or ash removal.

Del ion

A new feature of D-D fusion product loss has been observed at plasma
currents Ip = 1.4 -2.5 MA and NBI powers of P = 7-32 MW in discharges with
relatively small plasma major radii of R = 2.40-2.50 m[15]. The scintillator
patterns in this range shows a persistent high-X loss feature, as illustrated in
Fig. 5(b), which increasingly dominates the 902 detector signal as the plasma
current and beam power are increased. This feature appears to be
superimposed on the usual first-orbit loss, which dominates the signal at low
currents, as shown in Fig. 5(a). The anomalous loss feature remains near
X=70% in this current range, whereas the first-orbit feature shifts to lower X

with increased current, as expected and also observed for Ip<1.4 MA and for
R=2.6 m plasmas(2,8].

This new feature caused the gradual increase in the total loss with
increasing NBI power shown in Fig. 2(b), and was largely responsible for the
somewhat higher than expec‘ed normalized fusion product loss in the range Ip
= 1.6-2.5 MA (in the absence of strong MHD activity) shown in Fig. 2(a).
This type of anomalous loss increased relative to the first-orbit loss with
increasing plasma current, and was about equal to the first orbit loss at Ip=2
MA. Note that this feature was not accompanied by observable MHD induced
modulation of the D-D fusion product loss signal.

At Ip=2 MA the gyroradius distribution of the total loss to the bottom
detector corresponded to an average ion energy of E/Eq = 55%+15% compared
to the birth energy E, expected for D-D fusion products, as shown in Fig. 5(c).
This surprisingly low energy was correlated with the observed time dependence
of the anomalous feature at high pitch angle, which was delayed by =0.1-0.2
sec with respect to the prompt first-orbit loss at the beginning of NBI, and
which persisted =0.1-0.2 sec after the first-orbit loss feature disappeared at the
end of NBI. This corresponds to the time needed for D-D fusion products to
collisionally thermalize to about half of their birth energy.

This combination of anomalously high X and low E/Eq for D-D fusion
products (lost at 90°) implies that the last confined orbit was deeply trapped,
with its banana tip = 0.8 m below the plasma center (i.e. not near the
passing/trapped boundary). In order for such an orbit to have missed the outer
limiter, its banana tip must have had a vertical displacement of > 10 cm over its
last bounce, which is larger than the = 3 cm vertical step expected from
stochastic TF ripple diffusion for a banana tip located at the plasma edge (see
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Sec. 2). The mechanism for this large last step size is not known.

This new anomalous delayed loss feature could also be modulated
during strong MHD activity, sometimes increasing, as in Fig. 3(a), but also
sometimes disappearing during the same discharge, leaving only the first-orbit
loss feature. This suggests that this new feature might be due to some magnetic
perturbation which is outside the frequency range of detection for escaping
fusion products (which is =1 Hz-20 kHz), but which is very reproducible shot-
to-shot (in contrast with the normal low-m MHD activity). Another possibility
is that this delayed loss might be due (in part) to TF ripple, perhaps enhanced
by slightly misaligned TF coils; however, the disappearance of delayed loss at
90¢ detector for large-ripple plasmas with R = 2.6 m is difficult to understand.

4 i - i

The MHD-induced fusion product losses described in Secs. 3.1-3.2 are
presumably caused by internal plasma-driven magnetic perturbations, which
can be considered static with respect to the fusion product transit frequency of =
1 MHz. This mechanism has been modeled using a fast and accurate guiding-
center Monte-Carlo orbit code[16] which includes the effects of stationary low-
n helical magnetic islands. It has recently been shown analytically that a
stochastic threshold for both trapped and passing ions exists when the shift of
the high energy orbits from the magnetic flux surfaces is comparable to the
perpendicular wavelength of the mode[17].

A test case for TFTR was chosen with [p=2MA and B=5Tina
plasma with R = 2.45 m, a = 0.8 m and a limiter centered at R = 2.61 m and a
= 0.99 m, i.e. similar to the 1.8 MA discharges of Fig. 2. For each run of the
code 300 alpha particles (with orbits very similar to D-D fusion products) were
started at random positions and magnetic moments with a radial source profile
(1-[(r/a)2]8), and were followed for 3000 poloidal transits at a fixed energy
and magnetic moment, corresponding to a real time of =10 msec for 3.5 MeV
alphas. A zero-beta equilibrium with a parabolic q(r) profile was used with
q(0)=1 [except for the (1,1) case when q(0) = 0.8], assuming a parabolic q(r)
profile (probably somewhat broader than that in TFTR). No toroidal field
ripple was present, and the alphas were assumed to be collisionless.

The total loss fraction for alphas at Ey = 3.5 MeV for various assumed
perturbations are shown in Fig. 6(a), where the pertizrbation is specified by the
maximum §r/ By near the mode rational surface. For single-helicity modes with

(m,n)=(1,1), (2,1), and (3,2) the MHD-induced loss becomes comparable to
the first-orbit loss level (=5% at8./B1=0) at a perturbed field strength of B,/Bg

= 3x103, and the loss fraction rises approximately linearly with 8,/8; above

this threshold. This level of perturbation corresponds to a rather large (2,1)
island half-width of §r/a = 0.15, which scales as §r/a «( §r/BT)”2. Note that

for the (2,1)+(3,2) case the horizontal axis refers only to the (2,1) mode
strength, to which was added a (3,2) mode with a maximum amplitude = 1.6
times that of the (2,1). These results are at least qualitatively similar to previous
Monte Carlo calculations for TAE modes in CIT[18] and single (m,n) modes in
NET[19]. ‘



Examination of the orbit trajectories for these runs shows that there are
three basic MHD-induced loss processes[20]: (a) trapped particle diffusion with
loss just below the outer midplane, (b) co-going passing ion diffusion with loss
just below the outer midplane, and (c) counter-going passing ion diffusion with
loss either near the inner midplane, or across the passing-trapped boundary to
the bottomn of the vessel. For runs with a moderate level of total loss (<30%),
almost all of the calculated loss occurs within =30? of the outer midplane, with
<10% of the total loss occurring near the vessel bottom at 902,

The effect of varying the assumed alpha energy for this Ip = 2 MA case
is shown in Fig. 6(b). The calculated MHD-induced loss fraction decreased
with decreasing ion energy for all cases examined. For example, the (2,1) case

which had =16% loss for E; = 3.5 MeV alphas had only =1% loss for E =

0.6 MeV alphas. Note that for E/E¢<0.5 there is very little first-orbit loss
(<1%), and so most of the loss at the lower energies is due to the MHD effect.

The connection between these calculations and the observed MHD-
induced losses is not yet clear. The observed MHD induced loss at 909 is
comparable to the local first-orbit loss at an estimated 8, /8 about 5-10 times

lower than expected from this global loss modeling (assuming a single mode),
and the calculated loss is mainly near the outer midplane, not at 90°(20]. Also,

the calculations do not show any increased loss near E/Eg=0.5, which might

have explained the delayed loss feature of Sec. 3.3. However, it is possible
that a combination of various (m,n) modes can reduce the peak B'r/t?sT needed

for a given amount of loss, as suggested recently[21], and as seen for the
(2,1)+(3,2) case in Fig. 6(b). Note that the present model does not yet include

the V8 terms in the alpha drifts, but only the v, B./B; terms. These two

effects can be comparable for MeV ions near the magnetic islands; therefore
inctuding the new terms could significantly increase the local diffusion rate, and
may improve the comparison with experiment.

. Implications for D-T Alpha Particle Experi _

These D-D fusion product and fast ion loss measurements form a
baseline data set which can be used to evaluate the alpha particle loss observed
during the TFTR D-T experiment. The D-T fuel will increase the fusion
product populations by a factor of = 100[22], thereby allowing several new
possibilities which should contribute to an assessment of alpha physics in
ITER, such as direct measurements of the confined alpha populatons and a
search for collective alpha instabilities.

4.1 Confined Alpha Measurements

The expected D-T alpha particle distributions inside the plasma have
been calculated using a new alpha simulaton code MIDD{23], which includes
the radial birth profile and creation rate vs. time, the classical thermalization
process, and a variable ad hoc radial diffusion coefficient D (assumed to be
independent of alpha energy). Typical results for a standard supershot case [as
in Ref. 22] show that: (a) the central density of partially thermalized alphas
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(100-400 keV) reaches a maximum only at the end of the 1 sec NBI pulse, due
to the =0.5 sec time-to-peak of the D-T reaction rate and the = 0.5 sec
thermalization time for alphas (assuming D=0), (b) a relatively small D=0.1
m?/sec causes the central density of 100-400 KeV alphas to decrease by a factor
of =3 after 1 sec (compared to D = 0), and (c) a D = 0.5 m?/sec is sufficient to
cause inversion of the on-axis alpha energy distribution below = 2.5 MeV.

Simulations such as these will be used to interpret the results from the
confined alpha particle diagnostics which are being planned for the TFTR D-T
run. These measurements should include: (a) the alpha source profile, as
determined by a 10-channel vertical neutron profile monitor[24], (b) the
partially thermalized alpha energy spectrum up to = 1 MeV, as determined by a
S-channel alpha CHERS system(25], (c) the alpha energy spectrum up to =3.5
MeV, as determined by charge exchange neutral measurements made in a Li
pellet ablation cloud[26], and (d) the alpha spectrum up to over 3.5 MeV vs.
radius using a 60 GHz gyrotron scattering technique{27]. These confined alpha
diagnostics will be supplemented by the escaping alpha diagnostic (essentially
as described above), and extensive fluctuation diagnostics for alpha instability
studies.

4.2 Search for Collective Alpha Instabiliti

A major goal of the TFTR D-T run is to identfy potendal collective
alpha instabilities such as the toroidal Alfven eigenmode (TAE), the kinetic
ballooning mode (KBM), alpha fishbones, and/or alpha driven sawteeth or
sawtooth stabilization. These D-T experiments should ideally be performed
during periods with high alpha populations but without large plasma-driven
MHD activity, since such MHD activity can also cause alpha loss and/or change
the confined alpha distribution (Sec. 3). The alpha transport effects of any
collective modes can then be evaluated from the measurements of the alpha
source profile and the confined and lost alpha populations.

The most recent calculations of TAE stability in TFTR D-T discharges
show that the expected alpha populations in high power supershots are about a
factor of 2-5 below the estimaied B threshold for n = 1 TAE

instability[22,28,29]. lon Landau damping is the dominant stabilizing effect in
these cases, which suggests that TAE modes may be more unstable shortly after
NBI begins and ends (due to the lower plasma ion beta), or during the steady
state of lower power supershot discharges[28]. The most recent calculations of
KBM stability for TFTR D-T discharges show that the 8 _, in high power

supershots is about a factor of 5 below the expected threshold for n = 3-5 KBM
excitation, even though these discharges are near the first stability
boundary[30].

It should be noted that the presence of ICRH minority tail ions wid
probably affect the collective alpha stability, since these ions have a similar
energy spectrum and an even higher fast particle beta than the D-T alphas. In
fact, there is recent evidence of a ICRH tail ion-driven collective instability in
D-D discharges[13].



3 Possible Implications for ITER:

Rough estimates of alpha loss in ITER can be made from these TFTR
results after correcting for the expected changes in the dimensionless alpha

parameters such as B _, and p _/a (alpha gyroradius/minor radius). Note that the

allowable alpha energy loss fraction in ITER may be as low as =1%, due to the
possibility of localized alpha heat loads on first wall components[31].

The measurements of midplane D-D fusion product loss (Sec. 2) are so
far consistent with the stochastic TF ripple diffusion theory [5,6], at least to
within a factor of two in the threshold ripple strength{3]. Thus the ITER alpha
loss rate of £ 1% calculated using this theory should be correct[31]. However,
the vertical elongation in ITER causes the escaping alphas to be trapped in the
local ripple wells[31], a process which has not been evaluated in TFTR.

The MHD-induced losses described in Sec. 3.1 should be equivalent in
devices which have the same p_/a, ich determines the alpk: particle orbit

structure for a fixed 8r/a (i-land width), q(r) and R/a[17]. Thus the loss of
Eg=3.5 MeV alphas for a 5§ T (circular) machine with a=2 m should be

equivalent to that for alphas in TFTR at E = (0.8/2.0°2Eg= 0.6 MeV. Sincs the
MHD-induced loss fraction of near-birth energy D-D fusion product ions in
TFTR can be up to = 10-30% (i.e. four times the expected first-orbit loss of
=5-10% at 1.8 MA), and the calculated alpha loss at = 0.6 MeV is = 5-10%
that of 3.5 MeV alphas [Fig. 6(b)], then the inferred loss for 3.5 MeV alphas in
ITER is only = 1-3% for a similar MHD mode. Obviously this is orly a very
crude estimate, particularly since this model has not yet explained the observed
loss. However, alpha loss in ITER might be larger for MHD modes with a
wide spectrum of (m,n) values, or modes which resonate with the
alphas(18,28].

The pre-disruptive and delayed D-D fusion product los 2s measured at
90, as shown in Figs. 4 and S, suggest that added protection for the wall
and/or divertor plates may be needed in ITER in the ion VB drift direction.
Note that the total loss at 90° for MHD-quiescent R = 2.45 m plasmas does not
significa::.ly decrease between Ip = 1.4 MA and 2.5 MA (Fig. 2), mainly due to
the delayed loss component at the higher currents. If this trend persists 10 even
higher currents there may be up to a few-% delayed alpha loss in ITER.
However, if this process could be understood and controlled, it might
eventually prove useful for epithermal ash removal.

Several D-D fusion product loss mechanisms have been examined in
TrTR using an array of escaping fast ion detectors. Near the outer midplane a
loss of trapped fusion product ions has been observed which is consistent with
the theoretically-predicted stochastic TF ripple loss. At the vessel bottom the
loss can increase to up to a factor of =3-5 above the expected first-orbit loss
level during large coherent plasma-driven MHD activity. Other non-classical
loss processes which have been observed include a new delayed loss of trapped
D-D fusion products at about nalf their birth energy, and an ICRF induced loss
of minority tail ions and possibly fusion products.
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Table 1 gives a list of these “single-particle” loss mechanisms along
with rough estimates for the global alpha loss expected for them during the
TFTR D-T experiment and for ITER, based on these experimental results
supplemented by the modeling and theory described above. Although presently
only order-of-magnitude estimates, these results do suggest that global alpha
heating in a high-current tokamak like ITER will probably not be seriously
degraded by single particle loss processes. This is consistent with the generally
good heating efficiency observed with high energy ions, and with previous fast
ion confinement measurements in TFTR([32] and JET[33,34].

However, several of these mechanisms could result in =1% alpha
energy loss, which is potentially enough to cause localized damage to the first
wall or divertor plate of ITER (i.e. >2 MW). Therefore, more work needs to
be done to evaluate the physical mechanisms and spatial distribution of these
losses (poloidally, toroidally and radially). If this can be accomplished, along
with the avoidance of collective alpha instabilities in D-T, then efficient and
predictable alpha heating is likely to be obtained in ITER.

: We thank H.P. Furth, D.M. Meade, D.J. Sigmar, and
particularly J.D. Strachan for their consistent support for these measurements
on TFTR. This work was performed under DoE contract No. DE-AC02-CHO-
3073.
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Table 1
Alpha Loss Alpha Loss Fraction Alpha Loss Fraction .
Mechanism in TFTR D-T (est.) in ITER (rough est.)
First-orbit =5-50%[2] <1%
Stochastic TF Ripple =1-5%][3] ’ =1%[31]
Plasma Turbulence <1%][2] <1%
Plasma-driven MHD <10-30% =1-3%
Sawtooth crash <<1% <<1%
Pre-disruptive MHD =1-10% <1%
Delayed loss =1-10% =1-10%(?)
ICRF induced =1-10% =1%(7)

Table 1: Single particle loss mechanism observed for alpha-like D-D fusion
products (and other fast ions) in TFTR, along with rough estimates for their
effects on global alpha loss in TFTR D-T and ITER. The values for TFTR
come from a mixture of experiment, modeling, and theory, and are uncertain by
at least a factor of 2-3. The MHD induced loss estimates for ITER are based on 3

the TFTR estimates plus modeling of MHD-induced losses vs. p _/a.
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Fig. | -- Part (a) shows the pitch angle distribution of D-D fusion product loss to the 20°
(midplane) probe in a plasma with Ip = 1.4 MA,R =2.6 m,a =095 m,and B =4 T. The
location of the peak at X=62° is approximately consistent with the stochastic TF ripple diffusion
model. Part (b) shows the D-D fusion product loss to the midplane probe (at X = 60°) vs. the
major radius of the probe aperture in a plasma with Ip =1.6 MA,R =245m,a=0.8 m, and B =
S T. The shape of the radial profile behind the projected position of the RF limiter is also

consistent with the stochastic TF ripple model, which predicts a step size of Ar = 0.75 cm for
these orbits.
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Fig, 2 -- Part (a) shows the D-D fusion product loss to 90° detector (normalized to the neutron
source rate) vs. plasma current for a set of =200 TFTR discharges with P = 5-32 MW of NBIL
The loss is integrated over 3.5-4.0 sec (with NBI from 3-4 sec). The curve represents the
calculated first-orbit loss, which was normalized to the data at the lowest current point where the
first-orbit loss is expected to dominate. Part (b) shows the same loss for the Ip = 1.80-1.85 MA
cases of part (a) vs. the NBI power. The normalized loss is largest for the discharges in which
strong coherent MHD activity modulates the loss, but it also increases gradually with increasing
NBI power (and neutron rate).
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Fig. 3 -- An example of MHD induced loss of D-D fusion products to the 90° detector for a
discharge with Ip = 1.4 MA, R =2.45m, a = 0.8 m, and P = 24 MW of NBI from 3-4 sec
(#48367). Part (a) shows that the fusion product loss increases at = 3.5 sec, which coincides with
the onset of strong MHD activity and a drop in the neutron rate. Note that the D-D fusion product
signal is normalized to match the neutron rate in a similar discharge without MHD (at P = 20 MW).
Part (b) is a 5 msec portion of the discharge in (a) showing the modulation of the D-D fusion
product loss at the frequency of the Mimov oscillations. During this time there are (1,1) and (2,1)

modes with §r/8T = 3x10-4.

15



(au)

Beam ion loss

20° detecior (a.u)

;—-
Fusion product
loss rate (a.u)

L | ]
3 . : Fusion product loss rate 5 |
, | 33° detector | il Fusion product loss rate L
' | . ‘ 90° detector (a.u.)
; . utron rate A
* ! | 0.1p
2+ | Soft X-rays | r N
v X ! 0.01 b i Neutron raw @.u.) Y
| —
1 o ‘\__
|

Ip (MA)

Q e,

[ Mimov signal (a.u.)

t l
-1 i ek P L ek

| S
260 265 2.7 275 2.80 2.85 2.90

Time (sec)

0.10 (©)

o
N

0.05

90° delector
o

00 R
- 21 o~ e~
ST
g 21;- N ‘ll “4 ‘
£ a " S , l
s U
s Qol}l Aﬁ: n ) B .
3.0 35 40 45

Time (sac)

Fig, 4 -- Other examples of MHD induced and ICRF induced loss of D-D fusion products and
other fast ions, as monitored by a PM tube viewing the total scintillator light emission vs time.
Part (a) shows a rapid increase in the D-D fusion product loss rate to the 90° detector during
sawtooth crashes (#66218), typically observed over Ip = 1-2 MA. Part (b) shows a x50 increase
in the D-D fusion product loss to the 90° detector during pre-disruptive MHD activity (#66088).
Part (c) shows the loss of 100 keV neutral beam ions to the 20° detector coincident with ABM
activity in a low-field discharge (#58625). Part (d) shows an apparent ICRF induced loss of D-D
fusion products to the 90° detector, which occurred during an ICRF electron heating experiment
with NBI, but without any minority species present (#66341).
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Fig. 5 -- Pitch angle distributions of D-D fusion product loss to the 90 detector inferred from the
scintillator images, averaged over 3.5-4.0 sec (with NBI from 3-4 sec). In (a) is an Ip = 0.8 MA
case (#54454) and in (b) is a 2.0 MA case (#55050), both for R = 2.45 m plasmas at B =4.8 T.
At 2.0 MA there is an anomalous loss feature at X = 7° which increases with NBI power (with
respect to first-orbit loss), while at 0.8 MA the data is consistent with first-orbit loss. At
intermediate currents the first-orbit loss peak moves to lower pitch angles while the anomalous
feature remains at X = 70°. The corresponding gyroradius distributions for the cases in (a) are
shown in Fig. 5(c). The distribution at 0.8 MA case is consistent with the model curve forp =6
cm, about as expected for first-orbit loss of D-D fusion products at their birth energy. However,
the distribution at 2.0 MA is more consistent with p = 4-5 cm, implying loss at an energy E/Eq =
55%£15% times the birth energy.
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