1October 17, 1997Effects of q(r) on the Alpha Particle Ripple Loss in TFTRS.J. Zweben, D.S. Darrow, S. Batha�, R.V. Budny, M. Diesso,H. W. Herrmann, J. Giarrusso, M. Redi, H. Takahashi, S. von Goeler,R.B. White, and R. WielandPrinceton Plasma Physics LaboratoryP.O. Box 451, Princeton, N.J. 08543� Fusion Physics and Technology, Inc., Torrance, Calif. 90503AbstractAn experiment was done with TFTR DT plasmas to determine theeffect of the q(r) profile on the alpha particle ripple loss to the outermidplane. The alpha particle loss measurements were made using aradially movable scintillator detector 20… below the outer midplane. Theexperimental results were compared with TF ripple loss calculations doneusing a Monte Carlo guiding center orbit following code, ORBIT. Althoughsome of the experimental results are consistent with the ORBIT codemodeling, the variation of the alpha loss with the q(r) profiles is not wellexplained bythis code. Quantitative interpretation of these measurementsrequires a careful analysis of the limiter shadowing effect, which stronglydetermines the diffusion of alphas into the detector aperture.

2October 17, 1997I. Introduction The goal of the present experiment was to test the predicted q(r)dependence of the standard theory for toroidal field (TF) ripple-induced"stochastic ripple diffusion" (SRD) using DT alpha particles in TFTR.According to the original SRD model [1], trapped alpha particles willrandomly and rapidly diffuse radially when their banana tips fall in aregion where the TF ripple is larger than: dGWB � (e/N„q)3/2 (1/rq’) [1]Here dGWB is the Goldston-White-Boozer stochastic threshold (d is the peak-to-average dBtor/Btor along a field line), e=r/R is the location of the ion’sbanana tip (where the orbit is most sensitive to the TF ripple perturbation),N is the number of TF coils, r is the orbit’s gyroradius, and q and q’ (=¶q/ ¶r)depend on the magnetic q(r) profile at the banana tip. When this stochasticity condition is satisfied, the variations of thealpha banana tip location due to the non-axisymmetric TF ripple becomedecorrelated between successive bounces, causing the orbit to diffuseradially until it leaves the stochastic region (usually by being lost to thewall). Note that this type of banana tip diffusion is fundamentally differentfrom the ripple loss which occurs when an ion is trapped in the low fieldregion between two TF coils. The latter occurs only for a small range ofpitch angles nearly perpendicular to the toroidal field, whereas SRD occursfor any trapped ions over a wide range of pitch angles.Although there were several simplifying assumptions used inderiving Eq. 1, a fundamental feature of this model is that the SRDthreshold should depend on the q(r) profile, which affects the stochasticitycondition of the banana orbit tip. More recent theory and modeling havegeneralized the result of Eq. 1to include non-circular equilibria, but thesensitivity of the SRD mechanism to the q(r) profile remains [2]. Thissensitivity to q(r) may be important for future tokamak reactors in whichthe alpha loss due to TF ripple is predicted to be unusually high in the"advanced" tokamak regime at high q(0) [3].

3October 17, 1997Several experimental studies have been made of the effects of TFripple on fast ion confinement in tokamaks [4], mainly focusing on rippletrapping and not SRD. Recently measurements were made of outer firstwall heating due to ripple trapping and loss of 90keV Dbeam ions in JT-60U [5], and good agreement was found between the heating pattern and TFripple loss calculations. Ripple transport experiments have also beenperformed in JET [6] using 1 MeV triton burnup, in Tore Supra [7] using acalorimeter detector to measure the loss of 200keV minority ICRH tailions, and in TFTR [8] using the pellet charge exchange analyzer (PCX).Although these experiments showed generally good agreement with themodeling of TF ripple diffusion and loss, none of them tested the q(r) profiledependence of the SRD mechanism. The first experiment which identifieda q(r) dependence of ripple loss was done recently using triton burnup onJT-60U [9], but direct measurements of loss to the wall were not made.The experiment described in this paper uses the midplane fast ionscintillator detector previously used for measuring the ripple loss of DDfusion products in TFTR [10,11]. Those results showed several of thecharacteristics expected for TF ripple loss; in particular, the measuredpitch angle distribution peaked near the expected angle for TF ripple loss(significantly higher than expected for first-orbit loss), and the total fusionproduct loss fraction (per DD neutron) varied with plasma currentsimilarly to predictions from a collisionless MAPLOS (bounce-mapping)code [10]. The radial diffusion of DD fusion products was also measured inthe shadow of both the outer limiter and a second probe, and the inferredradial step sizes were similar to those predicted bythe collisionless GWBmodel [11].An overview of the DT alpha loss as measured bythis midplanedetector showed the following trends [12]: (a) for a given type of plasma, theDT and DD fusion product loss fractions (per neutron) were similar, asexpected from the SRD model since their gyro-radii are similar (Eq. 1), (b)the DT alpha loss per neutron peaked at a plasma current of I=1.0 MA, notquite as expected from the collisionless MAPLOS TF ripple losscalculations, (c) at plasma currents of I=1-2 MA, the pitch angle of themeasured loss was roughly consistent with the MAPLOS calculation of TF

4October 17, 1997ripple loss, but this was measured only 1.7cm behind the limiter shadow,and (d) the alpha loss signal at I=2.0 MA varied bya factor of 20when thedetector aperture was moved –1.5 cm around the shadow of the outerlimiter, and the pitch angle distribution also varied considerably over thisrange.The present paper describes an experiment to determine the q(r)dependence of the alpha particle ripple loss in TFTR, and an attempt tounderstand this data using the ORBIT guiding center code (i.e. not simplyusing Eq.1). The conclusion from this attempt is that the experimentalresults can not be understood using these ORBIT calculations alone, sincethey do not correctly take into account the influence of the outer limiters onthe alpha particle collection by this detector. This "limiter shadowing" effectstrongly determines the radial profile of the detected alpha loss signal nearthe outer midplane wall, since the alpha orbits must make a radial jumpbehind this limiter shadow in order to be detected. A preliminary limitershadowing model is described which can qualitatively explain some of theexperimental results, but uncertainties in the vacuum fields and the alphaenergy spectrum prevent a quantitative understanding of the data. The experimental design is described in Sec. II, the detector andlimiter geometry is described in Sec. III, and the ORBIT code modeling ofTF ripple loss is described in Sec. IV. The experimental results andcomparisons with the ORBIT code are in Sec. V, a description of the limitershadowing effect is in Sec. VI, a discussion is in Sec. VII, and theConclusions are in Sec. VIII.II. Experimental DesignThis experiment aimed to measure the q(r) dependence of thestochastic TF ripple diffusion (SRD) using DT alpha particles. Theexperiment was designed to vary the quantity (q3/2q’¤) in Eq.1whichdetermines the location of the SRD threshold within the TF ripple of TFTR.The actual experiment was affected by some additional constraints:

5October 17, 19971) The DT reaction rate needed to be much larger than the DD rate toinsure that the midplane probe was detecting primarily alphas, but assmall as possible to conserve tritium. Therefore only one tritium-fueledNBI source was used, which produced »1017 DT neutrons/sec (i.e. about 50times the DD reaction rate). 2) The plasma profiles needed to be kept as constant as possible tohelp isolate the q(r) profile effects, and free of MHD activity which couldcause additional alpha loss. Therefore all of these discharges used a lowtotal NBI power of 7.5 MW (1 T beam and 2 D beams) which are far from theMHD beta limit,3) Although the TF ripple level is maximized for plasmas whichtouch the outer limiter boundary (i.e. with R»2.62 m), this experiment usedsmaller plasmas with R=2.52 m to allow the detector to be positioned insidethe limiter radius as part of the three-point radial scan made for eachplasma condition. Similar R=2.52 m plasmas were used to study the first-orbit alpha loss to the bottom detectors [13]. One detector scan at R=2.45 mwas added for comparison purposes.Within these constraints, two plasma scans were done to vary the q(r)profile as widely as possible, and one was done to vary the alpha gyroradiusr at fixed q(a). All three scans had a common "baseline" plasma of I=1.4MA, B=4.7 T, R=2.52 m, a=0.87 m , as shown by the "straight-across" case inFig. 1, with 7.5 MW of NBI from 4.0 to 4.8 sec. More specifically, these scanswere:a) a "q(r)" scan done by initially ramping-up or down the plasmacurrent while keeping it constant at I=1.4 MA and B=4.7 T during NBI, asillustrated in Fig. 1. The current ramp-down from I=2.2 MA produced arelatively high current density and low q(r) in the plasma core, while theramp-up from I=0.6 MA produced a low current density and high q(r) in thecore. A higher q(r) should decrease the SRD threshold and increase theripple loss [3], assuming a similar q’(r) profile in the core.

6October 17, 1997b) A "q(a) scan" at a constant I=1.4 MA with toroidal fields of B=4.7,3.9, and 3.4T, similar to the "straight-across" case shown in Fig. 1. Thisscan decreases both q and q’ with decreasing B,which should increase thestochastic ripple threshold and decrease the ripple loss, according to Eq.1,The increased r with decreasing Bonly partially offsets the expectedincrease in the SRD threshold. c) A "r scan" at fixed q(a) with toroidal fields of B=4.7, 3.9, and 3.4 Tat plasma currents of I=1.4, 1.15 and 1.0 MA, respectively. This scan variedthe alpha gyroradius r at a nearly fixed q(r). The stochastic ripplethreshold should decrease and the ripple loss increase with decreasing B,according to Eq. 1.The plasma conditions for these discharges are shown in Table 1.The central plasma parameters were nearly constant for all cases, e.g.ne(0)=3.0–0.5 x 1013 cm-3 and Te(0)=5.5–0.5 keV (both averaged over 4.5-4.8sec). There was little coherent MHD activity in these discharges, althoughthe discharges with low q(a) did have sawteeth, but these did notsignificantly affect the time-averaged alpha loss rate.The actual q(r) profiles for typical plasmas in these scans are shownin Fig. 2, based on motional Stark effect (MSE) measurements of the pitchangle of the magnetic field [14]. The q(r) profiles varied about as expected.The profiles in Fig. 2were taken 0.1 sec after the start of NBI (4.6 sec), butdid not change during the period analyzed for alpha ripple loss (4.5-4.8 sec).Analytic fits of q(r) used in the ORBIT modeling are given in Table 2, alongwith the measured central Shafranov shifts (see Sec. IV). The vacuummagnetic fields were not directly measured (see Appendix 1).The SRD regions for these discharges also depend on the TF ripplestrength, which is given by a fit to the TFTR magnetic design specification: ¶ (peak-to-average) = 6x10-6 exp { [(R-2.25)2 + 1.31 z2]1/2 / 0.166 }(2)where R is the major radius (in m) and z is the height above the midplane(TFTR is symmetrical about the midplane). This is a slightly improved fit to

7October 17, 1997that used previously [10]. The TF ripple for these R=2.52 m discharges istherefore ¶�0.5% at the outer edge of the plasma at the midplane (z=0),¶�2% at the outer limiter at the midplane, and ¶�0.3% at the top edge of theplasma (R=2.52, z=0.87).A sample evaluation of the stochastic criterion (Eq. 1) for 3.5 MeValphas is given in Fig. 3, along with the TF ripple strength evaluated vs. z(vertically at the major radius) and R (horizontally along at z=0). The SRDthreshold location for the baseline "high q(a)" case occurs at r/a»0.35, andmoves radially outward with decreasing Bby »10-15 cm as (q3/2q’¤)decrease by a factor of »3 for the lower q(a) cases. The relatively smallchange in the SRD boundary is due to the exponential radial variation of theTF ripple strength. The actual modeling of the ripple loss in thisexperiment is done using the Monte Carlo ORBIT guiding center code [15],which takes into account the alpha birth profile, Shafranov shift, andcollisionality which are not included in the simple SRD criterion of Eq. 1.III. Detector and Limiter GeometryThe alpha diagnostic for this experiment was a radially movable"midplane" scintillator detector located about 20� below the outer midplane(in the ion grad-B drift direction), near where the TF ripple loss wasexpected [10-12]. This detector has been extensively described elsewhere[16,17]. The alphas enter the detector aperture through a small "pinhole"(0.07 cm x 0.2 cm), pass through a wider "slit" (.07 cm x 1.35 cm), and strikea scintillator screen located inside a light-tight enclosure, as illustrated inFig. 4.This aperture pair separates alphas with respect to their pitch angle� (with �=90… perpendicular to the toroidal field B) and their gyroradiusr=(2ME)0.5/qB. Note that this gyroradius assumes �=90�, i.e. r is a measureof the alpha energy. The 2-D scintillator light images are sent through anin-vessel coherent quartz fiberoptic bundle (20x20 fibers) to an ex-vesselcoherent quartz bundle (50x50 fibers), and are digitized by an intensifiedCCD camera system every 33 ms [12,13]. Thus the measured quantities are

8October 17, 1997the alpha particle flux vs. time through the aperture as a function of thelocal pitch angle (which measures the magnetic moment) and the localgyroradius (which measures the alpha energy). The total light from thefiberoptic bundle is also measured bya photomultiplier tube for a fastertime response.The alpha gyroradius range covered bythis detector is ¤�2-12 cm,which includes the ¤�8-11 cm expected for 3.5 MeV alphas at the detector.The range of pitch angles covered by this detector is �40-85… with respect tothe local toroidal B, which includes the whole range of expected SRD loss,but does not include alphas which are trapped in the local ripple wells atangles near 90� (the expected ripple-trapped alpha fraction is small, asdescribed in Sec. IV).The pitch and gyroradius measurements are made by interpretingthe 2-D scintillator light emission pattern in terms of a coordinate systemderived from a detector simulation code, as shown at the bottom of Fig. 4.Each grid point on this coordinate system represents the centroid of theimpact locations of an ensemble of alpha orbits entering the aperture pairat a given � and ¤. The widths of these distributions are due to the finitesize of the apertures. The detector design was optimized for good pitchangle resolution (»6… FWHM) and not for good gyroradius (i.e. energy)resolution, since the energy distribution broadened largely bythe beam-target Doppler shift of »0.5 MeV FWHM. The pitch and gyroradius have asystematic uncertainty of about –3… and –1 cm, respectively [12], whichcorresponds to a position uncertainty of –1 pixel or line in Fig. 4,or »0.1 c m on the surface of the 2.5 cm x 2.5 cm square scintillator.An important and difficult feature of the present experiment is theeffect of the limiter geometry, since most of the alphas must diffuse into thegeometrical projection or "shadow" of the outer midplane limiters in orderto enter the detector aperture [11,12,18]. This limiter geometry is shownschematically in Fig. 5. The most important limiters for this experimentare the "RF limiters" which cover –30� around the outer midplane attoroidal locations »100�-170� from the alpha detector. The nearest limiter isonly 45� away toroidally but does not extend within –30� of the outer

9October 17, 1997midplane. All limiters are circular with major and minor radii ofRlim=260.6 cm and alim=99 cm, which define the "geometrical shadow" ofthis limiter set. The limiter alignment uncertainty is about –0.3 cm, andeach has a toroidal extent of »50 cm. The first wall is much fartheroutward at awall» 110 cm.The detector aperture was moved horizontally between rap= -2.0 c m and rap= +1.0 cm with respect to the geometrical shadow of these limiters,which is defined here as rap=0 cm (i.e. when the pinhole aperture is atR=352.5 cm and z= -35.6 cm). Although for rap=-2.0 cm the aperture itself is2cm radially inside the geometrical limiter shadow, alpha orbits enteringthe aperture at this position could have been behind the limiter shadowwhen they were nearer to the outer midplane. The limiter shadowing effectis significant in determining the alpha loss to the detector for most of theaperture positions in this experiment (see Sec. VI and the Appendix 1).IV. ORBIT Code Modeling of TF Ripple LossThe experimental results in this paper are mainly compared withmodeling done using the ORBIT guiding center code, another version ofwhich was previously used to model TFTR alpha ripple loss [2,15,19]. Thiscode calculates alpha particle orbit trajectories in the presence of TF rippleand collisions, and determines the characteristics of the alpha particle lossto the wall, e.g. its pitch angle, energy, and poloidal angle distributions. The advantage of this code is that it contains all the physicsnecessary to accurately describe the stochastic ripple diffusion of alphaorbits in TFTR. The main disadvantage of this code is that it assumes thatthe wall is a smooth toroidal surface, so does not correctly calculate theeffect of the limiter shadowing on the local alpha flux to the detector. Thestrategy of the analysis in this paper is to first compare the experimentalresults with the ORBIT code modeling (Sec. V), and then (since goodagreement is not found) to explore the modifications caused bythe limitershadowing effect (Sec. VI).

10October 17, 1997The inputs to the ORBIT code were fits to the q(r) profiles provided bythe MSE/VMEC equilibrium analysis [14], and the Abel-inverted neutron(i.e. alpha) source profile shapes measured bythe multichannel neutroncollimator [20]. These fits are listed in Table 2. To obtain a magneticequilibrium, the code also inputs the plasma boundary and magnetic axislocations, the shape of the plasma pressure profile, and the toroidalmagnetic field on the magnetic axis.The ORBIT equilibrium flux surfaces as calculated for the baselineI=1.4 MA, B=4.7 T case are shown in Fig. 6. The plasma edge nearlytouches the inner limiter at the midplane, but there is a vacuum regionoutside the plasma but inside the limiter shadow between R=3.39 m and 3.60m at the outboard midplane where the magnetic fields were not measured. The flux surfaces in these equilibria are assumed to be circular, and thevacuum field is fit by a smooth curve between the plasma edge and the outermidplane limiter. The vacuum fields at the outer midplane limiter wereinitially assumed to have q=10and a Shafranov shift of -5 cm, but lateranalysis (see Appendix 1) showed a q=25and shift of -17 cm at the outerlimiter (the fields at the plasma edge were the same). The global ORBITripple loss modeling was not sensitive to the assumed vacuum fields, sinceit depended mainly on the banana tip locations inside the plasma, but thelimiter shadowing was very sensitive to the assumed vacuum fields (seeSec. VI). The regions of localized magnetic wells due to TF ripple are alsoshown in Fig. 6,inside of which alpha banana tips can be trapped and lostbetween TF coils (this is highly unlikely in TFTR).A single TF ripple loss orbit calculated for the baseline case usingthis code is shown in Fig. 7. The banana tip was located at a relatively larger/a so that successive poloidal transits had a random vertical displacementof the banana tip characteristic of SRD. The numerical accuracy of thiscode is such that when the TF ripple and collisionality are set to zero, orbitssuch as that in Fig. 7circulate for >50,000 transits with a radial motion of<0.1 cm.An important factor in the TF ripple loss modeling is Coulombcollisions, which cause alpha banana orbits to change their magnetic

11October 17, 1997moment and/or move from confined to unconfined regions. Previousnumerical modeling of TFTR has shown that collisions can increase thetotal alpha ripple loss byabout a factor of two [15,19]. The main factordetermining the collisional effect is the ratio of the alpha particle energy e-folding rate �,E to the pitch angle scattering rate �,� (i.e. the e-foldingrate of v�2), which is (from the NRL Plasma Formulary): �,E/�,� � 100 Zeff (Te/E�)3/2 [3]At the plasma axis, this ratio is »50 for 3.5MeV alpha particles withTe(0)=5.5 keV and Zeff=3 (see Table 1). However, since in this code thesecollision times are assumed to be constant vs. radius, this ratio is taken tobe characteristic of conditions near the SRD boundary (ne= 2.7x1013 cm-3and Te » 3.5 keV), i.e. �,E = 1/�,E = 0.1 sec and �,� = 1/ �,� = 10sec forall cases.In Fig. 8 are maps of the alpha loss regions calculated by this code forthe baseline case. At the top, the initial 3.5MeV alpha birth R and � arevaried for z=0 (i.e. birth along the outer midplane). At the bottom, the initialalpha birth R and z are varied assuming cos � = 0(i.e. birth at the bananatip). For both cases the orbits are followed for up to 75,000 toroidal transitsusing the collision rates noted above (i.e. for »0.1 sec in real time), duringwhich the alpha energy decreases by 1/e (i.e. from 3.5 to 1.3 MeV). Three regions are highlighted in the maps of Fig. 8: the shadedprompt first-orbit loss region (alphas lost in fewer than 20transits evenwithout TF ripple present), the white confined region (alphas confined for atleast 75,000 transits), and the "X" boundary region in which alphas are lostto the wall due to ripple loss occurring between 20and 75,000 transits. I n terms of banana tip locations, the ripple loss boundary is a circle of radius »20cm, i.e. smaller than expected from the collisionless GWB model due tothe effect of collisional ripple loss. The corresponding ripple loss boundaryradius for alphas lost within only 1000 transits is »30 cm, similar to theresult from the GWB modeling in Fig. 3. TF ripple trapping occurs only ina small region near the outer midplane, since most of the orbits withbanana tips in the ripple wells are in the first-orbit region.

12October 17, 1997 The actual modeling of alpha ripple loss for this experiment wasdone using a Monte Carlo technique similar to that described in Ref. 15,inwhich 3.5 MeV alphas are started at random pitch and toroidal angles witha radial distribution fit to the measured alpha source profiles. The alphaparticle birth profiles in this experiment were very centrally peaked, withabout 80% of the alpha banana tips born on initially confined orbits (i.e.within the white or X zones at the bottom of Fig. 8). For each type of plasmain Table 2, the ORBIT code was run using 1000 initial alphas for up to 75,000toroidal transits each. The number of alphas in each run was limited bythe available time on the VAX Alpha computers at PPPL (each run tookabout 2-3 weeks).Results from the Monte Carlo modeling for the baseline I=1.4 M A case are shown in Fig. 9. Most of the ripple-lost alphas hit the first wall atpoloidal angles between 0… and 30… below the outer limiter and at pitchangles near 60…, as expected from previous calculations using MAPLOSand ORBIT [10,11,12,19]. The alpha energy loss spectrum has a spike at thebirth energy due to first-orbit loss (not shown), and a low energy tail due tocollisional ripple loss. The total TF ripple loss fraction was »7% for thiscase, while the total first-orbit loss fraction was »15%. Further results ofthe TF ripple modeling are discussed along with the experimental data inSec. V.V. Experimental Results and Comparison with ORBIT ModelingThis section contains a comparison between the midplane alpha lossmeasurements and results from ORBIT guiding center modeling of thealpha ripple loss for these experiments. All 34DT discharges for the threeplasma scans described in Sec. III are discussed, including the total alphaloss, pitch angle, and gyroradius distributions measured in the steady-stateportion of these discharge (Secs. A, B,and C respectively). The timedependence and MHD effects on this data are described separately in Sec. D.Two separate data sets are presented for comparison purposes: one for

13October 17, 1997plasmas with a smaller major radius (R=2.45 m instead of R=2.52 m), andanother for R=2.52 m plasmas taken near the end of the TFTR DT run (Secs.Eand F, respectively). Both of these additional data sets show the samequalitative but different quantitative features as the data of Secs. A-D, and sopoint out the sensitivity of the results to the limiter conditions. Theuncertainties in the data and analysis are discussed separately (Sec. G). The strategy of the analysis in this section is to attempt to comparethe experimental results with the ORBIT code modeling, and to show wherethis modeling is successful and where it is deficient. The main deficiencyis an inability of this model to explain the radial profile of the data, whichleads to a discussion of the effect shadowing effect in Sec. VI.A. Neutron-Normalized Alpha LossThere were three plasma scans in this experiment: (a) the "q(r) scan"at I=1.4 MA and B=4.7 T, (b) the "q(a) scan" at I=1.4 MA and B=4.7, 3.9and3.4T, and (c) the "¤ scan" at constant q(a) at B=4.7, 3.9, and 3.4T (see Sec.II). For each type of plasma the midplane alpha probe was moved to threedifferent positions on three successive shots, namely, rap = -2.0 cm, -0.5 cm,and +1.0 cm with respect to the geometrical shadow of the outer limiter (seeTable 3). One type of shot was common to each of these scans, namely the"baseline" case at I=1.4 MA and B=4.7 T.Two examples of the raw scintillator image data from the midplanedetector are shown in Fig. 10, one with rap= -2.0 cm and the other with rap=+1.0 cm, both for the baseline case. At the left are the scintillator lightintensity patterns averaged over the steady-state period 4.5-4.8 sec duringNBI, and at the right are the same data plotted in terms of the inferredpitch angle � vs. gyroradius r. The alpha signals are clearly visible abovethe (n,')-induced fiberoptic background [21], which can be seen within thesquare fiber bundle for the rap= +1.0 cm case (the camera gain is »8 timeslarger for the rap= +1.0 cm case than the rap= - 2 cm case). The contours onthe right represent a linear scale in alpha signal amplitude afterbackground subtraction. The experimental pitch angles are measured withrespect to the toroidal magnetic field at the detector, which is only »1� less

14October 17, 1997than the pitch angle with respect to the total magnetic field due to the largeq(alim) near the outer limiter (see Appendix 1).The total alpha particle loss is defined as the total scintillator lightemission integrated over the � and r region shown in Fig. 4(nearly thesame as the grid at the right of Fig. 5), minus the background flourescenceof the fiberoptic bundle (see Sec. III), and averaged over the steady-stateperiod 4.5 to 4.8 sec. The neutron-normalized alpha particle loss is thissignal divided by the standard DT neutron rate monitor signal averagedover the same time period. From the raw data of Fig. 10, it can immediatelybe seen that the alpha loss is much larger per neutron for the rap= -2.0 c m case, since the relative fiberoptic background level is much smaller. It canalso be seen that the pitch distributions vary significantly with the apertureradial position.The alpha collection fraction, i.e. the absolute value of the alpha lossinto this detector divided by the global DT neutron rate, was estimated bycomparing the midplane alpha loss signals with the 90� detector signals forthe baseline case. The alpha loss to the 90� detector was assumed to be thefirst-orbit loss, as was found previously for similar DT discharges [13], andthe alpha energy of the midplane probe signals was assumed to be 3.5 MeVfor this estimate. The resulting midplane alpha collection fraction vs. thedetector aperture position for the baseline plasma case is shown in Fig. 11. The inferred alpha collection fraction was in the range F» 10-6 for therap= -2.0 cm case to F» 10-7 for the rap= +1.0 cm case, i.e. the alpha flux intothe detector was »1010 to 1011 alphas/sec at a neutron rate of »1017 n/sec.This alpha collection fraction is »10-100 times larger than the expected first-orbit loss collection fraction for this detector, as calculated using the sameLorentz orbit code used for the 90� alpha loss results [13]. Thus the first-orbit loss contribution to the midplane alpha loss signals was negligible. forthe range of aperture positions used in this experiment. Note that the first-orbit loss of DD fusion products identified previously in the midplane probesignals was seen only for aperture positions rap= +10 cm [10,11] , where theTF ripple loss was much smaller (see Sec. VI).

15October 17, 1997The relative variation of the neutron-normalized alpha loss for threeplasma scans in this experiment is shown in Fig. 12,where the threeplasma scans and three aperture positions are shown separately bynormalizing the measured alpha loss for the baseline case at rap= -0.5 cm tounity. These same variations in the data are shown in another way in Fig.13, along with the total TF ripple loss calculated by the ORBIT code for eachplasma type (also listed in Table 3). For Fig. 13,each aperture position theneutron-normalized alpha loss in the baseline case was normalized to thebaseline global ripple loss calculated byORBIT, so that the relativevariations for the different types of q(r) profiles can be seen. The shot-to-shotvariability of the neutron-normalized alpha loss for a given plasma type andaperture position was only »5%, and the estimated systematic uncertaintywas about –10-20%, mainly due to the background subtraction process (seeSec. V.F). Looking first at the data and modeling results for the rap = -0.5 c m cases, the following trends were observed with respect to the baseline:a) q(r)scan

:the measured alpha loss increased by»50% for the currentramp-up case and decreased by»30% for the current ramp-down case,while the calculated global ORBIT ripple loss decreased by»6% and 17%,respectively,b) q(a)scan

:the measured alpha loss decreased by»20% and »5% for themedium and low q(a) cases respectively, while the calculated ORBIT resultsdecreased by »30% and 25%, respectively,c)

¤scan

:the measured alpha loss decreased by»40% and »60%respectively, while the calculated ORBIT results decreased by»20% and»10%, respectively. The qualitative trends at the other aperture positions were fairlysimilar, except for the low q(a) case at rap = +1.0 which may have beenaffected bya stationary magnetic perturbation (see Sec. V.D). In general,the trends in the alpha loss data are not well explained bythe ORBITmodeling. The variation in the measured alpha loss at a given aperture

16October 17, 1997position was up to a factor of »4 between different plasma types, but therange in the ORBIT-calculated global ripple loss was between »5-8%, i.e. avariation of less than a factor of 2. Also, the highest measured loss (for thecurrent ramp-up cases) did not correspond to the highest calculated losses,and the lowest measured loss (for the low Bconstant q(a) case) did notcorrespond to the lowest calculated loss. It is highly unlikely that these differences between experiment andmodeling can be attributed to statistical uncertainty in the calculated alphaloss fractions, which was only about –0.5% for this 1000particle sample (i.e.the results was thus »7.5–0.5% for the baseline case). There may be someadditional systematic errors in the calculations, but these should becommon to all cases. A study of the sensitivity of the global ripple loss tovarious modeling assumptions is given in Table 4. The variation in theORBIT code results for "collisionless" ripple loss (after only 5000transits)was similar to that for the whole slowing-down calculation, as shown at thetop of Fig. 13.It is interesting that some of the trends in the global ORBIT coderipple loss results did not correspond well to initial expectations based onthe SRD threshold, due to the limited physics contained in the SRD model(Sec. II). For example, in the q(a) scan the ripple loss was expected todecrease with decreasing B (Fig. 3), but the ORBIT result increased slightlyfrom medium B to low B, while for the r scan the ripple loss was expected toincrease with lower B (higher r), but the ORBIT result decreased slightly atlower B. This is most likely due to the varying alpha source profiles, whichtended to broaden at the lowest B, and to the presence of a significant first-orbit loss, which depletes the alpha ripple loss region for the low-currentcases. The conclusion from this analysis is that the measured changes inthe total alpha loss in these q(r) and r scans were not well explained by theORBIT ripple loss calculations. Furthermore, the strong dependence of themeasured alpha signals on the radial aperture position could not bepredicted from the ORBIT code model, which assumed a smooth toroidalfirst wall. Although the absolute magnitude of the alpha loss to this

17October 17, 1997midplane detector was larger than the first-orbit loss as expected from theTF ripple loss mechanism, the absolute level of alpha loss was notexplained by the ORBIT modeling. Further analysis of this data requires asupplementary limiter shadowing model, as described in Sec. VI.B. Pitch Angle VariationsThe pitch angle of the alpha loss is important to help identify the lossmechanism, since the TF ripple loss is expected only in a relatively narrowrange of pitch angles (see Fig. 3). Typical alpha particle pitch angledistributions measured bythe midplane detector in this experiment areshown in Fig. 14. All these distributions are averaged over the gyroradiusrange ¤=2-12 cm and over the time of 4.5-4.8 sec. The top part of Fig. 14shows the variation of the shape of these pitchangle distributions with probe position for the baseline case (I=1.4 MA,B=4.7 T), in which the peak pitch angle moves from �»62… at the apertureposition rap= +1.0 cm to �»54… for rap= -2.0 cm. The bottom part of Fig. 14shows that these pitch distributions vary considerably at the rap=-2.0 c m position for different types of plasmas in this experiment. The variation isless strong at rap= -0.5 cm, where all of the distributions have a peak near�»60–2�, and all distributions have a very similar shape with a peak verynear �»62� at rap = +1.0 cm.In general, these pitch distributions seem to consist of two distinctcomponents: one near �»62-64� (particularly dominant at the largeraperture radii), and another at �»52-54� (particularly dominant at thesmaller aperture radii). The instrumental resolution of »6� FWHM limitsthe ability to distinguish between these two components, and there is apotential systematic alignment uncertainty of –3�. These pitch angles aremeasured with respect to the toroidal field, as before [10-12].The pitch angle distributions calculated for global TF ripple loss bythe ORBIT code are shown at the top of Fig. 15for the two of the cases fromthe bottom of Fig. 14. The calculated pitch angle range for TF ripple loss is

18October 17, 1997roughly the same for all the plasmas in this experiment (to within thestatistical uncertainties), namely within �»54�-68�. These distributionsinclude all the TF ripple lost alphas at various energies and poloidal anglesnear the outer midplane (Fig. 3), and are measured with respect to the totalmagnetic field at the wall, which makes them »1� larger than whenmeasured with respect to the toroidal field.The trajectories of E=2.5 MeV alpha orbits entering the detector withpitch angles near the ends of this range are shown at the bottom of Fig. 15.The orbit with �»54� has a banana tip in the low TF ripple region close tothe magnetic axis, while the orbit with �»68� has its banana tip in the highTF ripple region (the ripple is turned off for these orbits). Thecorresponding orbits for alpha of lower (higher) energies are at a higher(lower) vertical position, but have nearly the same major radius, except forthe orbits �£54� with E»3.5 MeV which are near the passing-trappedboundary. Therefore all alpha particles lost due to TF ripple in the ORBITmodeling are on trapped orbits on their last bounce before hitting the wall.The variation of the peak pitch angles vs. aperture radius is shown inFig. 16, along with the range of pitch angles predicted for TF ripple loss bythe ORBIT code. All the data falls within the calculated range of �»54�- 68�for TF ripple loss. However, the code does not explain the systematicvariation of the data with the aperture radius. Furthermore, the statisticaluncertainties in the code results are too large to explain the differencesamong the pitch angle distributions for the various examples in Fig. 14. The conclusion from this comparison is that the measured pitchangle distributions are roughly consistent with TF ripple loss, but theirvariations with q(r) can not be explained bythe ORBIT code. Furtheranalysis of this data using a supplementary limiter shadowing model isdescribed in Sec. VI.C. Gyroradius (Energy) Variations

19October 17, 1997The alpha gyroradius distributions can in principle be used todetermine the energy spectrum of the alpha loss, which can be comparedwith the predictions from the ORBIT code (Fig. 9). However, the design ofthe detectors was optimized for pitch angle and not for gyroradiusresolution, so in practice only the average energy of the alpha loss can bedetermined and not its energy distribution function.Examples of the measured lost alpha gyroradius distributions forthis experiment are shown in Fig. 17,where in each case the data wasaveraged over the pitch angle range �=45-75… between 4.5-4.8 sec (see Sec.III). At the top of this figure are the distributions for the three shots in theq(r) scan, all for the same aperture position of rap= -2.0 cm and for B=4.7 T.At the bottom of are the measured distributions for the three shots in theq(a) scan, again for rap= -2.0 cm. There is a relatively large instrumentalspread of the data in the gyroradius centroid coordinate direction due to thefinite size of the detector apertures; thus the average alpha gyroradius canonly be estimated by comparing the data with modeled distributions basedon the detector aperture and scintillator geometry, three of which are alsoshown at the top of Fig. 17. The three shots of the q(r) scan at the top of Fig. 17have the samegyroradius distribution shapes, implying that the energy spectrum of thealpha loss was not sensitive to this q(r) variation. The best fit is for E=2.5MeV alphas, but the systematic uncertainty in the gyroradius centroidcoordinate is about –1 cm (see Sec. V.F), so the results at full field areconsistent with the loss of E=2.5–1 MeV alphas. The three shots of the q(a)scan at the bottom of Fig. 17show an increase in the gyroradii withdecreasing B, but this is mainly due to the change in B itself. The peak gyroradii during the steady-state period 4.5-4.8 sec for allplasmas in this experiment are shown in Fig. 18as a function of B, alongwith model calculations for various energies. The inferred average alphaloss energy appears to be E»2.5 –1.0 MeV for the B=4.7 T cases, and E»2–1MeV for the 3.9 T and 3.4 T cases. However, the instrumental uncertaintiesat lower B and larger gyroradii are higher (see Sec. V.F).

20October 17, 1997The strongest conclusion from this analysis is that the energy of thealpha loss is insensitive to both the type of plasma and the aperture positionin this experiment. However, the relatively poor energy resolution andsystematic uncertainties in this measurement make a quantitativecomparison with the ORBIT results difficult. The best estimate is that theaverage energy of alpha loss is similar to the mean energy of the TF rippleloss of E»2.5-3.0 MeV (Fig. 9), but with uncertainty which brackets the wholerange of expected alpha energy spectrum, i.e. E=2.5–1 MeV.D. Time Dependence and the Effects of MHD ActivityA typical time dependence of the midplane alpha loss signal withrespect to the neutron signal (i.e. alpha source rate) was shown in Fig. 1.For almost all plasmas and aperture positions, the relative alpha loss perneutron is constant (to within about –20%) during the time interval between»50 msec after the start of NBI and 200 msec after the end of NBI, similar tothe behavior seen previously for a I=2.0 MA case [12]. There is no clearcorrelation between the relative alpha loss per neutron after NBI and themagnitude of the total neutron-normalized alpha loss during NBI.However, there are small changes in the pitch angle and gyroradiusdistributions between the early-NBI and the post-NBI phases, as illustratedat the top of Fig. 19for the baseline plasma case with rap = -0.5 cm. Themost interesting of these is a shift in the gyroradius distribution towardlower energies after the end of NBI, such as might be expected for a delayedalpha loss component due to collisional TF ripple diffusion. The location ofthe peak of the gyroradius distribution vs. time is shown for some of thebaseline case at the bottom of Fig. 19. The decrease in gyroradius »200 msecafter the end of NBI for the rap=-0.5 cm case corresponds to an energydecrease of »20% with respect to the steady-state loss energy.The expected time dependence for collisional TF ripple loss can beestimated from the energy spectrum of ripple loss calculated bythe ORBITcode (Fig. 9). For all cases, »2/3 of the collisional TF ripple loss occurredwithin »30 msec of the alpha birth at 3.5MeV, i.e. within » 1/3 of an energy

21October 17, 1997slowing-down time. This is very fast with respect to the »250 msec rise timeof the alpha source rate during NBI (Fig. 1), so is consistent with theconstant alpha loss per neutron observed during NBI (e.g. Fig. 1). AfterNBI ends the global alpha source rate e-folds in only »75 msec, so anincrease in the alpha loss per neutron of »60% is expected ‡0.1 sec after theend of NBI (from a numerical estimate). This increase is larger than the£20% increase observed in the data. However, interpretation of thisdifference requires a time dependent analysis of the ripple loss, includingevolution of the equilibrium, source profile, and collisionality after the endof NBI, which is not possible with the present ORBIT code.Some of the discharges in this experiment had relatively largesawteeth during NBI, which are common in TFTR at low NBI power andlow q(a). However, in all these sawtoothing cases the alpha loss per neutronwas constant except for a very brief (»100 msec) increase bya factor £3 ofalpha loss just at the sawtooth crash, similar to that seen previously for DDfusion products [22]. This burst had a negligible effect of the alpha lossaveraged over 4.5-4.8 sec, so does not affect the interpretation of the signalsof Sec. V.A-C.The only other visible MHD effect was a surprisingly strong influenceof stationary magnetic perturbations (SMPs) on the alpha loss signals.SMPs (sometimes called "locked modes") are measured on TFTR bya pairof radial field coils [23], and are large-scale non-rotating edge magneticperturbations which occurred for most of the current ramp-downdischarges in this experiment. The discharges with an SMP had asignificantly lower ion and electron temperature and a lower DT neutronrate that the ones without an SMP. The main effect of the SMP was todrastically change the pitch angle distribution of the alpha loss, as shownin Fig. 20,where for an aperture position of rap=-0.5 cm the peak pitchlocation shifted from »62� without the SMP to »51� with the SMP. The totalalpha loss decreased by up to »20% with SMPs, leading to the scatter in theramp-down data of Figs. 12and 13. Subsequent discharges made withslower current ramp-down rates also had SMPs, but no SMPs were seen inthe 1.8MA->1.4 MA ramp-down cases, or in other discharges in thisexperiment.

22October 17, 1997These MHD effects on the alpha loss can not be understood without aset of ORBIT calculations which include these low-n magneticperturbations. Such a study is planned, but is beyond the scope of thispaper.E. Small Major Radius CasesFor comparison purposes, a radial probe scan was made in R=2.45 mplasmas with the same plasma current and toroidal field as the R=2.52 mplasmas discussed above (i.e. I=1.4 MA and B=4.7 T). These smaller majorradius plasma allowed a larger inward scan of the probe aperture to rap = -6.5cm, as shown in Fig. 21,since the plasma edge was farther from thelimiter shadow at the probe (34 cm vs. 19 cm for R=2.52 m plasmas). The alpha loss measured for the R=2.45 m. plasmas increased as theprobe was moved inward until rap= -5 cm, i.e. 3 cm farther inward than anypoint in the probe scan used for the R=2.52 m plasmas. The level of thenormalized alpha loss per neutron for the rap = -0.5 cm position was within5% of that for the baseline R=2.52 m plasmas, but the signal at rap= -2.0 c m for the R=2.45 m plasma was a factor of »2 lower than for the R=2.52 mplasma (the signal at rap= +1 cm was too small to measure above thefiberoptic background level for R=2.45 m). As the detector was movedfurther inward for the R=2.45 m case, the loss saturated at about rap = -5 c m at a factor of 4 above the level at rap= -2.0 cm. The pitch angle distributions for the R=2.45 m plasmas are shown atthe bottom of Fig. 21, all normalized to the same height to show the changesin shape vs rap. The case at rap=-0.5 cm had a pitch angle distributionpeaked at 54…, i.e. significantly lower than the corresponding 62… peak in theR=2.52 m case (Fig. 14). The component of the pitch distribution at 62… in theR=2.45 m cases was largest for the farthest outward position, and decreasedas the probe moved inward, similarly to the R=2.52 m cases.

23October 17, 1997The gyroradius distributions were analyzed as in Sec. V.C, and theresult was a peak gyroradius at 6.2–0.1 cm, i.e. nearly identical to thecorresponding R=2.52 m cases at the same toroidal field. There was little orno time dependences of the gyroradius peak in the R=2.45 m cases.In summary, the alpha loss for the smaller major radius plasmasshowed some features similar to the R=2.52 m plasmas described in Secs.V.A-C; namely, the pitch angle and gyroradius distributions were similar,and the alpha signal levels increased strongly as the probe was movedinward. Although it is expected that the global TF ripple loss is smaller forthe R=2.45 m plasmas due to the lower average ripple level, the measuredratio of the alpha loss per neutron between the two cases depended stronglyon the probe aperture position. This makes it clear that before anyquantitative connection can be made between these midplanemeasurements and TF ripple loss modeling, the origin of the radialdependence of the alpha loss signals needs to be better understood. This isdiscussed in Sec. VI.F. Sensitivity to Limiter GeometryNear the end of the TFTR DT run an extended midplane probe scanat R=2.52 m was made to obtain a more complete radial profile (these datawas taken about 1.5 years after those in Sec. A-E). In this extended scan theaperture was moved inward byan additional 4.5cm between rap=-6.5 c m and +1 cm in plasmas which had external parameters essentially the sameas for the baseline case.Although the results described in Secs. IV.A-C were highlyreproducible during the period in which they were taken, the results of thisextended probe scan were considerably different, as shown in Fig. 22. Atrap= -2 cm the total alpha flux (per neutron) was »4 times smaller and hada different pitch angle distribution for the later scan, and the radial e-folding length within the region of overlap was longer by a factor of »3. Thequalitative behavior of the new extended scan was similar to thatmeasured previously for R=2.45 m (Fig. 21); namely, the alpha lossincreased as the aperture was moved in to at least rap= -5 cm, and the pitch

24October 17, 1997angle distribution shifted to lower angles as the aperture was movedinward.This unexpected difference was most likely due to repositioning of theRF antennas which occurred just before the extended scan. These RFantennas were located between the RF limiters at the outboard midplane,and part of their structure may have been at a smaller major radius thanthe RF limiters for the extended scan (their exact position uncertain byabout –1 cm). Even without understanding the specific mechanism of thisdifference, its general implication is that the midplane alpha loss signalsare very sensitive to the limiter position, as discussed further in Sec. VI.G. UncertaintiesThe main uncertainties in the alpha loss measurements are relatedto the fiberoptic background subtraction and to the detector geometry. Themain experimental uncertainties in the TF ripple loss calculations relate tothe profiles of q(r) and the alpha source S�(r).The uncertainty due to the fiberoptic background subtraction dependson the probe position, as illustrated in Fig. 10for two of the standard cases.The net signal level divided bythe fiberoptic background level are s/b» 2forrap=-0.5 cm (#87473), s/b»8 for rap = -2.0 cm (#87474), and s/b»+1.0 for rap =+1.0 cm (#87475). The uncertainty in this background level is estimated tobe –10% from the uniformity of background-only images taken when theprobe is retracted. Thus the uncertainty in the total alpha loss due to thebackground subtraction process is about –5% for rap= -0.5 cm, –10% for rap =-2.0 cm, and –20% for rap = +1.0 cm. There is an additional systematic errorin the total alpha loss measurement due to the detector cut-off at ¤»12 c m (see Fig. 4), which causes an underestimate of the loss for the lower-B cases.This was estimated from the measured gyroradius distributions to be arelative error of »5% between the lowest and highest B. The shot-to-shotreproducibility of the total alpha loss was within –5% for shots with thesame plasma conditions. Combining these three sources of error, therelative uncertainty among these alpha loss measurement is about –10%

25October 17, 1997for the cases with low background levels (rap= -0.5 cm and rap= -2.0 cm), and–25% for the high background cases at rap= +1.0 cm. The results of the above analysis are indicated in Fig. 13bythe –10%error bar on the relative alpha loss at rap= -0.5 cm. The total alpha loss wasalso cross-checked with the light signal from the photomultiplier tubewhich integrated over most of the fiberoptic bundle. The relative alphasignals evaluated by the PM tube for the seven cases at rap= -2.0 cm were allwithin about –5% of that evaluated by the camera (Sec. V.A). The absolute flux estimated for Fig. 11has additional uncertainties.The normalization of the midplane signals to the 90� detector signals isrelatively accurate (–20%), but the absolute calibration of the 90� signals, onwhich the absolute midplane flux was based, was uncertain by a factor of »2[13]. In addition, the light output of the P46 scintillator is proportional to theenergy of the alpha particle, so the inferred alpha flux depends on theassumed alpha energy spectrum. The energy used for Fig. 11was 3.5MeV,but this is known only to be 2.5–1 MeV. Therefore the uncertainty in theabsolute flux estimate is about a factor of 3.The pitch angle and gyroradius distributions discussed in Secs. V.Band V.C are subject to potential systematic errors in the knowledge of thedetector geometry and alignment. An estimated uncertainty of –1 pixel(»–0.1 cm) in the compressed camera images of the 2.5cm x 2.5c m scintillator translates into a absolute uncertainty of –3… in pitch angle and–1 cm in gyroradius. The latter translates into the –1 MeV uncertainty inthe inferred alpha energy shown in Fig. 18. The relative uncertainties areroughly one-third of this (the size of the uncompressed pixels). The effect ofoptical vignetting on the location of the peak in the gyroradius distributionswas taken into account in the analysis, based on a white-plate calibration ofthe system during construction [17].The position of the detector probe was controlled by a stepper motor toan accuracy of –0.02 cm with respect to the vessel. The location of the edgeof the limiters with respect to the vessel was known to an accuracy of –0.3cm.

26October 17, 1997The calculations of TF ripple loss are sensitive to uncertainties in theq(r) and neutron source profiles S�(r), as discussed in Sec. IV. Theestimated uncertainty in the MSE q(r) profile measurements are –5% at q(0)and q(a), and –10% near the middle of the plasma at r/a»0.5 [14]. The alphasource profiles measured bythe multichannel neutron collimator wereparameterized byS�(r) � [1-(r/a)2]Sexp. The estimated uncertainty in theevaluation of Sexp was –1 for typical values of Sexp=6 (see Table 2). Thesensitivity of the ORBIT calculations of TF ripple loss in TFTR has beendiscussed elsewhere [15,19], and some examples of these sensitivities for thebaseline case are shown in Table 4. The result is that the results of theseORBIT calculations of TF ripple loss are uncertain to about –1%, e.g. for thebaseline case, the global TF ripple loss is »7.5–1%.VI. Limiter Shadowing EffectsThe attempts made in Sec. V to explain the midplane alpha lossmeasurements based on the global ORBIT code ripple loss modeling werenot very satisfactory. In addition to the experimental and modelinguncertainties discussed in Sec. V.E, there were two generic problems:1) the statistics of the ORBIT code results were too sparse to calculate the expected variations in TF ripple loss at the local detector position,2) the ORBIT code assumed a smooth toroidal first wall, and so could not beused to interpret the strong radial variations of the detected signal.The purpose of this section is to clarify how the actual highly non-smooth limiter geometry can affect the interpretation of the local detectorsignals. This occurs when to the limiter at the outer wall of TFTR have a"shadowing" effect, i.e. when the escaping alpha orbits hit the outerlimiters before the can reach the detector aperture. In this section theresults of the ORBIT code are supplemented by some preliminary modelingof this limiter shadowing effect, but these modifications are not yet accurateor complete enough to quantitatively explain the experimental data.

27October 17, 1997Possible methods of further improving the modeling are discussed in Sec.VII.A. Orbit Gaps and Jumps Near the Outer MidplaneThe basic geometry of the limiter shadowing effect in TFTR is shownin Fig. 23. Without any TF ripple in the guiding center ORBIT calculation,a 3.5MeV alpha orbit which is launched backward in time from thedetector aperture at rap= -2.0 cm crosses the geometrical shadow of theouter limiter in the upper half of the vessel before completing one poloidaltransit. Since there are several outer midplane limiters in TFTR (Fig. 5),and since q(r)»20-30 near the outer limiter (see Appendix 1), almost allalpha orbits which cross the outer midplane limiter shadow will hit thelimiter before entering the detector aperture (in the absence of TF ripplediffusion). Thus there is a minimum radial "gap" over which a previouslyconfined alpha particle orbit must "jump" before it can reach the detectoraperture, even when the aperture is radially inside of the geometricalshadow of the limiter at rap= -2.0 cm. This gap ºr is determined by theaperture location and the shape of the marginally confined alpha orbit at agiven energy and pitch angle, as shown in Fig. 23. If the radial jumps ¶rare diffusive, and if the aperture is inside the gap region, i.e. ºr>0, thedetected ripple loss signal should decrease with increasing rap. Theexpected profile for first-orbit loss should be nearly flat in this region sincethe radial jumps are not diffusive, but occur on a single large step.Fig. 24shows ORBIT calculations of typical radial gaps between thedetector aperture at rap=0 cm and marginally confined alpha orbits of thesame pitch angle and energy. These marginally confined orbits allintersect the limiter at the outer midplane over this range of energy andpitch angle. The gaps were calculated numerically for the baseline caseusing approximate values of the qand Shafranov shift at the outer limiter,based on an analysis of the vacuum fields (see Appendix 1). For example,for alphas of E=2.5 MeV and �»60� the gap is ºr»5 cm, i.e. for all detectorlocations with rap‡ -5 cm alpha orbits entering the aperture at this energy

28October 17, 1997and pitch angle will intersect the limiter in the absence of radial diffusion.For lower energy and lower pitch angle alphas the gaps tend to be smallersince the shifts of their banana orbits from the flux surfaces are smaller. Also shown in Fig. 24are more accurate calculations of the gaps forE=1.5 MeV alphas made using a Lorentz orbit code which includes a full 2-Dmodel of the magnetic flux surfaces. The gaps are »1 cm smaller thanfor the approximate ORBIT calculations, and become less than ºr»2 cm atpitch angles below �»60�. The effective gaps are further reduced by the »0.6cm radial wobble of the total magnetic field due to the TF ripple near theouter midplane, which was not present in either calculation. Thereforealphas with low enough energy (E<2 MeV) and pitch angle (�<60�) arelikely to be unshadowed by the limiter at rap= -2 cm, depending on the exactvacuum fields (see Appendix 1). The extent to which alphas can cross this gap on their last poloidaltransit depends on their radial "jumps" due to the ripple. These jumpsoccur at the banana tips with a vertical displacement of approximately [1]:¶v » (Np/sin¿)1/2 (q/«)3/2 ¤¶ sin(Nf)[4]where ¿ and f are the poloidal and toroidal angles of the banana tip (seeunder Eq. 1 for other definitions). The physical cause of these jumps is thechange in the alpha drift motion caused mainly by the ripple in themagnitude of B near the banana tips. These jumps are oscillatory for smallripple, but become random when the particle "islands" in banana tip phasespace (e.g. r,¿) begin to overlap [1,2]. For almost all alphas entering thedetector the SRD threshold criterion (Eq. 1) is satisfied and these jumps areeffectively random on successive banana tips.Typical magnitudes of these SRD-induced jumps for 3.5 MeV alphasare also shown in Fig. 24, both from a numerical calculation using theORBIT code and from the analytic formula of Eq. 3. These jumps aretypically ¶r»3 cm for �»60�, i.e. comparable to the radial gaps (the radialjumps as measured at the outer midplane are 2-3 times larger than thecorresponding vertical jumps at the banana tip due to the shape of the

29October 17, 1997banana orbit). For a given alpha energy the jumps increase rapidly withpitch angle as the banana tip location falls in a higher ripple region. Thereare two such jumps between the marginally confined orbit and the detectoraperture. Thus there is a significant probability that alphas undergoingSRD can jump the gaps and enter the detector aperture.B. Probability of Missing the LimiterThe ORBIT code with the TF ripple present was used to estimate theprobability that SRD allowed the alphas to jump these gaps. Alphas werelaunched at the detector aperture and allowed to move "backwards in time"into the plasma, and the fraction of alphas which missed the limiter aftertheir first poloidal transit was taken as the probability of alphas reachingthe detector from the plasma. An example of such an alpha orbit wasshown in Fig. 7. For alphas of a given energy and aperture location, 1000alpha orbits were launched at each pitch angle with varying toroidal anglesto simulate the alphas which are actually diffusing outward due to TFripple diffusion.Results of this simulation for the baseline case are shown in Fig. 25.For the aperture position rap=0 cm (at the top), the probability of missing thelimiter on the first poloidal transit is found to increase with increasingpitch angle, as expected from the larger jumps at higher pitch shown inFig. 24. At pitch angles between �= 55-65� the probability of missing thelimiter also increases with decreasing energy at a given pitch angle, sincethe gaps are smaller (the jumps decrease linearly with gyroradiusaccording to Eq. 3, but the banana tip locations move to larger ripple as theenergy is reduced for a given pitch angle). For a typical energy of E=2.5 MeV the probability of missing thelimiter varies with the assumed aperture position as shown at the bottom ofFig. 25. At �= 50� the probability increases sharply from nearly 0to 1at theedge of the gap, since the jumps are very small or zero for these orbits nearthe SRD boundary. At �= 60� the probability starts to increase only for rap< -2 cm, and for �= 70� the probability is approximately independent of the rap

30October 17, 1997since the jumps are so large. Thus the limiter shadowing probabilitycalculated in this way is a sensitive function of aperture position, energy,and pitch angle.These results are qualitatively similar to previous calculations of thelimiter shadowing effect done to simulate the midplane probe signals inI=2.0 MA discharges [11, 18]. However, in Ref. [11] the magnetic geometrywas highly simplified (no Shafranov shift), so the gaps were not as wellcalculated as here, and in [18] the limiter shadowing probability perpoloidal transit was approximated bya single probability independent ofenergy and pitch angle. The present probability model is also incompleteand quantitatively inaccurate since it evaluates the limiter intersection onlyon the first poloidal transit, and does not attempt to calculate the history ofthe alpha orbit backward all the way back to its birth (see Sec. VIID).C. Comparisons with Pitch Angle and Radial Profile DataThe probabilities of jumping the gaps as calculated in Sec. Bcan beused to estimate the effect of limiter shadowing on the baseline case. Someof the data can be understood qualitatively through this model, but theuncertainties are too large to allow a quantitative comparison.The change in the expected ripple loss pitch angle distributions dueto the limiter shadowing effect is shown in Fig. 26. The model curves arethe baseline ORBIT code pitch angle distributions (Fig. 15) multiplied bytheprobability of missing the limiter as a function of pitch angle, assumingE=2.5 MeV. The main effect of the shadowing is to shift the expecteddistribution to a higher pitch angle, since the probability of missing thelimiter increases rapidly with pitch angle. For the aperture position rap=-0.5 cm the resulting "ORBIT+shadowing" model distribution peaks close tothe measured peak of the distribution shown at �» 64�. However, the datafor rap= -2.0 cm peaks at �» 54�, while the calculated pitch distribution evenfor rap = -3.5 cm still peaked near �» 64�. Therefore another mechanismbesides SRD must cause the observed low pitch angle peak at �» 54� in thedistribution for rap= -2.0 cm.

31October 17, 1997To explore this comparison further, it is useful to decompose themeasured pitch angle distribution into two components, as suggested bytheresults of Fig. 14; namely, one component centered at low pitch angles of �»54� and the other at high pitch angles of �» 64�, both with a width of –6� setby the instrumental resolution. The resulting radial profiles of the data forthe baseline case are compared with the radially resolved probability ofmissing the limiter in Fig. 27. For high pitch angles, the probabilityincreases as the aperture moves toward the plasma because the gapbecomes smaller and so a radial jump across the gap becomes more likely.The data for �»64� can be fairly well fit by the SRD jump model for an alphaenergy of E=1.5-2.5 MeV. For the lower pitch angles, the increase inprobability occurs only when the gap becomes zero, i.e. when orbits tracedbackward from the aperture are unshadowed by the limiter. At �= 54� thisseem to require an energy of E<1.5 MeV to fit the data, but the location ofthis boundary is uncertain due to its dependence on the vacuum fields (seeAppendix 1). Thus it is likely that the dominant low pitch angle feature atrap= -2 cm is due to the collection of "confined" alphas, which only occurswhen the aperture is far enough in so that there is no limiter shadowingThe expected flux for this process is estimated in Sec. VI.D.The relatively good fits between the pitch angle distributions andradial profiles for the outward aperture positions and higher pitch anglessuggests that this model might explain the differences between the dataand the ORBIT modeling among the various rap = +1.0 cm cases (Fig. 13b),all of which had a high pitch angle (Fig. 16). Qualitatively, there are twolimiter shadowing effects which vary with plasma type: the size of the SRDjumps increases linearly with q3/2¤ (see Eq.3), and the size of the gapsvaries with the outer limiter qand Shafranov shift (see Appendix 1). Thefirst effect causes the jumps to decrease by»15% as Bis lowered in the q(a)scan and to increase by »40% as B is lowered in the ¤ scan. Neither trend isin the direction of explaining the deviations of the data at rap= +1.0 cm fromthe scaled ORBIT model results of Fig. 13. And although the vacuum fieldsdid vary with the type of plasma, the calculated limiter shadowingprobabilities for the rap= +1.0 cm cases did not tend to explain the trends inthe data. The uncertainties in the vacuum fields at the limiter and in the

32October 17, 1997energy spectrum of the alpha loss are too large to allow quantitativeexplanation of the present data.C. Finite Gyroradius EffectsOne factor not taken into account in the limiter shadowing modelabove was the finite gyroradius of the alphas, which for this experimentwas in the range ¤»5-11 cm. This is comparable to the size of the jumpsand gaps in the guiding center modeling, so could be important indetermining the alpha flux to the detector near the shadow of the limiter.Two examples of finite-gyroradius alpha orbits launched from thedetector backward in time toward the limiters are shown in Fig. 28. Forthese calculations a version of the Lorentz finite gyroradius code [25] wasused in which the magnetic fields were taken from the full 2-D equilibriumfor the baseline case (not including the TF ripple). Both orbits started at theaperture location rap= -2 cm with a gyrophase angle defined by the detectoraperture pair (see Fig. 4). The orientation of the small (–2�) gyrophaseacceptance range of the detector was designed to accept alpha orbits onlynear the outermost major-radial excursion.As shown in Fig. 28, the alpha orbit starting out with E=2.5 MeV and�=60� intersected the RF limiter near the outer midplane (see Fig. 5),confirming that this orbit is within the effective limiter shadow even whenthe aperture was 2 cm inside of the geometrical shadow of the limiters. Thelimiter was accurately modeled in this code as a full poloidal ring with atoroidal extent of 54 cm and a toroidal radius of curvature of 155cm. Sincethe alpha gyro orbit length is typically 20cm in the toroidal direction, thislimiter blocks all alpha orbits which have their outermost radial excursionsbeyond alim=99 cm. Thus the finite gyroradius effect itself does notsignificantly change the calculation of the gaps in Sec. V.A, since thealphas enter the detector only at outermost point of their gyrophase.The gap sizes as calculated bythis Lorentz code decreased as thealpha energy and pitch angle decreased, as expected. However, the gaps

33October 17, 1997were consistently ºr»0.5-2 cm smaller with the finite gyroradius code, asillustrated for the E=1.5 MeV case in Fig. 24. At the bottom of Fig. 28is anexample of an alpha orbit with E=2.0 MeV and �=50� which just missed thefirst outer limiter. Such an orbit, if followed further, would also miss all theouter limiters, at least in the absence of TF ripple. The difference betweenthe gaps calculated bythe ORBIT and Lorentz codes is not due to the finitegyroradius itself, but most likely due to the slightly different radial profile ofthe vacuum fields or the slightly non-circular flux surfaces used in this full2-D equilibrium model. This shows again that the structure of the vacuumfields is very important for the gap and limiter shadowing important anduncertain in these limiter shadowing calculations.D. Estimate of Expected Absolute Flux Given the strong radial dependence of the measured alpha signals,the absolute alpha flux into the detector can only be understood byusingsome type of limiter shadowing model. Recall that the measured alphacollection fractions for the baseline case were estimated to be in the range10-7 to 10-6 (Fig. 11), i.e. the absolute alpha flux into the detector aperturevaried from »1010 to 1011 alphas/sec over a 3cm range of aperture positionfor a typical DT neutron rate of » 1017 n/sec. Based on the discussion of the preceding sections, a qualitativepicture of the limiter shadowing effect is shown in Fig. 29. There are threecomponents to the expected alpha signals: the radially diffusing TF rippleloss when the gap is positive, the "confined" alphas seen by the detector onlywhen the gap is negative (see Sec. VI.C), and the first-orbit loss to thelimiter when the gap is positive. The TF ripple diffusion is dominant onlyin the radial region near the geometrical limiter shadow where the radialjump due to SRD is comparable to the size of the gap. An a priori estimate of the absolute level of TF ripple loss collected bythe detector aperture can be obtained from a combination of the global rippleloss, the limiter shadowing model, and the detector and geometricalparameters:

34October 17, 1997 Frip(r) = � Prip(E,�) Pr(r,E,�) Pq(r,E,�) Pgyro(r,E,�) (4) E,�Here Frip(r) is the alpha ripple loss collection fraction in the detector whenits aperture is at a radius "r", Prip(E,�) is the global probability for TF rippleloss as a function of the final alpha energy and pitch angle (e.g. taken fromORBIT calculations such as Fig. 9), Pr(r,E,�) is the probability for an alpharipple loss orbit to be lost within the radial acceptance range of the detectoraperture (»0.07 cm), Pq(r,E,�) is the probability for an alpha ripple loss orbitto be lost within the poloidal acceptance range of the detector aperture, andPgyro(r,E,�) is the probability that an alpha ripple loss orbit entering thefront aperture of the detector has a gyrophase which also passes throughthe back aperture of the detector (see Fig. 4). In general, each of thesegeometrical factors depends on the energy and pitch angle of the alphas, sothe total ripple loss at a given "r" is the sum over all relevant (E,�).The simplest estimate for the TF ripple loss for an aperture positionjust outside the limiter shadow can be made by assuming that the globalripple loss (»7%) is radially distributed uniformly over a width equal to thetwo SRD "jumps" on the last confined alpha orbit (perhaps »6 cm),poloidally distributed uniformly over a 30� angle near the outer midplane(Fig. 9), and uniformly distributed in gyrophase angle at the aperture. Forthese assumptions Prip= 7x10-2, Pr= (0.07 cm) / (6 cm) » 1x10-2, Pq= (0.2 cm) /(50 cm) » 4x10-3, and Pgyro » (.07 cm) / (1 cm) » 7x10-2; thus Frip » 2x10-7.This crude estimate is close to alpha collection fraction near rap= -0.5 c m (Fig. 11), but only accurate to within an order-of-magnitude. The most uncertain part of this estimate is the radial profile of theprobability distribution of TF ripple loss in the shadow of the limiter. A s discussed in Sec. C, this function depends sensitively on the alpha energyand pitch angle, as well as the magnetic field structure in the vacuumwhich determines the gap sizes. Even for a fixed gap size the radial profiledepends not only on the average radial jump but on the distribution of jumpsizes. This sensitivity is discussed in more detail in Appendix 2.

35October 17, 1997The expected TF ripple loss can alternatively be estimated bycomparison with the first-orbit loss, which can be calculated absolutelyusing the Lorentz orbit code. The calculated ripple loss near the poloidalangle of the detector is locally a factor of »3 higher than the first-orbit loss(Fig. 9), and the radial extent of first-orbit loss behind the limiter shadow isalso larger due to its effectively large "jump" at the banana tip, whichcauses the loss to be distributed over a larger poloidal angle. Estimatingthis jump to be »3 times larger than for TF ripple loss, and assuming thesame probability of gyrophase detection, the estimated ripple loss justbehind the limiter shadow is »10 times the calculated first-orbit loss into thedetector, i.e. similar to the above estimate.When the aperture is effectively inside the limiter shadow thedetector can potentially collect low-pitch angle alpha orbits which would beconfined except for the presence of the detector itself [11]. The probability ofbeing detected is then the first-orbit collection efficiency multiplied bytheaverage number of poloidal transits made before the orbit intersects the »6cm wide detector shaft (Fig. 4). This number is typically (2pa/6 cm) » 100,sothat the collection fraction for such "confined" alphas could be up to 100times the first-orbit loss level, i.e. consistent with the level seen for the rap= -2 cm aperture position for the baseline case. These are clearly only order-of-magnitude estimates of the absoluteflux, and so are not useful for interpreting the relatively small differencesbetween the results for different q(r) seen in this experiment. Asignificantly better limiter shadowing model would be needed to calculatethe relative alpha flux vs. detector position before these measurements canbe understood quantitatively. Some potential improvements are discussedin Sec. VII. VII. Discussion

36October 17, 1997This experiment found significant changes in the alpha particle lossto a detector near the outer midplane depending upon the q(r) profile andthe alpha gyroradius in TFTR DT plasmas. However, the measured alphaloss was not simply proportional to the calculated global alpha ripple loss,as had been expected initially, but instead appears to depend sensitively onthe details of the limiter shadowing process. Some features of the data werequalitatively explained bysimplified modeling, but a quantitativeunderstanding of the data has not yet been obtained. Such anunderstanding would require a considerably improved ripple loss modeland a much better knowledge of the vacuum magnetic fields and of theenergy distribution of the escaping alphas.A. Summary of Experimental ResultsAlpha particle loss near the outer midplane of TFTR was measuredfor three different DT plasma scans, namely a "q(r) scan", a "q(a) scan",and a "r-scan". Data was taken for each type of plasma for three differentaperture positions near the geometrical shadow of the outer limiter.The main experimental results were:1. for all cases the DT neutron-normalized alpha loss increased as thedetector aperture was moved inward toward the plasma center, typicallywith an e-folding length of »1 cm between rap = +1 cm (outboard) and -2 c m (inboard) with respect to the geometrical limiter shadow at rap = 0 cm,2. at a fixed plasma current and q(a), the neutron-normalized alpha lossincreased for a higher core q(r) (i.e. broader current profile), and decreasedfor a lower core q(r) (i.e. more peaked current profile), qualitatively asexpected from the simple stochastic ripple diffusion model,3. at a fixed plasma current the neutron-normalized alpha loss wasrelatively constant as the toroidal field was varied, contrary with the initialexpectation based on the simple stochastic ripple diffusion model,

37October 17, 19974. at a fixed q(a), the alpha loss decreased as the alpha gyroradius ¤increased with decreasing toroidal field, contrary with the initialexpectation based on the simple stochastic ripple diffusion model,5. the detected alpha pitch angles were within the range �»54-64� for allcases, corresponding to trapped alpha orbits with their banana tips in thestochastic TF ripple diffusion region,6. the measured gyroradii distributions showed no significant variationwith the q(r) profile or aperture position, and were roughly consistent withthe loss of alphas at an average energy of E » 2.5–1 MeV,7. the results for the baseline plasma case changed significantly when theexperiment was repeated near the end of the TFTR DT run, most likely dueto small changes in the outer limiter configuration made between the twoexperiments.B. Status of Modeling and InterpretationThis experiment was intended to test the dependence of the stochasticripple diffusion coefficient on q(r) and the alpha gyroradius (see Eq.1).After the experiment was done, the expected alpha particle ripple loss wascalculated using the Monte Carlo guiding center code ORBIT, including themeasured q(r) and alpha source profiles and alpha collisionality. Thesecalculations were limited by available computer time to 1000 alphas for eachplasma type, so that only the global alpha loss could be calculatedaccurately, and not the local alpha loss to the very small detector aperture.The measured neutron-normalized alpha loss was compared withthe global ripple loss calculations bynormalizing the data to the modelresults for the baseline case common to all three plasma scans (Fig. 13).The trends in the data for the three plasma scans were not well reproducedbythis modeling. The calculated global ripple loss fraction only variedbetween »5-8%, while the measured alpha collection fraction varied byup to

38October 17, 1997a factor of 4between the different types of plasmas at a given apertureposition. Despite this disagreement as to the scaling of the ripple loss with q(r),there were some indications that the detector was measuring TF rippleloss. An absolute calibration showed that the observed loss was at least »10times higher than the expected first-orbit loss, even for the outermostaperture position (Fig. 11). The measured pitch angle distributions werewithin the range predicted bythe ORBIT code for TF ripple loss (Fig. 16),and the estimated average loss energy was close to that predicted bythecode for collisional TF ripple loss. Although there was some sensitivity tothe presence of locked modes (Fig. 20), there is no indication that theobserved loss was caused byMHD activity or other types of low-n non-axisymmetries.The strong dependence of the alpha loss signals on the radial positionof the detector aperture suggested that the limiter shadowing effect played astrong role in determining the alpha flux to this detector. This effect wasnot present in the ORBIT code, which assumed a smooth first wall. Sincethe number of alpha orbits which could be run from birth bythe ORBITcode was too low allow a realistic 3-D model of the aperture geometry, anauxiliary limiter shadowing model was employed. The crucial elements ofthis model were the radial "gap" distance between the marginally confinedalpha orbit and the detector aperture, and the radial "jump" of the alphaorbit per poloidal transit due to stochastic ripple diffusion.The results of this limiter shadow modeling were found to be verysensitive to these gaps and jumps, which were mostly in the range of a fewcm for this experiment. The gaps were found to depend on the alphaparticle energy and pitch angle and on the assumed qlim and Shafranovshift of the magnetic flux surfaces near the outer midplane limiter (whichwere not measured). The profile of the calculated alpha flux behind thelimiter shadow also depends on the detailed distribution of the jump sizes,and not just on the average jump per transit (Appendix 2).

39October 17, 1997Despite these difficulties in quantitatively modeling the limitershadowing effect accurately, some qualitative understanding of data wasobtained. By launching alpha orbits from the detector back into the plasma,the probability of missing the limiter was found to increase with increasingpitch angle, thus explaining the shift of the measured pitch distributions tohigher pitch angles for the outermost aperture positions. For aperturepositions nearest to the plasma, it was found that the gaps could disappearfor low energy and low pitch angle alphas, thus explaining the increasedsignal at low pitch angles as due a contribution from "confined" alphas,which need not have any radial diffusion. The limiter shadowing modelclearly has enough flexibility to explain the radial profiles and absolutelevels of the measured alpha signals, but the experimental results can notyet be quantitatively explained from the basic ripple loss physics andknowledge of the limiter and detector geometry.The conclusion from this analysis is that the modeling is presentlytoo uncertain to allow a quantitative explanation of the data in terms ofstochastic TF ripple diffusion. Potential improvements in the experimentand modeling are discussed in Sec. D.C. Relationship to Other ExperimentsIt is interesting to compare the difficulties encountered in the presentpaper with results from previous fast ion loss experiments in TFTR andother tokamaks. Techniques based on measuring confined fast ions usingtriton burnup, neutron production, or charge exchange have differentproblems [4,5,6,8,9].In TFTR, the DT alpha loss to a detector 90� below the outer midplanein TFTR was successfully interpreted using the first-orbit loss modelwithout considering the effect of limiter shadowing [13]. This was possiblesince the aperture was located only »1 cm behind the limiter shadow, anddesigned such that all the alpha loss orbits were unobstructed by the limiteron their first transit from the plasma to the detector. However, ananomalous low-energy alpha loss component was recently measured bya

40October 17, 1997foil deposition detector located » 1cm above the limiter shadow at thispoloidal location [26], and similar difficulties in interpreting the limitershadowing effect were also encountered there.Previous studies of DD fusion product loss at the outer midplane ofTFTR also discussed the importance of the limiter shadowing effect on itsinterpretation [11]. The qualitative features of the DD data were similar tothe DT data described here and in [12]. However, the earlier DD data wastaken for aperture positions far behind the limiter shadow (rap» +5-10 cm),so that a comparison could be made with the first-orbit loss. A directmeasurement of the shadowing effect was also made using a movableobstacle, allowing a clearer inference of the radial diffusion rate andcomparison with the stochastic diffusion model. The only other experiments which directly measured fast ion lossdue to stochastic ripple diffusion (also called banana drift diffusion) weredone using an IRTV in JT-60U [5,27], where the wall heating due to ICRHminority and NBI ion loss was compared with the OFMC ripple loss code.This measurement technique averages over pitch angle, energy, and theradial coordinate, but has a better spatial coverage than the scintillatordetector in TFTR. Despite the relatively smooth outer wall of JT-60U, thefirst measurements could not be quantitatively interpreted due to a slightmisalignment of the outer wall tiles (»0.2 cm), which caused localized heatdeposition at the tile edges [5]. Later measurements were more successfulin comparing the total NBI heat flux to the outer wall with the banana driftdiffusion calculated bythe OFMC code (similar to the ORBIT code). Thespatial profile of the banana drift ripple loss could be roughly explained bythe OFMC calculations (on »10 cm scale), but could not be explained on asmaller scale (»0.1-1 cm). The conclusion from this comparison with other experiments is thatthe stochastic ripple diffusion of fast ions to the wall has never beenquantitatively understood on a scale comparable to the detector size of theTFTR experiment, mainly because the limiter shadowing effect can not beaccurately calculated at that small scale. The ripple-trapped loss of fastions appears to be somewhat better understood [28, 29], since the location of

41October 17, 1997this loss channel is mainly determined bythe shape of the TF ripple wellsand of the ripple-induced wobble in the outermost magnetic field lines, andnot by shadowing due to remote limiters. D. Potential ImprovementsThe main difficulty in the analysis of the present experiment is thatthe escaping alpha banana orbits undergoing stochastic ripple diffusion areintercepted bythe limiter near the outer midplane, and any diffusionbehind this limiter has a small radial step size characteristic of the SRD.This makes the location of the alpha loss highly dependent on the limiterand detector geometry, and also on the vacuum magnetic field structurewhich determines the orbit shape near the outer limiter. Consequently thecalculation of alpha loss to any small-area detector is quite uncertain.The most direct way to obtain a quantitative understanding of thepresent experimental data would be to model the collisional ripple lossaccurately enough to calculate the local flux into the detector aperture. I n principle this can be done byputting the full 3-D geometry of the detectorand limiters into a Monte Carlo guiding center code like ORBIT. But to beuseful for interpreting the pitch angle and energy-resolved data, these coderesults would require at least »100 particles to be collected bythe detector.Given the detector collection efficiency of »10-7 (Fig. 11), this implies that»109 alphas need to be followed for about one slowing down time. Thiswould require »106 times more computing power than has been applied tothe present modeling, and so is completely impractical. A more efficient method would be to use the ORBIT code to followalpha orbits backward in time from the detector into the plasma all the wayto their birth energy, appropriately weighting the results with the alphasource profile. This could improve the estimate of the expected limitershadowing probability vs. energy and pitch angle, although it is not clearwhether the absolute flux could be calculated this way. Since the probabilityof missing the limiter decreases rapidly with the number of transits (e.g.<0.1% miss after 1000poloidal transits when »10% miss after one poloidal

42October 17, 1997transit), a large number of orbits (»104) still need to be launched at eachpitch angle to simulate the detected signal [18]. It is likely that finite-gyroradius effects also need to be evaluated to have confidence in thepredictions of such a guiding center model.A practical difficulty with this approach is that the results will stillbe sensitive to the limiter geometry and vacuum magnetic fields. Forexample, the uncertainty of the outer limiter radii in TFTR was at best –0.3cm and probably –1 cm bythe end of TFTR operation. This introduces asignificant uncertainty in the calculated ripple loss, since the radial e-folding length of alpha loss in the shadow of the limiter is typically » 1cm.The limiter shadowing effect is also very sensitive to structure of thevacuum flux surfaces and to the distribution function of SRD radial stepsizes, as discussed in the Appendices. For example, a »1 cm uncertainty inthe »20 cm Shafranov shift of the magnetic flux surfaces near the detectorcauses another »1 cm uncertainty in the limiter shadowing effect.Finally, the ripple loss physics and the limiter shadowing effect alsodepend sensitively on the alpha energy through the shape of the bananaorbits, so a precise measurement of the alpha energy spectrum is neededfor a quantitative verification of the SRD mechanism. For example, such ameasurement could check the expected collisional ripple loss spectrum(Fig. 9), and potentially distinguish this from "confined" alphas whichshould be collected with a negligible energy loss. The present instrumentaluncertainty was –1 MeV, but probably needs to be »10 times better for thispurpose.VIII. ConclusionThe conclusion from this experiment is that the alpha loss measurednear the outer midplane wall of TFTR does depends on the q(r) profile of theplasma. At a fixed detector aperture location the measured alpha collectionfraction varied byabout a factor of two with variations in the q(r) profile atconstant q(a), and bya similar factor with variations in q(a). However, the

43October 17, 1997alpha signal also varied strongly with the detector aperture location for allcases, with a typical radial e-folding length of »1 cm.Guiding center code simulations alone were not able to quantitativelyinterpret these results in terms of the stochastic ripple diffusion model.The main difficulty was the modeling of the limiter shadowing effect, whichdetermined the radial fall-off of the alpha flux near the outer wall.Preliminary calculations showed that the limiter shadowing effect dependson the vacuum magnetic fields near outer limiter and on the energyspectrum of the measured alpha loss, both of which determine the shape ofthe alpha banana orbit entering the detector. Neither of these factors wasknown accurately enough to quantitatively interpret the very short radialfall-off length of the alpha signal. However, the radial profile and pitchangle dependences could at least be qualitatively understood based on theshadowing of alpha orbits undergoing stochastic ripple diffusion.For future DT tokamaks reactors such as ITER, this implies that thelocal alpha heat loads due to stochastic ripple diffusion to the wall canprobably not be reliably predicted, even though the large-scale pattern ofalpha ripple loss on the wall can be estimated from Monte Carlo codes[30,31]. This is a potential engineering problem, since overheating of evencm-scale pieces of the first wall could cause impurity influx or walldamage. The limiting factors in such calculations would be the uncertaintyin the limiter shadowing effects, particularly due to slight misalignmentsof the first wall, and a lack of knowledge of the vacuum magnetic fluxsurfaces near the outer limiters. Acknowledgments:We thank M. Bell, R. Boivin, C.S. Chang, R.J Hawryluk, D.W.Johnson, G. LeMunyan, K.M. McGuire, D.K. Owens, J. Schivell, and M.Zarnstorff for contributions to this experiment. We especially thank V.Yavorskij of the Ukranian Institute of Nuclear Research for pointing out tous the effect of vacuum magnetic fields on alpha loss orbits in TFTR, and S.Wang of the Academia Sinica for his work on the limiter shadowing effect.This work was supported by DOE Contact DE-AC02-76-CH03073.

44October 17, 1997Appendix 1 - Sensitivity of Radial Profile to Vacuum FieldsAs pointed out byGoloborod’ko et al [32], the magnetic fields in thevacuum region outside the plasma but inside the limiter are difficult tocalculate analytically. The only available solutions for TFTR come from anEFIT equilibrium reconstruction [33] which includes the MSE data on q(r)inside the plasma and the coil currents of the OH and EF coil systems. A n example of the resulting q(r) and Shafranov shift profiles along the outermidplane for the baseline plasma case are shown in Fig. 30. A generalfeature of the equilibria for this experiment is that q(r) increases muchmore rapidly in the vacuum region than would be expected from acylindrical model in which q(r) � (r/a)2, and the shift becomes very negativefor flux surfaces near the limiter. These vacuum fields are important in determining the shape of themarginally confined alpha orbits in TFTR [34], and so strongly affect thesize of the "gap" between the last confined orbit and the outer limiter. A n example of the sensitivity of the calculated gaps to the assumed vacuumfields is shown for the baseline plasma case at the top of Fig. 31. Here thevalue of q and the shift were kept constant at the plasma edge but varied atthe limiter. For these examples the gap decreases »1 cm for each 1c m inward shift of the flux surface at the outer wall, i.e. the gap size isuncertain byabout the same amount as the shift of this flux surface. Thegap also decreases as the qlim decreases, apparently since the outward orbitshift decreases with decreasing edge q. Thus the calculated gaps have asignificant uncertainty; for example, the EFIT baseline model with qlim=25and shift of -17 cm at the outer midplane limiter implies a gap of 5.3cm fora E=2.5 MeV, �=60� alpha at rap = 0 cm, whereas for a shift of -20 cm the gapis » 7cm, and for qlim=20 the gap is »4 cm. The uncertainty of the limiterflux surface shift and qis not well characterized, but is very likely to bewithin this range.The sensitivity of the limiter shadowing probability to the qand shiftat the outer limiter is shown at the bottom of Fig. 31. As expected from thevariation of the gaps to these same variables, the probability of missing thelimiter (calculated as described in Sec. VI A) depends sensitively on theassumed qand shift at the outer limiter. For example, this probabilitychanges from »10% for the baseline case (with qlim=25 and a shift of -17 cm)to »20% for qlim= 18 or a shift of -21 cm. Again, these are likely to be withinthe range of uncertainty of the edge vacuum fields in TFTR.

45October 17, 1997Appendix 2 - Radial Distribution of Alphas in the Limiter ShadowA proper calculation of the radial distribution of TF ripple loss shouldtake into account the full 3-D limiter and wall geometry, the escaping alphaenergy and pitch angle spectrum, and the finite alpha gyroradius effects.This is well beyond present numerical modeling capabilities. However,simplified 1-D radial models for a single energy and pitch angle can beuseful to illustrate the sensitivities and uncertainties in this process. Fig. 32 show some 1-D radial models of the limiter shadowing effect.The very simplest model assumes that alphas have a constant radial jump(here 6 cm), and that they all hit the limiter after one such jump. The resultis a constant distribution function vs. radius in the limiter shadow, sincethe alphas can start their jump from anywhere in confined region at r<0.The magnitude of the probability of detection depends on the assumedradial width of the aperture, which was taken to be 0.1cm in this example.This type of assumption used to estimate the absolute flux (Sec. VI.D).The next simplest model assumes the jump sizes have some randomdistribution, e.g. for SRD the vertical jump size depends on the toroidalangle of the banana tip (Eq. 4). For the purposes of illustration, the resultsfor an assumed Gaussian jump distribution of P(r) � exp (-r2/¶2) with ¶=6cm is shown in Fig. 32. The probability of detection is »2 times lower at r=6cm for this assumption than for a constant jump. However, both of these models assumed that the alpha was lost to thedetector after one jump in the limiter shadow, but in reality the alpha orbithas a finite probability of hitting the limiter instead of the detector on eachjump [18]. A 1-D numerical model was constructed based on theassumption that alphas have a Gaussian distribution of jumps and aredetected only within the aperture width of 0.1 cm, but have a finiteprobability of hitting the limiter without being detected (if they landed at r<0, they jumped again). Results from this model are shown in Fig. 32for a50% probability of hitting the limiter per jump and various Gaussian jumpsize ¶. The radial distributions are exponential with an e-folding lengthconsiderably smaller than the mean jump size, since most of the alphas arelost to the limiter before they are detected. The probability of detection variedconsiderably with both the jump size and the probability of hitting thelimiter per jump.To be more rigorous, the distribution of jump sizes should be based onthe SRD model. A sample calculation of the time evolution of 3.5 MeV alphabanana tip locations during SRD in TFTR is shown in Fig. 33. When thebanana tips start near the SRD threshold boundary their tip motion isregular and not stochastic, and some of this regularity can persist even wellwithin the "stochastic" domain [2]. Thus for quantitative calculations it isnot adequate to model the radial diffusion as a purely random process, andall the details of the orbit motion must be retained.

46October 17, 1997

Table 1 - Plasma Parameters (@ 4.5-4.8 sec during NBI)R=2.52 ma=0.87 mI = 1.4 to 1.0 MA (during NBI)B = 4.7 to 3.4 T (at R=2.52 m)NBI = 7.5 MW (1 T beam and 2 D beams)ne(0) = 3.0–0.5 x 1013 cm-3Te(0) = 5.5–0.5 keVTi(0) = 10-15 keV<ta,E>= » 0.1 sec<t^,90� > » 10 sec<Zeff>» 3

Table 2 - Magnetic Equilibrium Fits for Various Casesq(r) = q0 + q1(r/a) + q2(r/a)2 + q3(r/a)3Ro and Bo defined at magnetic axis; Sexp = source exponent

Shot q0 q1 q2 q3 Ro(m)

Bo(T) qcyl(a)

Sexp

Loss %baseline 0.857-1.18 8.85-2.012.654.526.527.07.5ramp-0.936-1.876.740.7082.6545.25.525.55.9downramp-1.292.62-4.467.072.6545.26.527.07.1upmed-0.756-0.3272.992.062.6537.25.457.05.3q(a)low-0.6960.547-0.8384.352.6532.64.786.05.5q(a)med ¤0.7370.4491.523.982.6737.06.756.56.1high ¤0.767-0.0861.414.842.6832.26.936.06.6

47October 17, 1997

Table 3 - Shot List for R=2.52 m Casesall P=7.5 MW NBI from 4.0-4.8 sec in DT; neutron rate SDT averaged 4.5-4.8 sec

Shot

Ip(MA)

B( T )

SD T (x1017 n/s ) Probe

(cm)

Alpha Loss (rel)

874731.44.71.22-0.51.04874741.44.71.34-2.03.95874751.44.71.26+1.00.31875041.44.71.20-0.50.96875051.44.71.23-0.50.99875601.44.71.29-0.51.02874992.2->1.44.71.13-0.50.83875002.2->1.44.70.99-0.50.67875012.2->1.44.70.98-0.50.63875022.2->1.44.70.98-2.01.23875032.2->1.44.70.99+1.00.19875112.2->1.44.70.94-0.50.68875122.2->1.44.70.74-0.50.80875612.2->1.44.71.18-0.50.73875081.8->1.44.71.22-0.50.95875091.8->1.44.71.19-2.03.24875101.8->1.44.71.22+1.00.31875200.6->1.44.71.33-0.51.44875210.6->1.44.71.34-2.04.40875220.6->1.44.71.34+1.00.38875620.6->1.44.71.38-0.51.53875630.6->1.44.71.37-0.5 1.48875241.43.91.30-0.50.81875251.43.91.30-2.02.55875261.43.91.27+1.00.39875291.43.41.30-0.50.95875301.43.41.30-2.02.11875311.43.40.76+1.00.72875351.153.91.25-0.50.59875361.153.91.29-2.01.70875371.153.91.29+1.00.29875421.03.41.26-0.50.38875431.03.41.26-2.00.91875441.03.41.26+1.00.24

48October 17, 1997

Table 4 - Sensitivity of ORBIT Calculations (Baseline Case) loss after 5000 transits loss after 50,000 transits

(a)standard modeling2.9%6.7%(b)standard w/ lower ¶E2.7%5.4%(c)improved vacuum (1000)3.0%7.1%(d)improved vacuum (2500)3.2%6.6%(e)broader source profile2.9%-(f)no ripple with collisions1.2%-(g)no ripple no collisions0.2%-(h)larger ripple w/collisions7.9%-(a)standard model results shown with outer limiter q=10 and shift = -5 cm(b)numerical accuracy increased from ¶E=5x10-8 to 5x10-9 per step(c)standard case but with limiter q=25 and shift = -17 cm (1000 alphas)(d)same as (c) but with 2500 alphas(e)alphas source profile broadened from Sexp=6.7 to 5.7(f)ripple turned off, collisions retained(g)ripple and collisions turned off(h)standard case with 3x normal ripple level

49October 17, 1997Figure Captions1. Typical time evolution of the plasmas in this experiment. At the top isthe current vs. time for three shots in the q(r) scan: one in which theplasma current was "ramped-up", one in which it was "ramped-down",and one in which it was "straight-across". The 7.5MW of NBI was appliedafter the current ramps when all the plasmas were at I=1.4 MA. At thebottom is a typical time dependence of the alpha loss measured just belowthe outer midplane, which follow the DT neutron rate closely vs. time forthis case (#87474). This near constancy of the alpha loss per DT neutronrate during NBI was seen for all plasmas in this experiment.2. Variation of the q(r) profiles measured byMSE for the three differentplasma scans in this experiment. Common to all three scans is the"baseline" shot at I=1.4 MA and B=4.7 T ("straight-across" case of Fig. 1).The "q(r) scan" is produced bycurrent ramping, the "q(a)" scan byvaryingthe toroidal field at a fixed current (I=1.4 MA), and the "r scan" by varyingtogether the I and B at a constant q(a).3. Evaluation of the Goldston-White-Boozer stochastic TF ripple diffusioncriterion for 3.5 MeV alphas for three plasmas in the q(a) scan. The curvesstarting from the upper left are the GWB SRD thresholds (Eq. 1) evaluatedalong a vertical line through the major axis for the q(r) profiles of Fig. 2.The curves ending at the upper right are the TFTR ripple strengthsevaluated vertically through the major axis and horizontally along z=0. Thecrossing points are the radii outside of which the banana tips are in theSRD region. The SRD threshold moves radially »10-15 cm with thisvariation in q(r).4. The midplane lost alpha detector has a small aperture 3cm from theprobe tip, oriented so as to collect alpha loss within a range of pitch angles�»40-85� with respect to the co-B direction and a range of gyroradii r»2-12cm (see Sec. III for definitions of � and r). Alphas are separated by thepinhole/slit aperture pair and strike the light-emitting scintillator plane. At the bottom is a typical scintillator image with its contours linear in lightintensity. The total alpha loss is integrated over the shaded area, and the(�,r) distributions are interpreted using the grid shown.5. Geometry of the midplane lost alpha detector with respect to the first walland limiters in TFTR. The detector is located 20� below the outer midplaneand can be moved radially between shots. The limiters are located atvarious toroidal angles, all with centers at Rlim=260.6 cm and minor radiiof alim=99 cm. The limiter nearest to the detector covers only poloidalangles ‡30� away from the outer midplane, but the "RF limiters" cover –30�around the outer midplane. The detector aperture is scanned near thegeometrical shadow formed by these limiters.

50October 17, 19976. Plasma equilibrium for the baseline I=1.4 MA case, showing the locationof the magnetic axis and flux surfaces inside the plasma. The boundaryoutside of which banana tips are ripple trapped is also indicated (rippletrapping contributes a negligible fraction to the alpha ripple loss).7. A typical 3.5 MeV alpha particle orbit undergoing TF ripple diffusion andultimately lost to the alpha detector for the baseline I=1.4 MA case. Thisorbit had a pitch angle of 69� and was launched "backwards in time" froman aperture location of rap= -2 cm. The banana tips were in a relativelyhigh ripple region, and so their vertical displacements due to SRD wererelatively large. This orbit was calculated using the EFIT-based vacuumfields.8. Maps of the alpha particle ripple loss domain for the baseline I=1.4 M A case, based on ORBIT code runs of 75,000 transits (one energy e-folding). I n both maps the first-orbit alpha loss region is shaded, the confined alpharegion is white, the alpha ripple loss region is marked by"X"s, and theripple trapping region is marked by"P"s. The top map shows that theripple loss occurs for alphas born with pitch angles either co (+) or ctr (-)near the first-orbit loss boundary. The bottom map shows that alpha orbitsborn with banana tips outside a circle of radius »20 cm near the magneticaxis are ripple lost. However, after only 1000transits the radius of theconfined alpha region is »30 cm, which is similar to the prediction of thecollisionless GWB SRD model (see Fig. 3).9. Results from the Monte Carlo ORBIT code modeling of the baseline caseusing 1000 alphas followed for one energy e-folding time. The ripple loss isconcentrated within a poloidal angle of »30� below the outer midplane, asexpected. The middle graph shows that the pitch angle distribution ofripple loss is peaked at »60� with respect to the total magnetic field. At thebottom is shown the energy spectrum of the alpha ripple loss, which has anaverage energy of »2.5-3.0 MeV due to delayed collisional loss. These resultsare similar to previous modeling of TFTR ripple loss, and are insensitive tothe choice of vacuum fields.10. Examples of the scintillator light emission patterns for the baselineplasma case for probe aperture positions rap = +1.0 cm and -2.0 cm. On theleft is the raw data showing the alpha signal peaks, and on the right are thesame intensity distributions unfolded in terms of the inferred pitch angleand gyroradius. The neutron and gamma-induced fiberoptic lightbackground visible for rap= +1.0 cm case, showing that the neutron-normalized alpha loss signal is significantly smaller for this case. 11. Alpha collection fraction, i.e. alpha flux measured bythe midplanedetector divided by the global DT neutron rate, as a function of the apertureposition for the baseline case. The absolute value of the alpha loss wasobtained bycomparing the midplane signals with the 90� detector signals,assuming the latter were due to first-orbit loss [13]. The alpha collectionfractions were much larger than the first-orbit loss calculated for the

51October 17, 1997midplane detector, and decreased with an e-folding length of »1 cm over therange of aperture positions used in this experiment.12. Variations of the midplane alpha loss for the various plasma scans andaperture positions. For these plots the baseline case with rap= -0.5 cm isnormalized to unity. Two general trends are for the alpha loss to decreasewith a more peaked current profile, i.e. high central q(r), and for the alphaloss to decrease with decreasing Bat constant q(a). All data is averagedover the steady-state period 4.5-4.8 sec during NBI.13. Neutron-normalized midplane alpha loss for the various plasma scans,compared with the total TF ripple loss of alphas as calculated bythe ORBITguiding center code (the data points are the same as for Fig. 12). The datais normalized to the baseline ORBIT calculation for each probe position, andthe lines are solely to guide the eye. The measured alpha loss varies byafactor of three for the rap = -0.5 cm case, and somewhat more (less) for therap = -2.0 cm (+1.0 cm) cases (the off-scale point may have been affected byalocked mode). There is appears to be no clear correlation between themeasured variations and the calculated ORBIT code results, either for thefull collisional slowing-down time (closed circles) or for the "collisionless"result evaluated after only 5000 transits.14. Examples of pitch angle distributions of the midplane alpha lossmeasured in this experiment. At the top is the variation with apertureposition for the baseline case, and at the bottom is the variation with plasmatype for rap = -2.0 cm (the relative amplitudes for each signal are alsoshown). These pitch angles are measured with respect to the toroidal fielddirection, and have a systematic uncertainty of about –3�.15. At the top are calculated pitch angle distributions for TF ripple loss tothe wall, based on ORBIT code modeling for two different plasma cases. Forthese (and all other plasmas in this experiment) the expected range of pitchangles for TF ripple loss is �»54�-68� with respect to the total magnetic fieldat the wall. At the bottom are examples of two E=2.5 MeV alpha orbitsentering the detector for the extremes of pitch angle in this range. Theseexamples are calculated for the baseline case using the EFIT-basedvacuum fields (without TF ripple).16. Comparison between the peak pitch angles in the data and the expectedrange of pitch angles for TF ripple loss based on the ORBIT code. The dataall fall within the expected range (1� has been added to the data to correctfor the angle between the total and toroidal field at the wall), but the modeldoes not predict the systematic variation of the measured pitch angles vs.aperture radius. All data is averaged over the steady-state period 4.5-4.8 secduring NBI.17. Examples of the gyroradius distributions of the midplane alpha lossmeasured in this experiment. At the top are the three plasmas in the q(r)

52October 17, 1997scan, all at B=4.7 T (normalized to each other vertically), along with modeldistributions for various assumed alpha energies. At the bottom are thethree plasmas for the q(a) scan in which the Bwas varied, showing anincrease in the alpha gyroradius with decreasing B. 18. Comparison between the peak of the measured gyroradius distributionswith the peak locations expected for alpha loss of various energies. At fulltoroidal field all cases have very nearly the same peak gyroradius, which bycomparison with the models implies a mean alpha loss energy of E=2.5–1MeV. At lower fields the inferred average energy appears to be somewhatlower, but the uncertainties are also larger. All data is averaged over thesteady-state period 4.5-4.8 sec during NBI.19. Time dependence of the 2-D scintillator patterns for a baseline plasmacase (top), and peak gyroradius vs. time (bottom). During the time of NBIthere is no significant change in the observed gyroradius distribution of thealpha loss. However, after the end of NBI there is sometimes a smalldownward shift in the alpha loss energy, which is at least qualitativelyconsistent with the delayed loss expected from collisional TF ripplediffusion. 20. Effect of a stationary magnetic perturbation (SMP) on the pitch angledistribution of the midplane alpha loss. These two discharges areexternally identical current ramp-down cases with the aperture at rap=-0.5cm. The case with the SMP had »20% lower total alpha loss than the casewithout the SMP.21. Characteristics of the alpha loss measured in R=2.45 m plasmas withthe same B and I as for the R=2.52 m baseline case. The detected alpha lossper neutron increases as the aperture is moved in to rap» -5 cm. At rap» -0.5cm the alpha loss per neutron is nearly the same as for the R=2.52 m case,but the radial profile is different. The pitch angle distribution is peakedtoward the lower end of the range which was found for R=2.52 m plasmas.22. Alpha measurements made during an extended radial probe scan donenear the end of the TFTR DT run. The plasma conditions were nearlyidentical to those for the baseline case, but the limiter conditions wereprobably different due to a small radial movement of the RF antennas. Theradial profile and pitch angle distribution of the alpha loss wereconsiderably different than for the baseline case described in Figs. 11and14.23. Illustration of the limiter shadowing effect for alpha orbits entering thedetector aperture near the outer midplane. In the absence of TF ripplediffusion orbits, which are launched backwards in time from the detectorintersect the geometrical shadow of the limiter within one poloidal transit.The confined orbits of the same energy and pitch angle are separated fromthe detector aperture bya radial "gap" over which alphas must jump in

53October 17, 1997order to be detected. The expected radial profile of ripple loss and first-orbitloss is shown schematically at the bottom.24. The calculated radial "gaps" between the marginally confined alphaorbits and the geometrical shadow of the outer limiter at the detectorlocation, as a function of the alpha energy and pitch angle. The gaps aresmaller for lower energy and lower pitch angle alphas since the shift of theorbit from the flux surfaces is smaller. The average radial "jumps" pertransit due to stochastic TF ripple diffusion are also shown, both fromnumerical calculations using the ORBIT code and from the GWB SRDformula. The gaps for E=1.5 MeV calculated using a more accuratevacuum model in the Lorentz orbit code are also shown for comparison.25. Plot of the calculated probability that an alpha orbit launched from thedetector aperture misses the outer limiter on its first poloidal transit. Thetop shows that this probability increases with pitch angle, since the jumpsare larger for orbits with banana tips in a higher ripple region (see Fig. 15).The bottom shows how the probability of missing the limiter increases asthe aperture is moved inward to narrow the gap. For alphas of low pitchangle, this increase is occurs only when the gap is zero, since the diffusivejump size is very small for banana tips near the stochastic threshold.26. Comparison of the calculated pitch angle distributions from a modified"ORBIT+shadowing" model with the data for the baseline case. The peakin the modified model pitch distribution agrees well with the data for rap= -0.5cm, but not for rap= -2.0 cm. The model pitch distribution is similar atrap= -0.5 cm for alphas in the range E=1.5-3.5 MeV, but for rap= -2 cm therecan be a contribution from "confined" alphas at low pitch angle (notshown). The relative vertical scale between the data and the models isarbitrary, and 1� was added to the pitch of the data to correct for the anglebetween the total magnetic field and the toroidal field.27. Radial profiles of the data for the baseline case resolved into twoseparate pitch angle components (top and bottom), along with limitershadowing models for each. At high pitch angles (�»64–6�), the radialprofile of the data is similar to the calculations of the ripple diffusion behindthe limiter shadow for E=2.5-3.5 MeV. For low pitch angles (�»64–6�), theradial profile of the data is consistent with the collection of "confined"alphas when the gap is effectively zero. For the vacuum model in thiscalculation, this zero-gap condition occurs at an aperture radius of rap=-4cm for E=2.5 MeV, while the data suggests this actually occurs at rap= -2cm. This difference is probably due to uncertainties in the Shafranov shiftof the flux surfaces in the vacuum region near the outer limiter.28. Alpha orbit trajectories calculated backward in time from the detectorat rap=-2 cm toward the limiter using a finite-gyroradius Lorentz orbit code.This code has a more exact representation of the vacuum fields than theORBIT code, but does not include TF ripple fields. The orbit with E=2.5 MeV

54October 17, 1997and �=60� hits the limiter near the outer midplane as expected, but the orbitat E=2.0 MeV and �=50� misses the limiter. The latter is a "confined" alphawhich can be collected bythe detector when the aperture is far enoughinward, even without any radial diffusion of the orbit.29. Qualitative picture of the effects of limiter shadowing on the alphadetection in this experiment. The TF ripple loss falls off in the limitershadow with an e-folding length comparable to the radial step size for SRD.When the aperture is far enough inward it begins to collect "confined"alphas, which need not have any radial diffusion to be detected. Themeasured pitch angle distributions represent a combination of these twomechanisms, since the aperture was not far enough outward in thisexperiment for a significant first-orbit loss component.30. The q(R) and Shafranov shift profile from the EFIT solution to thevacuum fields along the outer midplane. The vacuum q(r) is considerablyhigher than for a cylindrical model, and the inward shifts of the vacuumflux surfaces are relatively large.31. The top shows the sensitivity of the size of the gap for alphas of E=2.5MeV and �=60� vs. the assumed q and shift at the outer limiter. The gap isparticularly sensitive to the assumed shift of the flux surface at the outerlimiter. The bottom shows the probability for a typical alpha orbit to missthe limiter as a function of the assumed q and shift at the outer limiter. Thelimiter shadowing probability is also sensitive to the assumed vacuumfields.32. 1-D models of the radial profile of alpha detection in the limiter shadow.The simplest model assumes a constant jump size and results in a constantprobability of detection over this jump. If the jumps are assumed to have aGaussian distribution the radial profile is considerably different. If theprobability of hitting the limiter is non-zero at each jump, the radial profiledepends on both the jump size and on this probability.33. Sample calculation of the time evolution of the vertical banana tipposition for 3.5MeV alpha orbits diffusing due to TF ripple in TFTR. Theorbits which are born with banana tips inside at r»25 cm do not diffuse, butjust oscillate radially. The orbits which are born inside the stochasticregion retain some regularity even fairly far out toward the wall. Thenumerical results for no ripple (¶=0) are shown to indicate the numericalaccuracy of the code.

55October 17, 1997References1)R.J. Goldston, R.B. White, and A. Boozer, Phys. Rev. Lett. 47, 647 (1981)2)R.B. White, R.J. Goldston, M. H. Redi, and R.V. Budny, Phys. Plasmas3 (8) 3043 (1996)3)M. Redi, S.H. Batha, R.V. Budny, et al, Proc. EPS Meeting, June 19974)W.W. Heidbrink and G. Sadler, Nucl. Fusion 34, 535 (1994)5)K. Tobita, K. Tani, Y. Kusama, T. Nishitani, Y. Ikeda, Y. Netatani,S.V. Konovalov, M. Kikuchi, Y. Kiode, K. Hamamatsu, H. Takeuchi,and T. Fujii, Nucl. Fusion 35, 1585 (1995)6)G. Sadler, J.M. Adams, F.E. Cecil, G.A. Cottrell, A. Gondhalekar, J.A.Hoekzema, O.N. Jarvis, M.J. Loughlin, F.B. Marcus, P. Van Belle,and M. Von Hellerman, Nucl. Fusion 35, 1609 (1995)7)V. Basiuk, A. Becoulet, C. Grisolia, T. Hutter, G. Mayaux, G. Martin,B. Saoutic, and S. Vartanian, Nucl. Fusion 35, 1593 (1995)8)H.H. Duong, R.K. Fisher, S.S. Medley, M.P. Petrov, N.N. Gorelenkov,R.V. Budny, D.K. Mansfield, J. M. McChesney, P.B. Parks, A.L.Roquemore, R.B. White and S.J. Zweben, Nucl. Fusion 37, 271 (1997)9)K. Tobita et al, 16th IAEA Fusion Energy Conference, Montreal,Canada, IAEA-CN-64/A5-6 (1996)10)R. Boivin and S.J. Zweben, and R.B. White, Nucl. Fus. 33, 449 (1993)11)R. Boivin and S.J. Zweben, Phys. Fluids B 5, 1559 (1993)12)S.J. Zweben, D. S. Darrow, H.W. Herrmann, M.H. Redi, J. Schivell,R.B. White, Nucl Fusion 35, 1445 (1995)13)S.J. Zweben, D.S. Darrow, H.W. Herrmann, S.H. Batha, R.V. Budny,C.S. Chang, Z. Chang, E.D. Fredrickson, D.L. Jassby, L.C. Johnson, F.Levinton, H.E. Mynick, D.K. Owens, J. Schivell, S.D. Scott, M.H. Redi,J.D. Strachan, K. Tobita, and K.M. Young, Nucl. Fusion 35, 893 (1995)14)S. Batha, et al, Nucl. Fusion 35, 1465(1995); S. Hirshman et al, Phys.Plasmas 1, 2277 (1994)15)M.H. Redi, M.C. Zarnstorff, R.B. White, R.V. Budny, A.C. Janos, D.K.Owens, J.F. Schivell, S. D. Scott, and S.J. Zweben, Nucl. Fusion 35,1191 (1995).

56October 17, 199716)D.S. Darrow, H. W. Herrmann, D. W. Johnson, R. J. Marsala, R. W.Palladino, and S. J. Zweben, Rev. Sci. Inst. 66, 476 (1995)17)R.L. Boivin, S. Kilpatrick, D. Manos, and S. J. Zweben, Rev. Sci. Inst.63, 4562 (1992)18)S. Wang and S.J. Zweben, "Model of Alpha Particle Diffusion in theOuter Limiter Shadow of TFTR", PPPL-3186 (1996)19)M. H. Redi, R.V. Budny, D. S. Darrow, H.H. Duong, R.K. Fisher, A.C.Janos, J.M. McChesney, D.C. McCune, S.S. Medley, M.P. Petrov, J.F.Schivell, S.D. Scott, R.B. White, M.C. Zarnstorff, and S.J. Zweben,Nucl. Fusion 35, 1509 (1995)20)S. von Goeler et al, Rev. Sci. Inst. 68, 548 (1997)21)A.T. Ramsey et al, Rev. Sci. Inst. 68, 632 (1997)22)S.J. Zweben et al, Phys. Plasmas 1 (5), 1469 (1994)23)H. Takahashi, Fusion Engineering and Design 34-35, 89(1997)24)M. Tuszweski and S.J. Zweben, Rev. Sci. Inst. 63, 4542 (1992)25)J. Felt et al, Rev. Sci. Inst. 61, 3262 (1990)26)H.W. Herrmann et al, Nucl. Fusion 37, 293 (1996)27)Y. Ikeda et al, Nucl. Fusion 36, 759 (1996)28)K. Tobita et al, Phys. Rev. Lett. 69, 3060 (1992)29)M. Tuszewski and J.P. Roubin, Nucl. Fusion 28, 499 (1988)30)K. Tobita et al, Nucl. Fusion 35, 1585 (1995)31)C.Z. Cheng et al, 16th IAEA Fusion Energy Conference, Montreal,Canada 1996, paper IAEA-CN-64/FP-2332)V. Goloborod’ko, et al, Nucl. Fusion 35, 1523 (1995)33)L.L. Lau et al, Nucl. Fusion 25, 1611 (1985)34)V. Yavorskij, private communication (1996)