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ABSTRACT

A new anomalousdelayedlossofD-D fusionproductshasbccnmcasure,d atthebottomof

• theTFTR vessel.Thislossisdclaycdby - 0.2socwithrespecttotheusualpromptfirst-orbit

loss,andhasacorrespondinglylowerenergy,i.e.abouthalfthefusionproductbirthenergy.This

lossprocessdominatesthetotalfusionproductlossmeasured9(Fbelowthemidplancforplasma

currents_ 1.8MA andmajorradiinearR=2.45m,e.g.forrecentTFTR supcrshots.Thisdelayed

featurecanoccurwithoutlargecoherentMHD activity,althoughitcanbe stronglymodulatedby

suchactivity.Severalpossiblecausesforthisphenomenonarcdiscussed,butnoclearexplanation

forthisdelayedlosshasyetbccnfound.



1. Introduction
_t

This paper describes measurements of an anomalous loss of partially thermalized trapped
D-D fusion products to the bottom (ion VB direction)of TFTR. This feature is the dominant

fusion product loss 90a below the midplanefor plasmas with major radii of R=2.45 m and plasma
currents I>1.8 MA, while for I<1.4 MA the first-orbit loss is dominant, as observed

previously[1]. The relatively low energy of this loss (about half the fusion product birth energy)
and its time delay of =0.2 sec (with respect to the prompt fast-orbit loss) imply that some
unknown mechanism is causing a relatively slow leakageof fusion product ions from the plasma.

Although this leakage is probably not large enough to cause a significant loss of alpha heating in

future D-T tokamaks,it could potentially cause a localized alpha particle heat load which could

damage the first wall.

Previous measurements of a non-first-orbitloss of trappedD-D fusion productsin TFTR
weremade using a movable detectorlocated20_below the outer midplane[2]. At that location the
energyof the "anomalous" loss was neai"the birth energy and not significantlydelayedwith respect
to the first-orbit loss, in contrast with the results for the 90Qdetector described below. That loss

was approximatelyconsistent with thecalculated stochastic toroidalfield (TF) ripple loss[3], which
causes the banana tips of highenergy trapped ion orbits to diffuse vertically, leading to loss near

the outer midplane where the trapped orbits f'u,st hit the wall. However, these same calculations of
stochastic "IF ripple loss predict a negligible TF ripple-induced loss 90a below the midplane[2],

and so apparendy can not explain thepresent anomalousdelayed loss at 90g.

The delayed loss feature describedbelow is observed in the 902detector only for plasmas
with major radii near R=2.45m, andnot for plasmaswith R=2.6m such as those used previously

to study of diffusion of counter-passing fusion product ions[4]. The smaller plasmas consistently
show this delayedloss at plasma current 121.4MA over the full rangeof neutral beampower up to
32 MW (in both L-mode and supershot plasmas). There is usuaUyno observable correlation of
this delayedloss with MHD activity, althoughunusually large MHD activitydoes cause a coherent
modulation andchange in the strength of this delayedloss feature.

The basic experimental observations as described in See. 2 include data taken during the

1990 run period (Sees. 2.1-2.3), data taken during the 1992run period after a detector relocation
(See. 2.4), and the effects of strong MHD activity (See. 2.5). A preliminary analysis of
potentially relevant loss mechanisms is given in See. 3, and a summary and conclusions are in
Section 4.
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2. Measurements of the Anomalous Delayed Loss at 90 a

The escaping D-D fusion products are detected using the same experimental set-up

- described previously[ 1,4]. The detector element is a l"xl" ZnS scintillator screen behind a pair of

apertures which disperse the incident MeV ions in one direction according to their gyroradius p

(depending on their energy) and in the other direction according to their pitch angle _( (depending

on their magnetic moment). The 2-D images of scintillator light emission are optically coupled to

an intensified CCD camera for image capture and later analysis. A detector analysis code

determines a (p, g) grid which is used to interpret these images. For this grid the p coordinate is

the eentroid of predicted scintillator impacts for an ion of gyroracLiusp (at _---90a), and _( is the

orbit's pitch angle measured locally with respect to the co-going toroidal field direction at the

detector. Normally 75% of the scintillator light emission from D-D fusion products is from the 3

MeV protons and 25% from the 1 MeV tritons[4]. Since these two ions have identical gyroradii (at

birth) they are assumed to behave similarly and are treated together as ions of a common

gyroradius.
o

The measurements described in this section were ali taken using a detector 9& below the

- outer midplane in the ion VB direction. The data of Sees. 2.1-2.3 were taken during the 1990

TFTR run period when the 90a detector aperture was located =4 crn radially outside and about 120a

toroidally from the edge of the nearest "ICRH limiter" (which are poloidal rings intended to shield

the ICRH antennae). After the 1990 run a new poloidal ICRH limiter was installed only 45Q

toroidally from this same 9& detector, which forced a relocation of its aperture to only = 1 crn

below the edge of this new Limiter[5]. The data described in See. 2.4 were taken during the 1992

experimental run period with this latter configuration.

2.1 Pitch Angle Distributions

Typical 2-D scintillator light emission patterns observed at the 90a detector for 1=2.0 MA

plasmas are shown in Fig. 1, where in Fig. l(a) the plasma major radius was R=2.45 m and in

Fig. l(b) it was R=2.6 m. These two discharges were otherwise nearly identical, with P=23:]:I

• MW of neutral beam injection during =3.0-4.0 see, neutron emission rates of 1.5+0.1xi01 e

neutrons/see between 3.3-3.4 see (the integration time for Fig. 1), and B---4.9T on axis. The

contours of Fig. 1 show the raw 2-D images at 9 levels from 10%-90% of their peak signals. The

light emission patterns for the R=2.6 m in Fig. l(b) are nearly identical to those analyzed

previously[4], which were consistent with the first-orbit loss model without any anomalous loss.



However, the (P.X) pattern for the R=2.45 m case in Fig. l(a) was significantly different,

with a peak signal located at a significantly higher _( and a lower p than for the R=2.6 m case. The

pitch angle distributions for these same two discharges are directly compared in Fig. 2(a), after

averaging over gyroradius centroid positions 0-2-11 cm during 3.3-3.4 see. For the R=2.6 m

case the peak was at X=63g, which is similar to the previous R=2.6 m case, and agreed with the

first-orbit model to within 2g[4]. However, for the R=2.45 m case the ftrst-orbit model predicts

the peak to be at X=59Q,as illustrated in Fig. 2(b), clearly disagreeing with the measured peak at

X=70e. Note that the first-orbit model curve in Fig. 2(b) was normalized to the data at X=55g,

suggesting that the measured X distribution at R=2.45 m does contain a first-orbit loss component

somewhat smaller than the anomalous component which peaks near X=70_.

This apparent two-peak structure of the pitch angle distributions for R=2.45 m plasmas can

be seen more clearly in the scan of plasma current from I=0.8-2.5 MA shown in Fig. 3. For

plasma currents I<1.4 MA the pitch distributions agree well with those expected for fin'st-orbit

loss[l], while for currents 1>_1.6MA the second peak at _(=702 begins to appear and eventually

dominates the signal at 1">1.8MA. Note that only the shapes of the pitch angle distributions are

shown here, while the relative magnitudes vs. current are discussed in See. 2.3. For a similar

current scan at R=2.6 m the pitch distributions showed close agreement with the fin'st-orbit model

over 1=0.6-2.0 MA[4], including an expected decrease in the peak pitch angle with increasing
current.

For the I=2.0 MA case the peak pitch angle of _(=7(F with respect to the local toroidal field

corresponds to a 74g pitch angle with respect to the total ma_etic field at the detector, or to a

normalized magnetic moment of _t/I.to=0.9. Thus the anomalous loss feature corresponds to a

rather deeply trapped ion rather far from the passing-trapped boundary, which is at tt/_o=0.7 for

fusion product ions lost at this location (see See.3.1 for discussion of the orbit trajectories).

This pitch angle data was integrated over the period =0.5Q1.0 sec after the start of NBI,

during which time the distributions were approximately constant. However, the pitch distributions

were significantly different earlier during the NBI pulse and after the NBI pulse ended, as shown

in Fig. 4(a) for a I=1.8 MA discharge (shown earlier in Fig. 3), with 7.5 MW of NBI from 3.0-

4.0 see. About =0.1 see after the start of NBI the anomalous loss peak near X=7(F was relatively

small compared to the first-orbit peak near _(=6(F, while =0.1 see after the NBI was switched off

(while the neutron source rate was falling) the anomalous loss peak was relatively larger compared

..... MI '
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to the first-orbit peak. The shapes of these distributions became constant =0.3-0.4 see after the

" start of NBI, as indicated by the time dependence of the gyroradius peak location in Fig. 4(b),

plotted along with the I=2.0 MA case shown in Fig. 2.

Another characteristic of the high-current pitch angle distributions at R=2.45 m was a

tendency for the anomalous loss feature to increase with NBI power (in the steady state), when

compared with the first-orbit loss feature. This is illustrated in Fig. 5 for three I= 2.0 MA cases at

P=7.5, 12, and 25 MW. These curves are normalized together at _(=552 (near the Vn'st-orbit loss

region), showing how the anomalous feature increases with NBI power. This suggests that the

anomalous feature depends upon some plasma property which changes with NBI power.

2.2 Gyroradius Distributions

The present detector uses the geometrical dispersion of the MeV ion orbits through the

aperture pair to determine the gyroradius p, which is defined here as the gyroradius which the

. incident ion would have had at a 902 pitch angle. As discussed previously[4], there is a

considerable instrumental broadening in this detector due to the finite aperture heights, which

, spreads orbits of a given gyroradius across the 13-dimension of the scintillator plane. Although the

measured distributions will be displayed on a grid which represents the centroid locations of the

ion impacts of various gyroradii (see Fig. 1), the measurements should actually be compared to the

outputs of a detector simulation code which includes the instrumental resolution.

Fig. 6 shows a comparison between the p distributions for an I=2.0 MA discharge

(dominated by the anomalous loss feature) and an I---0.8MA discharge (dominated by fast-orbit

loss), both cases having R=2.45 m at the same toroidal field (B=4.8 T at R=2.45 m), again from

the current scan in Fig. 3. Note that the peaks of the corresponding pitch angle distributions are

both near _(=70a, which make.s the inference of their relative gyroradius distribution (averaged over

_(-_45g-85_) less sensitive to possible systematic errors in the (13,_()grid. Also shown in Fig. 6 are

calculated particle impact distributions based on assumed incident gyroradii of 4,5, and 6 eta. The

I=0.8 MA data fits the curve for 13=6cm, roughly consisrgnt with first-orbit loss expected at 13=5.5

" cm (for 3 MeV protons or 1 MeV tritons). However, the I=2.0 MA curve peaks at a significantly

lower gyroradius near 13=4.5!'0.5 cm. This implies that the average energy of the fusion product

" loss for this case, normalized to the energy for the prompt first-orbit loss Eo, is roughly:

_Eo--[(4.5+0.5)/612-55+15%, i.e. corresponding to protons of --1.5 MeV instead of the 3 MeV



expected for the protons birth energy. The large instrumental broadening (as shown by the model

curves) and various systematic uncertainties[4] do not allow a direct decomposition of the

measured distribution at 1=2.0 MA into prompt and delayed energy components, but since the

prompt loss should be near the birth energy, it is likely that the anomalous loss had an energy

somewhat below half the birth energy.

This trend for the anomalous loss feature to have a lower energy than the first-orbit loss can

also be seen in Fig. 7, which shows the gyroradius distributions for three times during the same

I=1.8 MA discharge shown in Fig. 4. About _-0.1 see after the start of NBI the gyroradius

distribution is close to that for first-orbit loss at 0.8 MA (Fig. 6), peaking near the p=6 cm

centroid, i.e. appreciably below the peak location measured during the steady-state phase _3.5-4.0
see. About -_0.1 see after NBI ends the distribution shifts to an even lower gyroradius, peaking

just below the 13--4cm centmid. The shape of the gyroradius distribution attains its steady-state

shape =0.3 see after the start of NBI.

Therefore both the time and energy dependencies of the anomalous loss are consistent with

a time delay between the ion's birth and its loss. This estimated time delay of---0.25:0.1 sec is

approximately the same as the time required for classical collisions to slow 3 MeV protons down to

1.5 MeV in these plasmas with Tc(0)=7-8 keV and ne(0)=5-6xl01 5 crn-3, implying that these ions

are thermalizing classically while diffusing anomalously. This is qualitatively similar to the results

from triton burnup measurements in TFI'R[6], which implied a classical slowing down but
anomalous diffusion of 1 MeV tritons.

2.3 Magnitude of the Anomalous MeV Ion Loss

The total MeV ion loss to the 9& detector can be estimated from the total light emission

within the (p,_() grid shown in Fig. 1, averaged during the steady-state phase of NBI (typically

3.5-4.0 see), and normalized by the neutron rate during that time. The relative MeV ion loss signal

obtained in this way for a set of R=2.45 m plasmas is plotted vs. plasma current in Fig. 8. These

discharges were chosen to have moderate NBI power (P=6-20 MW, increasing with current)

without large coherent MHD activity in the MeV ion signals (see See. 2.5). Some of their pitch

angle distributions were shown in Fig. 3.

Note that this analysis procedure does not explicitly correct for the dependence of the light

emission on the ion energy. However, this correction should be relatively small, since the

scintillator light output for D-D fusion products is relatively insensitive to the ion energy in this
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range, e.g. the signal from protons and tritons with half their birth energy (as inferred in See 2.2)
, would be =0.7 times the signal for birth-energy ions[4]. Correction for this effect would imply

that the anomalous particle flux (ions/see) would be slightly larger than indicated below.

" Fig. 8 shows that the relative MeV ion loss decreased by a factor of =5 with incac,asing
current over the range 1=0.7-2.5 MA, while the expected f'trst-orbit loss decreases by about a factor

of ten over this same range. When fast-orbit loss calculation is normalizedto the data at 1=0.7 MA

(where the first-orbit loss is expected to dominate), then the total loss at I_ 1.8 MA appears to be
not more than a factor of two above that expected from the fast-orbit model. However, there are
uncertainties of at least :t:50% in the calculated first-orbit loss at I_1.8 MA (with respect to that at

0.7 MA), due to uncertainty in the neutron source and plasma current proftles[4], which makes it

difficult to draw quantitative conclusions concerning the scaling of the anomalous loss vs. current

from this figure alone.

Another approach to isolating the anomalous loss component is to decompose the pitch

angle distributions of Fig. 3 into a "first-orbit" part which fits the calculated fast-orbit loss pitch

. angle distribution, and a residual part which represents the anomalous loss peaked near _(=70_.

Figure 9 shows the results of such an analysis for the I=1.4-2.5 MA cases in Fig. 3. The
anomalous loss component (in the same units as Fig. 8) appears to increase by about a factor of

qt

two between I=1.4 and 2.0 MA, while the first-orbit loss component apparently decreases by a

factor of 2.5 over the same range. The surprisingly low first-orbit loss component at I=2.5 MA

may be due to the effect of the ICRH limiter, which comes close to intercepting birth-energy orbits

entering this detector at low pitch angles at R=2.45 m (see See. 3.1).

The approximate dependence of the anomalous loss signal on the neutral beam power in the

narrow current range I=1.85-2.0 MA is shown in Fig. 10. There the MeV ion signal at the peak of
the anomalous loss feature (including a --.30% contribution from first-orbit loss) is plotted vs. NBI

power over the range P=10-31 MW (after normalizing by the neutron rate during the integration
time of 3.5-4.0 see in discharges with NBI from 3-4 see). The peak loss signal increased by

nearly a factor of two over this power range, while the location of the peak remains nearly constant

(p=4.2:L-0.5 cm and g-68_:2g). Note that the first-orbit part of this peak loss signal may increase

by up to =50% with NBI due to the Shafranov shift and broadened source profiles, but this would

" only contribute =10-20% to this factor-of-two change. The total loss rate (averaged over p=2-11

cm and _(---45g-90a) increased similarly with NBI power in high current discharges without large

" MHD[7]. The discharges with "large MtK)" are discussed in See. 2.5.



2.4 Measurements After Relocation of the 902 Detector
p

After the data of See. 2.1-2.3 was taken the 9(F detector was moved radially inward 3.3 cm

to avoid the shadowing effect of a new poloidal limiter installed in 1991. The scintillator material

was also changed from ZnS(Ag) (blue) to ZnS(Cu) (green), and an improved carbon-composite
heat shield was added[5]. Most features of the D-D fusion product loss were similar before and

after the change; in particular, the (p. _()patterns and time dependences for plasmas with R=2.6 m

(which did not show any anomalous delayed loss) were nearly the same, as were those for R=2.45

m plasmas at 1<1.4 MA. The absolute flux of D-D fusions products inferred for these cases was
also the same in both years (to within a factor of two uncertainty in the cross-calibration).

The qualitative features of the anomalous delayed loss for R=2.45 m plasmas with 121.4
MA in 1992 were also similar to the earlier data, as illustrated by Figs. 11 and 12. The pitch angle

distributions shown in Fig. 11 had a shape close to that predicted for first-orbit loss up to --0.2 see

after NBI, but then evolved over the next =0.3 see to a shape with an additional anomalous loss

near _(-_70_, i.e. similar to the behavior shown in Figs. 2 and 4. Over this same time interval the

gyroradius peak decreased from _-4.5 cm to -=3.6 cm, as shown in Fig. 12, implying average

energy of the decrease to F_o=0.6, i.e. again similar to the 1990 results in Fig. 6.

On the other hand, the detailed shapes of the pitch angle distributions at 1>__1.4MA were

different between 1992 and 1990, as illustrated by Fig. 13 for two R--2.45 m, I=1.8 MA

discharges at _7.5 MW. The two-peak structure which was evident in Figs. 2 and 3 was not so
clear in the 1992 data, which instead had a relatively larger feature near the expected first-orbit loss

peak at _(=55-60g. In principle, this could be due either to a decrease in the anomalous delayed

loss near _(=70_, or to an increase in the anomalous delayed loss near _(=55-6&. The latter is

strongly suggested by the results of Fig. 14, which show a decrease in the average loss energy in

the region _(=55-60g in the 1992 data, but not in the 1990 data (which showed delayed loss only

near _(=70g). The implication is that after its repositioning the 90g detector collected more

anomalous delayed loss at low pitch angles near _(=55-65Qthan it had previously, presumably

because these ions had been lost at the ICRH poloidal limiter in the 1990 run. This inference

appears to be consistent with orbit trajectory calculations described in See. 3.1.

Further evidence for an int,a'easein the delayed loss after the detector relocation was seen in

the dependence of the total loss on plasma current shown for the 1992 data in Fig. 15. When the
total loss was normalized to the data at the lowest current, as it was for the 1990 data in Fig. 8, the



resulting loss at I=1.8 MA was about a factor-of-two above the expected flu'st-orbit loss, i.e. higher
" than the corresponding anomaly in the data from 1990 in Fig. 8. Note that the scatter in the I=1.8

MA data in Fig. 15 was mainly due to a systematic increase in the anomalous delayed loss with

NBI power, similar to that shown in Fig. 10, and not due to MHD activity (this 1992 data was

taken at low NBI powers of P- 2.5-12 MW).

The time dependences of the total D-D fusion product loss for typical moderate-power
R=2.45 m discharges from 1992 are shown in Fig. 16. In these cases the total loss was monitored

by a fast photomul_plier (PM) tube, which was not available in 1990, and the total loss signal was
normalized to the neutron rate at 3.1+ 05 sec, i.e. 0.1 see after NBI. For the I=0.6 and 1.0 MA

cases there was a close proportionality between the MeV ion loss signal and the neutron rate, as

expected for prompt fh'st-orbit loss. For the higher current cases there was a delayed loss starting

at = 0.15 see after NBI, increasing to about a factor-of-two above the expected prompt loss rate

after =0.4 see, and persisting up to =0.3 sec after the end of NBI.

Examination of the 1992 data from the fast PM monitor also showed no consistent

" fluctuations in the range = 1 Hz<f<20 kHz during the anomalous delayed loss, except during large

MHD activity (generally at high NBI powers). For R=2.6 m discharges in the 1992 ran there was

, a close proportionality between the MeV ion loss and the neutron rate for ali plasma currents up to

1.8 MA (up to at least P=15 MW), i.e. similar to the results of 1990.

2.5 Effects of MHD Activity on the Anomalous Loss Feature

For nearly ali beam-heated plasmas with I_1.4 MA at R=2.45 m the anomalous delayed

loss feature in the 90_ detector remained approximately invariant after =0.4 see past the start of

NBI, and persisted very reproducibly over the 1990 and 1992 run periods. The exceptions to this

reprodudble behavior ali seemed to occur during discharges with strong MHD activity, when both

the magnitude and the (p, _) structure of the anomalous loss feature could vary substantially.

The most common effect of large MHD activity was to increase the loss rate within the

region near the peak of the anomalous loss feature. The time dependence of the loss within this

. region (p=3-4 eta, _=65-70 _) is shown in the first part of Fig. 17 for a pair of discharges taken

from Fig. 10, one of which had "large MHD". The peak signal increased by over a factor of ten in

the MHD-active discharge (#51263) compared to the comparison case (#51256), while the neulron

rate decreased by only =30%. The shot with "large MHD" had slow (=0.1-0.3 kHz) m--2, n=l

activity after 3.25 sec at an unusually large level of B'rC_3T=5Xl0z (estimated near the q=2 surface),

m . . ? ........................ _,.,._,.,.._,_,m,.,.--. ..... ...,.,--....,m._.M.,..lnll.., .MIInllnn||nllt!Ill|M inll! nii • nlulPlIIIOII l! III li InnllllllNIm|Nl llnl ! li I l ll
. qpp_ i II ' lP .... _ ,lP ,r ,i II H,, lip IIlI_ _,lI' [I nn f ' I
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along with high-n kink activity, while the comparison shot had a few sawteeth along with m=n=l

fishbone activity, as did most of the other discharges of Fig. 10. The shot with "large MHD" in

Fig. 17 had a variety of (p,_() loss patterns during the MHD activity, most often with an unusually

large high-_( feature at an unusually low p (e.g. as shown at 3.56 see), as if the MHD activity were

increasing the delayed loss process, although at times the peak loss moved to near the passing-

trapped boundary (e.g. at 3.89 see). The shot with sawteeth and fishbone activity had relatively

normal (p, _() distribution for this current and power. Note that this increased loss associated with

MHD activity could persist for over 0.5 sex:,i.e. longer than a 3 MeV proton slowing-down time.

As shown in the first part of Fig. 17, this increased loss associated with large MHD

activity often fluctuated from frame-to-frame as viewed by the relatively slow video camera,

especially for slowly fluctuating MHD activity (e.g. with a 1 msec gate every 32 msec for Fig. 17).

These fluctuations could be seen more clearly using a PM tube, as illustrated for a different pair of

discharges in Fig. 18 (both I=1.75 MA, R=2.45 m and P=32 MW). The PM signals of Fig. 18

again came from the peak loss region in the (p, _() image plane, and showed a fluctuating MeV ion

loss in phase wi_ ,r_lagneticfluctuations _,-.the case with large, slow MHD (#55797), but not in the

case with relati- ely less MHD activity, which had only the usual anomalous loss feature (#55796).

lP

An apparently different effect of MHD activity on the anomalous loss feature is illustrated

in Fig. 19, which compares two discharges at I=2.0 MA, P=25 MW, and R=2.45 m (similar to

that of Fig. 1). In one of these (#55018) there was apparently a "locked mode" during NBI,

apparently caused by an unusual sequence of pellet injection prior to NBI. In this case the

anomalous loss feature near _(=7(F apparently disappeared in the 90a detector during the whole

period =3.5-3.9 see, while the gyroradius distribution during this same period was nea_ly

consistent with fast-orbit loss alone (p=5-6 cre). Earlier in this same discharge there was also a

period of increased loss near _(=70_ and p--.3-4 cm, similar to that shown in Fig. 17. In fact,

during many discharges with large slow MHD activity (when the video camera gating time was

"..honer than the MHD period) the anomalous loss feature col_ld also sometimes decrease with

respect to its usual (anomalous) level without MHD activity, as shown in Fig. 17 at 3.76 see.

" _ During the 1992 run the effects of large MHD'were generally similar to those observed .

during the 1990 run as described above; however, one interesting result from the 1992 data is

shown in Fig. 20. During one of these two R=2.52 m NBI discharges (#68522) there was a

dramatic increase in the anomalous delayed loss feature =50 msec before a major disruption, when

compared with the usually small delayed loss feature in R=2.52 discharges (#69111). This

|

i
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increased loss, presumably due to pre-disruptive MHD activity, occurred along with an increased

- loss sharply localized near the passing-trapped boundary. This shows that the delayed loss feature

which is normally small for these R=2.52 m plasmas at 9(F can increase there during periods of

intense MHD activity, and that MHD activity can cause both a delayed trapped particle loss and

also a loss of passing particles across the passing-trapped boundary (which was probably also seen

during non-disruptive MHD activity such as in Fig. 17 at 3.89 see).

Theseexamplesshowthattheanomalousdelayedlossfeatureseeninthe9(Fdetectorcan

be stronglymodulatedbyMHD activity.They suggest(butdo notprove)thatthedelayedloss

normallyobservedwithoutanyobviousMHD activity(suchasdescribedinSccs2.1-2.4)might

be causedby some typeofnomaallyunnoticedbutveryreproducibleinternalMHD activity(or

otherperturbation),e.g.veryslow(<IHz)orlockedmodes,orpossiblyveryfastnxxics(f>50

khz). Additionaldataon MHD-inducedfusionproductlossesaredescribedelsewhere[7],and
theoreticalmechanismsforanMHD effectarediscussedinSec.3.4.1.

" 3. Discussion

, This section discusses briefly several topics potentially relevant to an understanding of this

anomalous delayed loss feature. However, these discussions should be considered preliminary,

since no clear explanation for the experimental observations of See. 2 has yet been found.

3.1 Trajectories of Anomalous Loss Orbits

_ The measurement the lost ion's (p, _() at the detector allow a fairly precise calculation of the

trajectory of the ion's last orbit in the plasma. Although these orbits are useful to help determine

the loss mechanism, they can not be used to determine the ion's previous history in the plasma.

The trajectories of three relevant loss orbits for the 9(P detector are shown in Fig. 21(a),
each of which has been calculated for the same plasma with R=2.45 m and I=2.0 MA (similar to

that of Fig. 2). One of these orbits is the "fattest banana" for first-orbit loss of 3 MeV protons,

which has a pitch angle of X=55g (see Fig. 3). This orbit trajectory misses the nearest ICRI-I@

limiter (as it was configured irt 1990), and approaches within about a/2 of the center of the

outermost flux surface. The otla_ two orbits are at X=70a, one with an assumed energy of 1 MeV
w

and the other with 3 MeV (which bracket the range of the anomalous loss energy). These two

X=7(F orbits (and all those with intermediate energies) intersect the top of the vessel before the
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completion of one bounce; thus at first sight it is difficult to understand how any previously-
confined orbits can be lost to the 9(F detector at this pitch angle in these plasmas.

One possible mechanism for this is illustrated in Fig. 21(b), which shows a typical

anomalous loss orbit entering the detector at _(=70Qand E= 1.5 MeV, along with 8 confined orbit of

the same energy which was smrt_ with an upward vertical displacement of the lower banana tip of

--15 cm with respect to the other 1.5 MeV loss orbit. The outer leg of this confined orbit just

barely misses the projection of the ICRH limiter (centered at R=2.61 m with a minor radius of 0.99

m) near the outer midplane. Thus confined orbits with banana tips just below this one would

intersect the wall just below the outer midplane and not at the 90_ detector location.

Therefore the anomalous loss orbits detected at 90_ could be brought there by a relatively

large vertical step on the last bounce of a previously confined (and partially thermalized) trapped
orbit, while smaller vertical steps w,,ald ,.ause the loss to occur nearer the outer midplane, as in

stochastic ripple diffusion[2]. Such ,_i,."t,_vertical step could occur while still conserving the ion's

magnetic moment (banana tip major radius) and energy; some possible mechanisms for such a

large last step size are discussed in Secs. 3.4.

11

Note that the real limiter and wall structure in TFTR was actually rather complicated, with 2

poloidal ring limitersat a minor radius of 99 cm in the 1990 run (and more at the same radius in the
1992 run), various structures at =103 cm, and a solid wall at =116 crn. The above estimate of a

step size of -- 15 cm is based on numerical orbit calculations which include the 2 RF limiters at their

appropriate toroidal angle for the 1990 run. However, given the potential inaccuracies in the orbit

calculations (e.g. due to current profile assurnptions), and in the alignments of ICRH limiters

(about + 0.3 cm), it is possible that a = 10 cm vertical step size would also be large enough.

The different pitch angle distributions in 1990 and 1992 (see Fig. 13) are probably caused

by the differing ICRH limiter and probe geometries. In the configuration of 1990 (with the

detector apema'e =4 cna below the nearest ICRH limiter 120_ away toroidaUy) the orbits of 3 MeV

protons at I=2 MA calculated backward in time from the 9& detector miss the nearest limiter for ali

pitch angles 7(>30_, whereas for the 1.5 MeV protons ali the trajectories with _(<55ghit the ICRH

limiter before approaching the detector. Thus, given the uncertainty, of about :k'0.3 cm in the

relative positions of the detector and limiters, it is plausible that in 1990 the delayed loss orbits with

low pitch angles _(=55-65 g were shadowed by the nearest ICRH limiter. However, in the

configuration of the 1992 run (with the detector aperture =1 cm below the nearest ICRH limiter 45g

away toroidaUy), the orbits for ali 1.5 MeV (and 3 MeV) protons at I=1.8 MA missed the nearest

ll'_l' )l ,'1| ' "
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ICRH limiterfor ali X>45°; thusthe low-X orbitsweremorelikely to reachthe 9(P detectorin the

1992 configuration.

" In these cases the Jimitershadowingeffect increasedfor ions which stayedcloser to the

magnetic flux surface[5], e.g. for lower energy fusion products, but it also increased with
increasingplasmacre'rent(i.e. decreasingbananawidth). For example,in the 1990 configuration

the 3 MeV loss o_bits at I=2.5 MA with X_45g hit the ICRHlimiter, along with 1.5 MeV orbits

with _(<59_,which may explain the unusuallylow first-orbit loss atthis currentshown in Figs. 3

and 9. Note that at the lower currents(I_1.4 MA) ali the relevantorbitseasily miss the nearest
ICRHlimiterin bothconfigurations,due tOthe largedeviationsof the MeVion orbitsfromtheflux
surfaces.

The g_aeralimplicationof these trajectorycalculationsL_that poloidal,toroidal,and minor
radial locazionof the anomalous MeV loss can depend sensitively on the relative detector and
limiterpositioning. This is analogous,to the localizationof plasmaenergy loss on limiterleading

- edges, althoughthe largeorbitsof these ions canallow them to move muchfartherinto the limiter
scrape-offregionthan the plasmaitself.

a

3.2 Dependence on the Plasma Major Radius

The anomalousdelayed loss measured9(F below the outermidplane occunv,d for plasmas

with majorradiiR=2.45 rnand not for plasmaswith R=2o6m. Forplasmas withinthe range2.45
m < R < 2.6 m the anomalous featuredecreasedgraduallytowardlarger R (with respect to the

ftrst-orbit loss feature), and in plasmas which were moved in R during a single discharge the
anomalous 10ss feature varied vs. R in the same way as for the constant-R discharges. For
plasmas with smaller 2.3 m < R < 2.45 m there is limited data, but the anomalousloss feature
appearedto dominate at a relatively smallerplasma currentthan for R=2.45 ra plasmas (e.g. at
I=1.4 MA instead of I=1.8 MA).

Thissensitivityof theanomalousloss feature to the plasmamajorradiusis probablydue to

the varying relationship between the escaping fast ions and the vessel wall, rather than to an
" intrinsicallydifferinglossvsmajororminorradius.PlasmaswithR-2.6areverynearly

concentricwith the ICRHlimiterstructure,so that there is very little spacenearthe outer midplane

. for the outer legs of trappedion orbits to circulate while they aremoving radially (see Fig. 21).
Forexample,in a R--2.6m plasmawithI-2.0 MA (in the 1990configuration)the verticalstepsize
needed to cause a marginallyconfined 1.5 MeV trapped protonorbit like that in Fig. 2l(b) to hit
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thebottomdetectorat_(=70ais=25 cm,whichislargerthanthe=15 crnnee.dedfortheR=2.45m
P

plasma.Thus itislesslikelythatano,_alousdelayedlosswouldbedetectedat90ainR=2.6m

plasmas,assumingthesameverticalstepsizesforbothplasmas.

Ingeneral,thepoloidalintersectionangle0 (belowtheoutermidplane)ofa trappedorbit

whichwasjustbarelyconfinedwithintheouterlimiteronitslastbounceisgivenby:

Ph[t-{l- (e/eiip)2} _2] -6r =AR [1-cose] (I)

whereetipisthepoloidal_gleofthepreviouslyconfinedbananatip,Pb isthebananawidth,8r

istheverticalstepsizeofthebananatipon itslastbounce,andA R isthedistancebetweenthe

centeroftheplasmaandthecentercfthe(circular)wallorlimiter(assumingAR<<R). Inthelimit

of small8r forOtip=lthesolutionis:(o/eiip)2=28r'/(pb-AR),which shows how the

intersectionangleincreasesasA R increases.Thusforplasmaswi_ largerR thelossshouldoccur

atsmallerpoloidalanglesforthesameverticalstepsize6r'.

3.3 MeV Ion Loss at Other Poloidal Angles

Measurementswerealsomade ofMeV ionlossusingsimilardetectorsatpoloidalangles

6(F and 45_, although the analysis is not yet as complete as for the 9(F detector measurements

discussedinSec.2. Forthe1990runtheaperturesofthe60_and 45`'detectorswere farther

outwardradiallythanthatforthe9(Fdetector,i.e.=6cm and =8 cm behindtheICRH limiter

radius,rcspecti_,cly(comparedto=4 cm forthe9(Fdetector).Forthe1992runtheaperturesof

the6(Fand45_detectorswereboth=Icm behindtheshadowoftheICRH limiters(similartothe

9(F detector).

For the same R=2.45 m discharges which showed an anomalous delayed loss feature at 9(F

(i.e. with R=2.45 m and I_1.4 MA) the detectors at 6(F and 45" did not usually show any delayed

loss or distinct anomalous loss feature at high X and low p, but generally had a single loss peak at

a (g.p) location approximately consistent with lh'st-orbit loss• However, for some plasmas with

R=2.6 m and I>1.4 MA the detector at 60" showed a clear loss feature at a high pitch angle

(separated from the first-orbit loss at lower pitch angle), while the detector at 45`' had only a single

feature approximately consistent with normal first-orbit loss.

1
' li , I 'li I I I li ' rq ' == =' 'l , ' ', ' _l' , ', ' , = r , , , = = Irlq = rl II i
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This apparent absence of an anomalous delayed loss feann'¢at poloidal angles of 60g and

" 45° is so_'aewhat surprising, since it seemed from the trajectory arguments of See• 3•1 and 3•2 that

theanomaI,_)uslossfeaturewouldbc largeratsmallerpoloidalangles(sincetherequiredvertical

• stepsi:.'_:,,_assrn_.ler).However,itisstillpossiblethatsomeanomalousdelayedlosswasmasked

bythefirst-orbitlossfeature(especiallyifthislosswasatenergiesnearertothefirst-orbitloss),or

thatthelarger'IFrippleatthesesmallerpoloidalangleschangedthecharacteroftheloss(seeS¢c.

3.4.2)•

During large s!_w MHD activity such as shown in Figs. 17 and 19 them were fluctuating

MHD-induced increases in the signals at 6(F and 45g which were often out of phase with the

increases seen in the 9(F detector, as if the additional loss caused by the MHD activity was

poloidally localize_ and rotating with the MHD mode. This suggests that the anomalous delayed

loss usually seen in the 9(F detector without any large MHD activity might be localized there due to

the phasing of some nonnal!y undetected locked mode in the discharge.

The movable detector at a poloidal angle of 20g showed signatures of the expected

- stochastic TF ripple loss for both R=2.6 m and R=2.45 m plasmas at r>l.0 MA, namely, a high

pitch angle feann'e at nearly the same gyroradius as the ftrst-orbit loss feature[2]. However, this

, stochastic TF ripple loss signal at _(=60_-65g could also have masked an anomalous loss signal,

since the main distinguishing feature would have been a lower gyroradius component, which is not

easily resolved in the present detectors. Note that the 2(F detector was normally used at relatively

low beam power where the anomalous loss feature was relatively small.

Again, it is important to note that these measurements of anomalous loss can be quite

sensitive to radial shadowing by other limiters and even by the probe structure itself. For example,

when the 2(F probe was moved radially outward past the ICRF limiter radius, the size its stochastic

TF ripple loss feature (with a estimated radial step size pcr bounce of _1 cna) decreased with

respect to the f'n'st-orbit loss feature[2]. Therefore comparisons between measurements at different

poloidal angles also need to take into account the potentially different effects of limiters and walls

on the escaping orbit trajectories. Further analysis of the data and modeling of hypothetical

anomalous loss processes will be needed to evaluate the actual poloidal distribution of the
anomalousloss.

3.4 PossibleCauses of the Anomalous DelayedLoss

An anomalousdelayedlossofMeV ionsoveratimescalcofzanoint-0.2seccorrespondsto

_=

,_ . r,, _, , , qrqr "' ' rl' PqIi*, 11 '_lit Sl_l' ' ' ,, i, , i,i] , qll nIPI II m= [_rllllI i , i FF r , ,1' ' '11 I q
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an averageanomalous diffusioncoefficient of roughly Danom= a2/6_:anom= 0.5 m21sec,which is

much higher than the upper limit previouslyestimated for the diffusion of counter-passingMeV

ions tD= 0.1 m2/sec)[4], which itself was largerthan any coUisionalneoclassical diffusion rate[4].

This Danomcorresponds to an averageradialstep size pcrbounce of only Sr=0.1 cna(fora parallel

length qR=1000 cm for 1.5 MeV protons), while the trajectorycalculations of Scc. 3.1 suggested

that the last bounce hasa muchlarger radialstep size of 8r= 10cre. Some possible causes for this
diffusion arcdiscussed below.

3.4.1 MHD Effects on OrbitTrajectories

TherearetwobasicmechanismsbywhichthemagneticperturbationsduetoMHD activity

cancauseradialtransportofhighenergyparticletrajectories,namely,theparalleldriftoftheion

alongradiallyperturbedfieldlines,andtheperpendiculardriftsacrossthefieldlines.Thelocal

radialdriftvelocitySr/dris[8]:

6r/St =vt] ([_'r/BT) . V.Lqn (p/r) g' (2)

where fir is the local radialmagneticpcmabafion, q is the magneticsafety factor, n is the toroidal

mode number, p is the toroidal gyroradiusof the fast ion, and g'=w/Ris the ripple amplitude

induced by a flux surfacedisplaccmcnt"w" (themagnetic island width).

The maximum effect of the first term in Eq. 2 depends upon the maximum parallel length
over which the radial perturbation points outward when followed along the fast ion orbit. To
accumulatea radialstep of =10cm over the1astconfinedbounce periodwith a parallel lengthof qR

= 1000cm would requirea fir/ST= 10"2,which appearsveryunlikely since the normal magnitude

of internal magnetic perturbations (without large MHD) is in the range _r/ST=10"417,8].

Although a random racial step size impliedby the latterlevel (= 0.1 cm pcrbounce) could cause the
internal radial diffusion of the confined trapped ions before their last bounce, i.e. D = (0.1

cm)2/10"s sec = 104 cma/sec, in order to cause a randomstep the perturbationmust b¢ above a

stochastic threshold, whichapparentlyrequiresfir/ST = 10-_ for single-mode perturbations[8,9].

The maximum effect of the second term depends upon whetheror not the orbit is near the

resonant layer of the perturbation. For non-resonant orbits the effective ripple strength g'nr
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is roughly g'nr=(_'r/BT)/(n-m/q), andsoovera singlebouncetime of 8t=qrlVll the magnetic
.e

field perturbation needed to cause a step size of Sr= I 0 cm is again an unrealistically large

. _'r/BT=1 0 =2, assuming m=3, n=l, q=4 and ¥11=¥=L. However, for orbits resonant with the

perturbation the effective ripple is related to the half=width of the local magnetic island "w",

8r=w/R=(4qBrlnRq BT ) I/2. For the parameters above, a 10 cm step size would require a local

m=3,4 n=I perturbation of fi'r/BT=2Xl 0=3, corresponding to w=12 and w/R=Sx !0 =2, which is

higher than the strength of very largest MHD perturbations in TFTR[8]. However, since the step

. size for resonant perturbations in Eq. 2 scaleslike (n _'r/BT )1/2, the step of =10 cm could

possibly be explained by an n=lO, B'r./BT>2Xl 0-4 perturbation, as long as the perturbation

mrna_s in resonancewith themode(which isunlikelyfor a smaller-scalemodelike this).

Therefore the effects of some hidden MHD activity during seemingly MHD-quiescent

plasmas can not easily explain the large last step necessary to bring the escaping orbit to the 9&

" detector. However, MHD-':._duced effects on confined trapped orbits might be large enough to

cause the slow internal dix,,:3:.,;',,-ateimplied by the delayed loss. The observed modulation of the

, anomalous loss feature during strong MHD activity (See. 2.5) is probably due to nxxlulation of the
last vertical step, rather than variations of the internal diffusion rate.

3.4.2 Toroidal Field Ripple Effects

i Toroidal field (TF) ripple can act through at least two different mechanisms to cause radial

i transport of fast ions. The Goldston-White-Boozer (GWB) stochastic diffusion mechanism causesa collisionless radial step localized near each banana tip of[3]:

i
II

8rGW B = (N_Istneb)I/2(qRlr)3/2 p8 sin (N_Ob) (3)

where N is the number of toroidal field coils (N=20 in TFTR), Ob is the poloidal angle of the

banana tip (eb=90_ here), tl)bis the toroidal angle of the banana tip, and 8 is the "IF ripple near the

banana tip. For banana tips at R=2.45 m, z=±80 cre, corresponding to the orbits of Fig. 21(b), the

vacuum-field'IF ripple is 8=0.2-0.3%[ 10], so the maximum vertical step size for 1.5 MeV protons
,i

in a 2 MA plasma at B=5 T is 8rGWB=2.5-3.5 cm.

+1
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Although this vertical step is apparently too small to explain the =10 cm step pcr bounce

needed to cause an ion to be lost at the 90g detector (see Sec. 3. I), a confined trapped ion can pass

through two banana tips before passing near the midplane (see Fig. 21(b)). Therefore, if both the

top and bottom banana tips are at the proper toroidal phase angle, the net vertical step per bounce

can be up to =7 cre, which is close to the minimum needed to cause loss at 902. However, the

probability of this correlation is probably small, given the pitch angle avenging of the detectors,

such that almost ali of the usual GW'B loss should be local_ed within 30aof the outer midplane, as

calculated previously[2].

The other mechanism for radial fast ion transport due to 'IF tipple involves superbanana

trapping inside the tipple wells. This mechanism could readily cause a large vertical step, although

it is not clear how the orbit would be de,trapped in order to arrive at the detector with lower pitch

angles such as _{=70a. Ripple wells occur when:

e/_ : (r/R)Isin 0 I/Nq8 <1 (4)
o

For the banana tip location of Fig. 21(b) used above, o_'=1.5-2, which appears to be too high for

tipple trapping. However, since the tipple strength 8 increases rapidly nearer the edge, tipple

wells are expected at r_90 cm where 8=0.5%, i.e. only about 5 cm from the lower banana tip of

the 90_ detector orbits of Fig. 21(b). Ripple wells occur more readily at smaller poloidal angles,

e.g. over the outer = 1/3 of the plasma minor radius at the major radius of the 60_detector.

Note that since these tipple strengths come from calculations[ 10] and not from actual 'IF

measurements, it is possible that the effects of coil misalignments, small movements in situ, or

stray fields from other coils might cause an increase in the GWB step size or cause the last banana

tip to lie within the tipple well at the vessel bottom. However, in the absence of a detailed study of
this effect, the tentative conclusion from these estimates is that "IF tipple effects probably do not

cause the large vertical step on the last bounce discussed in See. 3.1, although they could cause

trapped orbits to diffuse radially toward that last step. However, it would be surprising if TF

ripple effects alone caused the delayed loss, since normally fast ion orbits are either well confined ql

or very rapidly lost due to stochastic TF ripple diffusion[2].

3.4.3 Pitch Angle Scattering Effects

Another conceivable mechanism for explaining the anomalous loss to the 90_ detector is

= =l'l ' , _ 'r, llrll i, ,r I'1 ''1'_ ql
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classical large-angle scattering, which can change the pitch angle (magnetic moment) of a fast ion

- while changing its position by only =p. As shown in Fig. 21(c), a single =60 ascattering event can

cause the orbit of a confined trapped 1.5 MeV proton to be lost orbit at _(=70_ in the 90adetector

The Rutherford scattering cross section for large-angle scattering of fast protons on a

background hydrogenic species at an angular deflection >_ is[12]: t_r.(T_/4)b2eot2(@/2),

where b=e2/(MoV2/2) and MO is the reduced mass of the colliding ions. Therefore the

characteristic rate for a 1.5 MeV proton to be scattered by S_=60 a to 90a on background deuterons

at a density of 2xlO 13 cre-3 is o=10 -3 sec "I , implying that the probability of such a large angle

scattering over a characteristic fast proton slowing-down timescale of =0.2 sec is only = 10 "4.

Therefore even though the population of protons bom on conf'med trapped orbits such as that in

Fig. 21(c) might be I0 times larger than the population bom on a loss orbit such as that also shown

in Fig. 21(c), the large angle scattering events would cause only a small enhancement of the first-

orbit loss rate on this trajectory. Since the anomalous loss is larger than the expected first-orbit

" loss on this trajectory, the process of large angle scattering can not explain the anomalous loss.

Small angle scattering is more likely: however, small angle scattering would cause a large radial

' step only near the passing-trapped boundary.

4. Summary and Conclusions

An anomalous loss of D-D fusion products was measured using a scintillator detector 90a

below the outer mi@lane in TFTR. This new loss feature had a significantly lower energy than the

usual first-orbit loss (= 1/2 the birth energy), and was delayed by =0.2 see with respect to the

usual prompt fast-orbit loss. The orbits of the escaping ions lost in this way were fairly deeply

trapped, with normalized magnetic moments of up to p/Po=0.9. Some observations and

interpretations concerning this anomalous loss process were:

1) The anomalous loss feature increased in strength with respect to the first-orbit loss as the
lP

plasma current was increased, e.g. it was comparable to the size of the fh-st-orbit loss at I=2.0 MA,

but was negligible compared to the first-orbit loss at currents I_<.1.0MA,
a,

2) the anomalous loss feature was visible at the 90_ detector for plasmas with major radii of

...... rl, ilI_ II " 'Ii'
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R=2.45 m but not for plasmas with R=2.6 m, possibly because the escaping ion orbits intersected

the wall elsewhere for the plasmas with larger major radii,

3) the observed delay time of =0.2 see with respect to the prompt loss was roughly consistent with

the time required for 3 MeV protons to lose about half of their energy,

4) the strength of the anomalous loss feature increased by up to =50% with increasing NBI power

at a fixed current, suggesting that the anomalous loss was influenced by the plasma itself (even

without large MHD activity), and,

5) large coherent MHD activity strongly modulated the anomalous loss feature, sometimes

causing it to increase but at other times causing it to disappear, suggesting that some low-level

MHD activity might cause the delayed loss even in plasmas without large coherent MHD.

A rough analysis of these measurements implied that an average diffusion coefficient of

Danorn= 0.5 m2/sec was needed to explain this loss of trapped fusion products, which is large

compared with the D<0.1 m2/sec previously inferred for passing fusion products[4]. This Danom

is comparable to the thermal plasma heat and particle diffusion coefficients, but for fast fusion

products this corresponds to a relatively small step size per bounce of 8r = 0.1 eta. However, a

much larger vertical step size of = 10 cm on the ion's last confined bounce was required for a the
loss orbit to be detected at 90g detector in the presence of the poloidal ICRH limiters near the outer

midplane. Preliminary evaluations of several possible loss mechanisms concluded that:

1) internal magnetic perturbations with magnitudes Br/BT=I 0 -4 are sufficient to cause the

average radial step size needed for the delayed loss, although the radial steps for single modes are

apparently not stochastic below gr/BT = 10 "3, and even at that level a single MHD modes can not

plausibly explain the required large last step size,

2) the calculated effect of stochastic TF ripple diffusion produced a step size of =3 cm at each

banana tip in the region of interest, and so would.not quite explain the loss at 90_, although the

internal radial transport of partially thermalized trapped ions could be caused by this mechanism;

and localized 'IF ripple wells, which could cause large vertical step size, do not quite exist in the

region of the last banana tip of the anomalous loss orbit,

li III
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3) large-angle nuclear scattering is not strong enough to cause this anomalous loss process.
4)

Although there is yet no quantitative explanation for the anomalous loss described in this

. paper, some general conclusions can be drawn from these results:

1) this anomalou,_ delayed loss will most likely persist for alpha particles in D-T plasmas, since

they will be sensitive to similar "single-particle" loss mechanisms and will have a similar

thermalization time. However, the magnitude of the global alpha heating loss will probably be <1-

10% of the confined MeV ion population, corresponding roughly to the first-orbit loss level in

"IT'IR at I=2 MA[7]. Although such a loss should not affect global alpha heating, it may cause

localized heat loads and damage to unprotected wall or diverter components in the ion V B

direction.

2) the sensitivity of these results to the radial detector relocation implies that the wall impact

position of any such "anomalous" MeV alpha loss (including possibie collective alpha effects) can

be quite sensitive to relative positions of the plasma, the wall and/or limiters, and the detector itself.

" This suggests that MeV ion loss in future DT experiments should ideally be monitored on ali

exposed limiter surfaces, although practical difficulties such as detector overheating and competing

0 energy loss mechanisms will inevitably limit this information.

3) a large guiding center or bounce-mapping code will be needed to understand the complex MHD

and TF ripple loss mechanisms and their mutual interactions in the plasma; such a code should also

incorporate the details of the wall and limiter geometry to determine the alpha loss locations.

Future experimental work in this area should clarify the effects of the MHD mode number

and its frequency on the observed anomalous loss (particularly for very low frequency modes),

and should evaluate its poloidal and toroidal distribution more carefully, as done recently for NBI
loss in JT-60U[ 13]. A search for new theoretical mechanisms for trapped fusion product loss also

seems to be warranted by these results.
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Figure Captions

1. Contour plots of the pitch angle vs gyroradius pattern of loss to the 9(Y detector for two similar

. discharges, one at (a) R=2.45 m (#55052) and the other at (b) R-2.6 m (#54315). For both

discharges the plasma current was I= 2.0 MA, the beam power was P=22-23 MW, and the data

was taken during the time 3,3-3.4 see. The anomalous loss feature visible occurs at an

unexpectedly high pitch angle X_7CFand low gyroradius p-=4-5cm in (a).

2. Pitch angle distributions for the two I=2.0 MA cases in Fig. 1. In (a) is a direct comparison

between the shapes of the pitch angle distributions for the R=2.45 m and R=2.6 m cases, showing

the anomalous peak at X--7CFfor the R=2.45 m case. In (b) is a comparison between the measured

pitch distribution for the R=2.45 m case and the calculated f'n'st-orbit loss distribution (normalized

to the data at _(_55g), which shows that the measured peak at X---7& is not predicted by the first-

orbit loss model.

• 3. Measured pitch angle distributions and calculated first-orbit loss distributions for R=2.45 m

plasmas as a function of plasma current. For currents I<1.4 MA the measured distributions agree

fairly well with the first-orbit model, while for currents I>2 MA the anomalous loss feature at

X=7_ dominates. These measured pitch distributions were taken during the steady-state part of

NBI (typically 3.5-4.0 see in a 3.0-4.0 see NBI pulse), and the model curves for 1>.1.8 MA were

normalized to the data at ;(=55 g. Note that the vertical scales are not comparable fi'om one current

to the next (see Fig. 8).

4. Part(a)showsthepitchangledistributions(integratedoverp=2-11cre)justafterthestartof

NBI andjustaftertheend ofNBI fortheI=1.8MA, R=2.45m dischargeshown inFig.3(e)

(#54464).JustafterthestartofNBI themlomalouslossfeatureatX=7(F isrelativelysmaller

(comparedtothefirst-orbitlossfeature)thanitisduringthesteady-statephaseat=3.5-4.0see,

andjustafterNBI itisrelativelylarger.The ratioofthesignalatX=7(FtothesignalatX=60gis

plottedinpart(b)forthiscase,andalsofortheI=2MA caseofFig.2,showingthattheshapesof

thesedistributionsbecomeconstant=0.,isccafterthestartofNBI. Thisbehaviorimpliesthatthe

• anomalousfeatureisadelayedlossprocess.

. 5. Pitch angle distributions for plasmas with varying NBI power at R=2.45 m and 1=2.0 MA,

taken during the steady-state part of the discharge and normalized in their first-orbit regions at

X--55_. The discharge with the lowest NBI power of 7.5 MW (#54468) had the smallest

is ' ,, rl_ Ii ' " ' - " ," "--'7 .............. --,,-.-,,-,,,.-..,,,...,..,....,u.,,*,_, .._.,nw,! nan nlumann 11 ujm uul f !, ,i, rl,, ' ' ' ' ' p lr ,
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anomalousfeature,whilethosewith12MW and25MW (#54472and55050,respectively)hada

larger anomalous loss peak, relative to the first-orbit feature at lower pitch angle. The total MeV

ion loss (normalized by the neutron rate) increased by =40% over this power range.

.w

6. Gyroradius distributions for I=0.8 MA and I=2.0 MA plasmas (integrated over X=45-90a

during 3.5-4.0 sec) compared with model calculations for assumed gyroradii of p=4, 5, and 6 cm.

The 1=0.8 MA case fits fairly well the expected 0=5.5 cm for prompt f'wst-orbit loss, while for the

I=2.0 MA case the total loss is best fit by an assumed p=4-5 cm, implying an average loss energy

of EA/o=0.5-0.6 compared to the birth energy. The broadening due to instrumental effects causes
the calculated distributions to be spread over a range of gyroradius centroid locations.

7. Gyroradius distributions (integrated over X=45-90_) vs. dme during the same I=1.8 MA

discharge as for Fig. 4. Just after the start of NBI the gyroradius distribution is similar to that for

the first-orbit loss at 0.8 MA shown in Fig. 6, while just after NBI ends the peak of the gyroradius

distribution occurs at an even lower p than during =3.5-4.0 see. This confirms the delayed nature

of this loss.

8. Total MeV ion signal vs. plasma current for discharges with R=2.45 m (in the range #53360-

55362). The ordinate is the total scintillator light output during the period from 3.5-4.0 see during

NBI, normalized by the total neutron rate during that time. The relative loss between I=0.7-1.4

MA follows the first-orbit model curve fairly well (as calculated for discharges in this sequence),

but the measured loss between I=1.4 and 2.5 MA decreases less than expected from the first-orbit
loss model.

9. Approximate decomposition of the MeV ion pitch angle distributions of Fig. 3 into a "first-

orbit" part (with the shape of the calculated first-orbit loss distribution as normalized to the data at

_(=55_) and an anomalous part (the remaining signal centered near ;(=70_). Over the range Iffi1.4-

2.0 MA the anomalous loss signal appears to increase by about a factor of two, while the first-orbit

part decreases by a factor of =2.5. There is also a systematic change in the anomalous loss

component with NBI power (not shown here), and a possibility that the data at I=2.5 MA is

affected by shadowing from the ICRH limiter. lt

10. The effect of NBI power on the relative MeV ion loss signal rneas,,red near the peak of the

anomalous loss feature for a set of I=1.85-2.0 MA discharges (averaged over 3.5.4.0 see in

discharges with NBI from 3-4 sec). The neutron-normalized peak loss increases slowly with NBI
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power, which is not expected for first-orbit loss, while the pitch distributions change as shown in
. Fig. 5.

11. Time dependency of the pitch angle distribution measm'ed for a typical R=2.45 m plasma
t

during the 1992 mn period (averaged over p=2-11 cm). The pitch angle distribution is consistent

with the expected first-orbit loss distribution up to =0.2 sec after NBI starts, but after =0.3-0.4 scc

the distributions show an anomalous delayed loss feature near X=7(F qualitatively similar to that

seenduringthe1990runperiod.

12.Peakofthegyroradiusdistribution(intermsofitscentroidlocation)vs.time(averagedover

X--45"9(F)fora seriesofR=2.45m dischargesduringthe1992runperiod.The gyroradius

distributionremainsapproximatelyconstantintimeforI_1.0MA asexpectedforfirst-orbitloss,

butforIP.1.4MA thereisadecreaseinthepeakgyromdiuspast=0.2secafterNBI,whichisat

leastqualitativelysimilartothegymradiusdistributionsseeninthe1990run(Fig.6).

13.Comparisonofthepitchangledistributionsrncasuredby the9(Fdetectorfor1990and 1992

discharges,bothatat1.8MA, R=2.45m, andP=7.5MW (averagedoverp=2-11cm during3.5-

4.0sec).Tbereisasignificantdifferenceintheshapeofthetwodistributions,whichisattributed

to_lativclymoreanomalousdelayedlossatlowpitchangles(_(=55-65_)inthe1992run,aftera

repositioningofthe9(Fdetectoraperture.

14. Comparison of the gyroradius distributions measured by the 9(F detector within the pitch

angle region X=55-652 for the 1990 and 1992 discharges shown in Fig. 13. Them is _ significant

decrease in the peak of the gyroradius distribution vs. time in this range for the 1992 data, but not

for the 1990 data, indicating that there is a significant anomalous delayed loss at these low pitch

angles in the 1992 data.

15. Total MeV ion loss signal vs. plasma current for discharges with R=2.45 m for the 1992 run

(in the range #64429-64462), similar to the plot for the 1990 data in Fig. 8. The relative loss
between I=0.6-1.8 MeV dots not decrease as much as expected from the fLrSt-Orbitmodel (as

calculated for discharges in this sequence), and appears to decrease less than the corresponding
" datafrom1990.

. 16.Timedependencesofthetotallosssignalfromthe9(FdetectorforR=2.45m dischargesfrom

the1992run(measuredusinga fastphotomultiplicrdetector).For I----0.6and 1.0MA the

mcasurcdlossisproportionaltotheneutronrate,whileforI=1.,-tand1.8MA thereisa significant
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delayed loss component starting at =0.15 sec after NBI, and lasting up to =0.3 see after NBI ends.
For each current the MeV ion loss is normalized to the neutron rate at 3. l:k0.05 see.

17. Time dependences of the MeV ion loss signals for two different discharges (from the 1990

run) with R=2.45 m, I=1.85 MA, and P=22 MW. One of these has large m=2, n=l MHD activity

(#51263), while the other doesn't (#51256). During the MHD activity the instantaneous MeV ion

loss can increase by over a factor of 10, while the neutron rate is reduced by only <30%. The

pitch angle and gyrtn'adius distributions vary considerably vs. time during the discharge with MHD

activity, sometimes showing a large increase in the delayed loss feature at X=70_ and an unusually

low gyroradius distribution peaked at p=3 cm (e.g. at 3.56 see).

18. Time dependences of the MeV ion loss signal near the peak of the anomalous delayed loss

feature for a discharge with large low frequency MHD activity (#55797), compared to a discharge

with much smaller MHD activity (#55796). The peak MeV ion loss signal in #55797 increases by

about a factor of two with the onset of the MHD activity at =3.35 see and fluctuates in phase with

the =0.5 kHz magnetic loop signals, while it does not appreciably increase or fluctuate with the

smaller =5 kHz fluctuations in #55796 (note that the magnetic signals shown _u'eproportional to

dB/dt). This fusion product loss signal comes from a PM tube monitoring the peak emission

region with a frequency response of up to =20 kHz.

19. Pitch angle and gyroradius distributions in a discharge without large fluctuating MHD but with

a "locked mode" apparently triggered by pre-NBI pellet injection (#55018), compared to a similar

discharge (#55017) with the usual anomalous delayed loss feature (without pellets). During the

=3.5-3.9 see of #55018 shown here the high-X, low-p anomalous loss feature is essentially

absent, leaving only the first-orbit loss feature. At earlier times in the same discharge (=3.1-3.3

see) the anomalous loss feature is considerably larger than that for the discharge without large

MHD (similarly to Fig. 17).

20. Pitch angle vs. gyroradius distributions for an R=2.52 m, I=2 MA (1992) discharge just

before a major disruption (a), compared to a similar discharge without a disruption in (b). About

50 msec prior to disruption the pattern in (a) shows a large delayed loss feature at a relatively high

pitch angle and low gyroradius, presumably due to pre-disruptive MHD activity, along with a

sharp anomalous loss feature near the passing/trapped boundary at lower pitch and higher

gyroradius. The non-disruptive discharge in (b) shows comparatively less delayed loss, as is

typical of the large-R plasmas.
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21. Trajectoriesof possible anomalousloss orbitsof MeV protonsto the 902detector for an I= 2.0
- MA, R=2.45 m discharge(#54,*.72).In (a) are superimposed the trajectories of a "fattest banana"

first-orbit loss proton 0(=55g for a 3 MeVproton), and the loss trajectoriesfor 1MeV and 3 MeV

• protons at _(=70g. In Co)is an anorr_ous loss trajectory for a 1.5 MeV proton at ;_=70_(near the

peak of theanomalous loss region), superimposedon a confined trappedorbit of a 1.5MeV proton
with its banana tip at the same R which just misses the outer RF limiter. In (c) is a conf'med

trapped1.5 MeV protonorbit with a midplanepitch angle 600differentft'orethe anomalousloss
orbit,whichcouldoccasionallyscatterinto the anomalousloss orbit at ;(=70g.
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