PPPL-3309, Preprint: July 1998, UC-420Global Confinement, Sawtooth Mixing and StochasticDiffusion Ripple Loss of Fast ICRF-Driven H+Minority Ions in TFTRM. P. Petrov*, R. Bell, R. V. Budny, N. N. Gorelenkov**, S. S. Medleyand S. J. Zweben.Princeton Plasma Physics Laboratory, P. 0. Box 451, Princeton, NJ, 08543, USA* A. F. Ioffe Physical-Technical Institute, St. Petersburg, 194021, Russia** TRINITI, Troitsk, 142092, Russia.AbstractThis paper presents studies of ICRF-driven H+ minority ions in TFTR deuteriumplasmas using primarily passive Ho flux detection in the energy range of 0.2 - 1.0 MeVwith some corroborating active (Li pellet charge exchange) measurements. It is shown thatin the passive mode the main donors for the neutralization of H+ ions in this energy rangeare C5+ ions. The measured effective H+ tail temperatures range from 0.15 MeV at anICRF power of 2 MW to 0.35 MeV at 6 MW. Analysis of the ICRF-driven H+ ion energybalance has been performed on the basis of the dependence of effective H+ temperatures onthe plasma parameters. The analysis showed that H+ confinement times are comparablewith their slowing down times and tended to decrease with increasing ICRF power.Radial redistribution of ICRF-driven H+ ions was detected when giant sawtoothcrashes occurred during the ICRF heating. The redistribution affected ions with energybelow 0.7-0.8 MeV. The sawtooth crashes displace H+ ions outward along the plasmamajor radius into the stochastic ripple diffusion domain were those ions are lost in ~ 10milliseconds. These observations are consistent with the model of the redistribution ofenergetic particles developed previously to explain the results of DT alpha particleredistribution due to sawteeth observed in TFTR. The experimental data are also consistentwith ORBIT code simulations of H+ stochastic ripple diffusion losses.

2I. IntroductionStudies of the ICRF-driven H+ minority in deuterium TFTR plasmas wereperformed using neutral particle analysis in the energy range of 0.2 - 1 MeV. The neutralparticle measurements were obtained using a high energy neutral particle analyzer (NPA)developed by the Ioffe Institute [1]. Similar measurements were performed earlier on JETwhere the efficient passive neutralization of MeV energy protons was first observed in theplasma core [2,3]. The main donors for the neutralization of the protons appeared be thehydrogen-like low Z impurity ions. In a later paper [4], a detailed analysis of theneutralization processes of MeV protons in JET was made and the cross sections of theelectron capture by H+ ions from C5+ and Be3+ ions (the main donors in JET plasmas)were calculated. Similar measurements of the ICRF-driven H+ minority have also beenmade on JT-60U [5].The high energy NPA was used on TFTR primarily for Pellet Charge Exchange(PCX) diagnostics [6,7] wherein active charge exchange measurements of the energy andradial distributions of DT alpha particles were obtained in conjunction with impurity pelletinjection and the detector operated in the current mode. In parallel, passive measurementsof H+ ICRF-driven minority ions at energies up to the MeV range were also performed inthe pulse counting mode provided the count rate remained relatively low (~ 10 kHz). In thelast stage of the TFTR experiments, the pulse counting capability was upgraded byimplementing a detector system developed at the Ioffe Institute and previously operated onJET and JT-60U [5] which extended the count rate capability up to ~ 1 MHz. This systemconsisted of Cs(Tl) scintillators designed to minimize the signals produced by backgroundneutrons and gamma rays and was equipped with 16-channel pulse height electronics(ADC) on each of the eight NPA energy channels. Fig. 1 shows the number of H+ countsdetected by the ADC in the third NPA energy channel (EH+ = 0.3 MeV) during a period of200 ms. H+ counts appear in ADC channels 5 - 14 (shaded area) with the maximum inchannel 11. The low amplitude pulses in channels 1 - 4 are the n,g background and thedetector noise. It is seen that the noise and background are easily distinguished from theH+ signal which made it reasonable to use this system in the presence of high n,gbackground. In the absence of significant background when higher time resolution wasdesired (as in the case of H+ sawtooth mixing studies in TFTR during D plasma operationwith ICRF-driven H+ minority heating), the current mode was used but with thediscrimination threshold reduced and an integration time of 1 - 10 ms.The experimental data presented in this paper are mainly the results of operation inthe passive pulse counting mode.

3II. Physical Basis of the Passive Charge Exchange DiagnosticAs was mentioned above, passive measurement of the ICRF-driven H+ minorityions in the MeV energy range is based on electron capture by H+ ions from hydrogen-likelow-Z impurity ions. The most probable donors for electron capture in TFTR plasmas areC5+ ions because the main low-Z impurity was carbon. In principle, another possibledonor could be the residual Do atoms. The cross sections for charge exchange of H+ withDo atoms [8] and C5+ impurity ions [4] are shown in Fig. 2. The charge-exchange ratesof H+ on Do and C5+ are shown in Fig. 3. Here the density of C5+ in the plasma core isequal to 1010 cm-3 (estimated on the basis of spectroscopic measurements) and the upperlimit of Do density is estimated to be ~108 cm-3. The energy range of the NPAmeasurements is also indicated. It is clearly seen from the figure that the dominant donor inTFTR plasmas in the energy range of the interest is C5+. Therefore, we can conclude thatthe NPA detects the Ho passive signal as a result of the reaction:H+ + C5+ = Ho + C6+.(1)In this case the Ho flux produced in the plasma can be expressed as:FHo(E)= nH+nC5+ f H+(E) svH+ (cm3 s eV)-1(2)where nH+, nC5+ are the densities of H+ and C5+ ions in the plasma, f H+(E) is the localH+ energy distribution function, s is the cross section of the reaction shown in Eq. (1),and vH+ is the H+ velocity.The NPA was located in the midplane and had an observation line at a toroidal angleequal to 2.75o to the major radius direction. Therefore only deeply trapped ions with pitchangles in a narrow range v||/v = - 0.048 – 10-3 were detected. The measured energyspectrum integrated over the observation sightline, L, can be expressed as:dnHo/dE = � FHo(E,l) exp {-� Ne(x) sr (E) dx} dl (3)L Lwhere Ne(x) is the electron density and sr(E) is the sum of the cross sections forreionization of fast Ho atoms emerging from the plasma due to collisions with electrons anddeuterons including charge exchange reactions. Here exp{..} represents the transparency,m(E), of the plasma for the detected Ho atoms. This transparency is not a significant factor

4for the sub MeV and MeV Ho atoms in TFTR and has to be taken into account only for thelow energy part of the NPA energy range shown in Fig. 2 and Fig. 3.The energy spectrum of H+ ions can be derived from the number of counts in thenth channel of the NPA, Nn(E), in the following way:dnH+/dE ~ Nn(E) {svH+h (E) DEn}-1.(4)Here h (E) is the calibrated NPA detection efficiency and DEn is the energy width of thenth channel. In the case of the ICRF-driven ions in TFTR, this yields dnH+/dE ~f H+(E)averaged over the ICRF resonance layer because the nH+nC5+ product is sensibly constantwhen the ICRF resonance is located in the plasma core, as illustrated by the schematicshown in Fig. 4.Active PCX measurements obtained with the use of the Li pellets injected into theplasma [9] were also used in some cases for measuring the H+ tail distributions. In thiscase, H+ ICRF-driven ions interacted with the pellet ablation cloud and formed anequilibrium neutral fraction, Fo (E), as a result of the reaction:H+ + Li+ => Ho + Li2+. (5)The energy distribution derived from PCX active signals can be expressed as:dnH+/dE ~ Gn(En){Fo(E) vH+ h(E) DEn}-1(6)where Gn(En) is the measured PCX signal in the nth channel of the NPA in the currentmode with units of volts.Figure 5 presents the active PCX signal versus pellet flight time for the NPAchannel which detected H+ ions of energy 0.72 MeV. This signal was taken during theICRF fundamental on-axis heating of H+ minority in a deuterium plasma ( #96085, ICRFfrequency 43 MHz, TF coil current 45 kA, ICRF power 2.1 MW). On the horizontal axis,the radial position of the pellet is shown as derived from the measured pellet velocity (653ms-1). The contour of the signal measured by the PCX diagnostic corresponds to theradial position, shape and width (DR = 6.1 cm) of the H+ resonance. The low levelpassive signal is also seen before and after the pellet signal.Figure 6 shows the active energy spectrum of ICRF-driven H+ ions for thedischarge presented in Fig. 5 and the passive spectrum averaged over 100 ms during anICRF power pulse in a discharge with the same parameters (#96080). It is seen that active

5and passive spectra have the same Maxwellian shapes and very similar effective tailtemperatures. This provides additional evidence that the proper donor (C5+) was chosen toderive the passive energy spectrum.III. Global ICRF-Driven H+ Minority Ion ConfinementThe passive measurements of H+ ICRF-driven minority ion temperature indeuterium plasmas were performed routinely mainly as "piggy-back" experiments duringICRF runs on the TFTR. Figure 7 presents the effective temperature, T(H+), of the H+minority versus ICRF power, PI C R F , for a collection of 67 discharges. Themeasurements were made in deuterium on-axis, ICRF-heated discharges for the followingrange of plasma parameters: Iplasma = (1.3 - 1.8) MA, Ne(0) = (2.4 - 6.0)1013 cm-3 andTe(0) = (2.6-10) keV. It can be seen that T(H+) increased monotonically with PICRF buteven for PICRF ~ 6 MW, the values of T(H+) do not exceed ~ 0.35 MeV. In an attemptexplain these relatively low values of T(H+), we constructed a scaling of T(H+) versusplasma parameters on the basis of the global energy balance for the H+ minority whichincludes the ICRF heating and assumes limited H+ confinement in terms of the quasi-neoclassical diffusion [10].The ICRF-heated H+ energy balance can be described by the following equation:1.5 Ne T(H+)/tc + 1.5 Ne T(H+)/tslow = PICRF/a.(7)We assume that N(H+) = aNe, where N(H+) is the density of H+ minority ions, Ne is theelectron density, and N(H+)/ Ne = a is a constant for all shots included in the analysis.Typically a = 0.05 - 0.1 << 1. In the Eq. (1), tc, and tslow are the confinement andslowing down times, respectively, of the ICRF-driven H+ ions.To simulate the confinement time, tc, we assumed a neoclassical type diffusionwith characteristic displacement step equal to the banana width, D=qrL/e1/2, where rL isthe Larmor radius and e is the inverse aspect ratio. With this approach one can obtain tc =a2/D where the diffusion rate, D ” D2/tD, can be written as D = (rLq)2/etD with tD beingthe characteristic diffusion time. The confinement time can be expressed in the followingway:tc = tD Ipl2 /[T(H+)e]ortc = Cc Ipl2/T(H+),(8)

6where Ipl is the plasma current (MA), T(H+) is the H+ effective temperature (MeV) and Ccis a dimensional constant proportional to the diffusion time, tD. Then we can use theexpression for slowing down time,tslow(sec)= 0.1Te(keV)3/2/Ne (1013cm-3)(9) and writetc= tslow10 Cc [Ipl2 Ne /Te3/2T(H+)].(10)Substituting Eqs. (9) and (10) (where all variables have the dimensions as indicated above)into the energy balance, Eq. (7) yields a quadratic equation for T(H+) whose solution is:T(H+) = (0.01Cc2A2 + PICRFIpl2 1.5 Cc/Nea)1/2 -0.1CcA = F(Cc,a)(11)where A = NeIpl2/2Te3/2.Our aim is to define the value Cc using the dependence T(H+) = F(Cc,a). Byarranging for the plot of T(H+) = F(Cc,a) to go through zero by varying Cc as a freeparameter assuming a = 0.05, we obtain Cc = 0.018 – 0.001. The corresponding scalingis shown in Fig. 8. It can be shown that increasing a from 0.5 to 0.1 leads to a 20%decrease of Cc.Knowing the value of Cc, we can estimate the ratio tc/tslow and the absolute valueof tc. Figures 9 and 10 present these values versus PICRF. The figures show that theratio tc/tslow for H+ ICRF-driven ions in TFTR is close to unity and deteriorates slowlywith the increasing ICRF power. The confinement time, tc, also deteriorates withincreasing ICRF power from ~ 0.3 s at 0.8 MW to ~ 0.18 s at 6 MW. This means thatsignificant losses of H+ ICRF-driven ions exist in TFTR which increase with increasingICRF power. The reason for this could be the existence of MHD activity (TAE-likemodes) described in the paper [11]. This paper indicated that increasing the ICRF powerabove ~ 3 MW and generation of an ICRF-driven H+ high energy tail leads to a sharpincrease of the TAE mode amplitude detected by Mirnov coils at the plasma edge in therange of 150 - 200 kHz. The presence of TAE modes can lead to fast ion redistributioninside the plasma and to the diffusion-like losses of fast H+ ions which we describedabove.

7IV. Sawtooth Mixing of ICRF-Driven Fast H+ Ionsa) Experimental ObservationsThe effective temperatures, T(H+), presented above were measured in quiescentplasma in the absence of strong low frequency MHD events like giant sawtooth crashes ordisruptions. Now we will describe the behavior of ICRF-driven H+ minority ions in thepresence of strong MHD events like a giant sawtooth crash in TFTR.The influence of sawtooth oscillations on fast ions in tokamaks is of considerableinterest because theoretical studies showed they can lead to a significant redistribution ofthe ions [12]. The influence of sawtooth effects on injected neutral beam ions and fusionproducts in DD plasmas has been discussed elsewhere [13, 14]. During DT experiment onTFTR, the PCX diagnostic revealed strong transport of trapped MeV alpha particlesradially outward well beyond q=1 surface after sawtooth crashes [15 - 17].Figure 11 presents the signal for H+ ions (0.266 MeV) and x-rays showing twogiant sawtooth crashes, the signal of lost H+ ions measured by the lost alpha detector [18]located 60o below the outer midplane on the wall of the vacuum vessel and the signalindicating TAE modes in the range of 150 - 200 kHz measured with the Mirnov coils. Wesee here that at the time of giant sawtooth crashes, a dramatic increase of the 0.266 MeVH+ signal occurs and also sharp spikes on the H+ lost ions. We note that the lost ionsignal is averaged over the pitch angle range 45o - 83o and an H+ energy range 0.4 - 2MeV. It is interesting that rather strong TAE activity does not appear to directly affect themeasured H+ signal of the deeply trapped ions.Figure 12 presents the H+ signal taken from the 1st, 3rd and 7th channels of theNPA detecting H+ at energies of 0.266 MeV, 0.404 MeV and 0.855 MeV. It is seen thatthe influence of the crashes on the signal diminishes with increasing of H+ energy andcompletely disappears at an H+ energy of 0.855 MeV. The time decay of the spikes in the1st and 3rd channels is a few milliseconds.The schematic presented in Fig. 13 illustrates the qualitative model which wepropose to explain detected H+ spikes in the presence of sawtooth crashes and theirsubsequent time decay . The H+ resonance layer shown here is located near the plasmacenter. Immediately after the crash, H+ ions can be redistributed and moved outwards (theH+ mixing radius, rmix, is shown). The C5+ radial density profile has the shape shown inthe Fig. 13 (the C5+ density increases near the plasma periphery). If r mix is large enoughto reach the region with increasing C5+ density, a sharp increase of H+ signal will occur.The stochastic ripple diffusion domain is located in the outer region of the tokamak plasma

8where fast H+ ions will be lost in a few milliseconds [19]. The expected position of thestochastic domain for sub-MeV H+ ions is shown on the schematic. The poor confinementof the H+ ions displaced by the sawtooth crash into the stochastic domain leads to thedetected decay of the signal. This scenario is also consistent with the signals for lost H+ions. It is seen that the time decay of the lost ion signal is very close to that of the H+passive charge exchange signal. Outward of the stochastic domain there is the region ofprompt losses. Losses of this kind are also seen on the lost H+ signal. We see here verysharp spikes (prompt losses) and delayed losses corresponding to the stochastic ripplediffusion. Below this model will be presented quantitatively.b) Modeling of ICRF-Driven H+ Sawtooth Mixing in TFTR.We have mentioned above that during DT experiments on TFTR the redistributionof alpha particles due to sawtooth crashes was observed. To explain this redistribution amodel of alpha sawtooth mixing was developed [20] based on the fast particle orbitaveraged toroidal drift in a perturbed helical electric field generated by the sawtooth crashwith an adjustable absolute value. Such a drift of fast particles results in a change of theirenergy and a redistribution in phase space. This model agreed well the measured alphaparticle redistribution due to sawtooth mixing [16, 17].In this paper, the model is applied to ICRF-driven H+ ions to describe theexperimentally measured H+ redistribution presented above. The results of the H+redistribution modeling are shown in Fig. 14. Here we see the ICRF H+ precrashresonance contours for the energies 0.25 MeV, 0.5 MeV and 0.75 MeV located in theTFTR plasma core. An initial precrash distribution function was chosen as Maxwellian inenergy with effective temperature T(H+) = 269 keV (in accordance with the measurements)and Gaussian in pitch angle, so that H+ ions are localized near the ICRH resonance layer.The resonance location is taken from the frequency and toroidal field values. The width ofthe resonance is taken to be 10 cm. Plasma equilibrium and other parameters were takenfrom TRANSP Monte Carlo code [21].The model predictions of the redistribution after the crash are also shown in Fig.14. The mixing radius used for modeling was determined from the Kadomtsevreconnection model [22] on the basis of q profiles from TRANSP code. The model showsthat the mixing radius and the number of particles involved in the redistribution decreaseswith increasing energy. This is consistent with the experimental data presented in Fig. 12.The relative C5+ radial density profile is also shown as derived from multichordspectroscopic measurements of the C5+ line 5291 �. The radial distribution of the

9brightness has been transformed using Abel inversion to obtain the emissivity of the 5291� line. The relative C5+ density profile has been calculated by the dividing of theemissivity by the local electron density of the plasma. The dependence of the emissivity onthe variation of electron temperature with major radius was assumed to be negligible in therange of the plasma electron temperature 1.5 – 1.0 keV.To normalize the model calculations to the experimental data, the emissivitydistribution of the reaction H+ + C5+ = Ho + C6+ over the major radius was calculatedand the results for different energies of H+ ions are presented in Fig. 15. The vertical axisof the plot is the product of H+ density, C5+ density and plasma transparency m(E,R).The values of N(H+) and N(C5+) are taken from Fig. 14. The passive experimentalspectra for the period before the crash (circles) and after the crash (squares) are shown inFig. 15. Note that the spectrum before the crash consists of the signals coming from theresonance at the plasma center only whereas the signals after the crash come from both theresonance region and the redistributed H+ ions. The model spectra (solid lines) are theresults of integration over the major radius of the emissivity multiplied by the transparency,m(E), for the noted H+ energies. The model and experimental spectra are normalized atone point. To obtain agreement between the model and the experimental data, it wasnecessary to use the adjustable parameter Ecrit = 317 keV which corresponds with tcrash =50 ms and a helical electric field Ee = 1.4 kV/cm in the model. Here Ecrit is adjustablecritical energy which equal to the energy of the particles having toroidal precession timeequal to the crash time. Note that according to [20], particles with E>Ecrit average theeffect of the electric field during the toroidal precession and are less affected by the crashthan particles with the energy E<Ecrit. Comparing the experimental and calculated energyspectra shown on Fig. 13b we can conclude that the mixing model is in good agreementwith the experimental data when reasonable values of adjustable parameters are assumed.Our understanding of the mechanism for generation of the H+ signals observed inthe presence of the sawtooth crashes is illustrated well by the data presented in Fig. 16.Here the time history of a TFTR discharge with ICRF-driven H+ minority ions and with ashort Do neutral beam pulse is shown. The H+ signal spikes generated by the giantsawtooth crash are seen as well as the signal increase during the NB blip. The H+ signalsdue to the crash decrease with increasing H+ energy in accordance with the modeldescribed above. The relative level of H+ signals in the presence of the NB blip remainsapproximately constant for all measured energies. Note that on TFTR the NPA observationline does not directly view any of the heating beams injected into the plasma. Therefore thesignal cannot be the result of direct charge-exchange of H+ ions with the Do atoms of thebeam. The origin of this signal is described in detail in [4]. According to this paper, the

10heating beams injected into the tokamak plasma change the ionization balance of the carbonions and lead to an increase of the C5+ density in the plasma core because of the increasingprobability for electron capture by C6+ ions from the beam. It was shown that in JET theinjection of the heating beams leads to an increase of the C5+ density by a factor of 3 - 4not only in the vicinity of the beams but all around the torus. The same phenomenonobviously occurs in TFTR. It is important to note that the decrease of the H+ signal due tothe crash with increasing H+ energy and the complete absence of the signal above anenergy 0.855 MeV (see Fig. 16) is evidence that there are no significant change in the C5+population in the plasma core during the sawtooth crash.V. Stochastic Ripple Diffusion Losses of ICRF-Driven H+ Ions due to Sawtooth Mixing.To simulate the H+ minority confinement in the TFTR post sawtooth crash plasma,we used the ORBIT [23 - 25] guiding center code. In the ORBIT code, particle motion iscalculated in toroidal magnetic geometry using a computed equilibrium and ripple magneticfields. Fig. 14 presents the locations of the stochastic diffusion domains calculated withthe ORBIT code (~ 400 particles were followed) for specific energies (0.25 MeV, 0.5MeV and 0.75 MeV) and for the experimental pitch-angle, v||/v = - 0.048. The orbit codepredicts that the ions whose banana tips are located inside these domains are lost in a fewmilliseconds because of the stochastic ripple diffusion. Outboard of these domains is theregion of prompt first orbit loss. It is seen from Fig. 14 that the TFTR ICRF-driventrapped H+ ions are transported outward after the giant sawtooth crash and reach thestochastic domains. A fraction of the ions can pass through these domains and even reachthe prompt loss region.For more detail analysis of the H+ confinement time inside the stochastic domains,5,000 particles with energies of 0.266, 0.322 and 0.4 MeV were followed. The results ofthis analysis are presented in Fig. 17. Here the light curves are smoothed experimental H+signals which occur immediately after the crash (crash occurs at zero time). The solid linesshow ORBIT code simulations of the H+ decay due to the stochastic ripple diffusionlosses. The initial radial distributions of the minority ions in the model were chosen torepresent the population of H+ minority ions giving the maximum contribution to the PCXsignal (maximum of the emissivity for each measured H+ energy, Fig. 15). The initialradial location of the H+ ions is indicated in the legend on Fig. 17. We used a uniformdistribution in space and pitch angle so that the bounce point was at a major radius rangingfrom 3.2 m to 3.3 m with the vertical coordinate Z = 0 - 0.30 m. The results show that the

11minority ions of interest are all lost after ~10 - 12 ms and their density evolution may begiven roughly by the expression n(H+) = no(H+) exp(-t/tst) where tst is equal to 3.5 ms,4.1 ms and 5.5 ms for specified H+ energies. The confinement time of H+ ions increaseswith increasing energy because the signals for ions with higher energies originate fromdeeper regions if the plasma where the influence of the stochastic ripple diffusion isweaker. It is seen that the ORBIT results are in a good agreement with the experimentaldata. This result corroborates the model [18] used for sawtooth mixing of fast particles,since an incorrect H+ post sawtooth distribution in major radius will change the computeddecay time and spoil the oberved agreement.Above we discussed the influence of giant sawteeth (DTe/Te ~ 30%) on H+ ions.Figure 18 shows the time history of a TFTR discharge with smaller periodic sawtoothoscillations (DTe/Te ~ 10-15 %). We can see here that there are no changes in either thepassive charge exchange H+ signal or the lost H+ ion signal. This means that in this casethe H+ mixing radius is much smaller than in the case of the giant sawteeth. If we willassume that the C5+ density distribution in this plasma is similar to those shown in Fig.14, we can conclude that the H+ mixing radius in this case is less than 30 - 35 cm.Therefore the smaller sawteeth do not lead to sufficient H+ redistribution to producenoticeable stochastic ripple diffusion losses.VI. ConclusionsMeasurements of ICRF heated H+ ions in deuterium plasmas in TFTR based onthe use of neutral particle analysis in the MeV energy range can provide importantinformation on the energy balance of those ions. It was shown that the diffusion-likelosses of H+ ions during ICRF heating lead to a limitation of the H+ effective temperatureto about 0.15 MeV at PICRF = 2 MW and to 0.35 MeV at 6 MW as well as to thedegradation of the confinement time from ~ 0.3 s (1 MW) to ~ 0.15 s (6 MW). The mostprobable cause of the H+ losses is the TAE-like modes excited by the H+ minority tail atICRF power exceeding 3 - 4 MW in TFTR.It was shown also that strong, low frequency MHD events like giant sawtoothcrashes (DTe/Te ~ 30%) which occur during ICRF heating cause a strong redistribution ofH+ ions outward along the major radius. This redistribution leads to stochastic ripplediffusion loss of H+ ions. This does not occur in smaller periodic sawtooth oscillationswhere DTe/Te ~ 10-15 %. The observations are consistent with a model for theredistribution of energetic particles developed earlier to explain the results of DT alpha-

12particle redistribution due to sawtooth crashes that were observed on TFTR and also withORBIT code simulations of H+ stochastic diffusion ripple losses.AcknowledgmentsWork Supported by U. S. DoE Contract No. DE-AC02-76CH03073. Informativediscussions with R. Nazikian are greatly appreciated.

13References1.KISLYAKOV, A. I., et al., Fusion Engineering and Design 34-35 (1997) 107.2.PETROV, M. P., et al., in 1992 International Conference on Plasma Physics (Proc.Con. Innsbruck 1992), Vol. 16C, Part II, European Physical Society, Geneva (1992)1031.3.KHUDOLEEV, A.V., et. al., in Radiofrequency Heating and Current Drive ofFusion Devices (Proc. Top. Conf., Brussels, 1992), Vol. 16E (1992) 117.4.KOROTKOV, A.A., et.al., Nucl. Fusion 37 (1997) 35.5.AFANASSIEV, V. I., et al., Proceedings of the 22nd European Physical SocietyConference on Controlled Fusion and Plasma Physics, edited by B.E. Keen, P.E.Stott., and J. Winter (The European Physical Society, Bournemouth, UK, 1995),Vol. 19C, P. II-057.6.FISHER, R. K. et.al., Phys. Rev. Lett. 75 (1995) 846.7.MEDLEY, S. S., et al., Rev. Sci. Instrum. 67 (1996) 3122.8.BARNETT, C. F. (Ed.), Atomic Data for Fusion, Vol. 1, Rep. ORNL-6086/VI, OakRidge Natl. Lab., TN (1990); ibid., Vol. 5, Rep. ORNL-6090.9.McCHESNEY, J. M., et al., Rev. Sci. Instrum. 66 (1995) 348.10.TCHERNYSHEV, F. V., private communication.11.WONG, K. L., et. al., Phys. Plasmas 4 (1997) 393.12 KOLESNICHENKO, Ya. I., et al., Nucl. Fusion 36 (1996) 159.13.MARCUS, F.B., et al., Nucl. Fusion 34 (1994) 687.14.DUONG, H. H. and HEIDBRINK, W. W., Nucl. Fusion 33 (1993) 211.

1415.PETROV, M. P., et al., Nucl. Fusion 35 (1995)1437.16.PETROV, M. P., et al., in Proceedings of 16th IAEA Fusion Energy Conference,Montreal, Canada, October 1996. �Fusion Energy 1996�, IAEA Vienna 1997,Vol.1 p 261.17.MEDLEY, S. S., et al., to appear in Nucl. Fusion (June, 1998).18.DARROW, D. S., et.al., Nucl. Fusion 37 (1997) 939.19.BOIVIN, R. L., et al., Nucl. Fusion 33 (1993) 449.20.GORELENKOV, N. N., et al., Nucl. Fusion 37 (1997) 1053.21.BUDNY, R. V. et al., Nucl. Fusion 35 (1995) 1497.22.KADOMTSEV, B. B., Soviet Plasma Phys. 1 (1976) 389.23.WHITE, R. B. and CHANCE, M. S., Phys. Fluids 27 (1984) 2455.24.WHITE, R. B., Phys. Fluids B 2 (1990) 845.25.WHITE, R. B., et al., Phys. Plasmas 3 (1996) 3043.

1551015

ADC Channels0100

Number of countsTotal

Total 496 countsH+ counts

Background& noiseEH+ = 0.3 MeV3320-3720 ms#104891Fig. 1Typical pulse height distribution in the PCX pulse counting mode during ICRFminority heating. In all 8 channels of the NPA, the H+ signal is well separatedfrom the neutron-induced background noise.

10-2210-2110-2010-1910-1810-1700.20.40.60.811.2Energy (MeV)

NPA Energy Range

s (cm2

)H+ + Do= Ho + D+H+ + C5+ = Ho + C6+Fig. 2Cross sections for charge-exchange by protons with Do atoms[8] and with C5+impurity ions[4].

1700.20.40.60.8110-510-410-310-210-1

n s v (1/sec)Energy (MeV)C5+ (n = 1010 cm-3 in the plasma core)Do (n = 108 cm-3 in the plasma core) NPA Energy Range

100Fig. 3Charge-exchange rates of H+ ions with C5+ (n =1010 cm-3 in the TFTR plasmacore) and with Do (n =108 cm-3 in the plasma core). The C5+ cross sectiondominates at the higher H+ energies of interest in the NPA measurements.

H+ Resonance Layer

C5+ Density

Major Radius

NPASightlineFig. 4Schematic illustrating passive H+ diagnostic integration over the NPA sightline.Note that the H+ energetic ion distribution to be measured is core-localized whilethe C5+ charge exchange donor is edge-weighted.

196.206.3050500.30.40.40.50.55

Major Radius (m)

DR = 6.1 cm

PCX Active H+ SignalPassive Signal

2.83.0 Time (x10-2 s)

Volts

Fig. 5The radial position and shape of the H+(E = 0.72 MeV) resonance measured by thePCX active diagnostic for fundamental H+ ICRF heating in a TFTR deuteriumplasma. Measurements from a look-down photodiode array are used to convert thepellet-induced active PCX signal from the time domain to radial position in theplasma.

10-11001011021030.20.40.60.811.2 dn/dE (a. u.)+H Energy (MeV)Active Teff = 0.189 MeV

Passive Teff = 0.196 MeV

Fig. 6Active and passive energy spectra of H+ ICRF driven minority ions in a TFTRdeuterium plasma are in close agreement. Both discharges were obtained with on-axis heating at PICRF = 2.1 MW, F = 43 MHz, Ne(0) = 5.1013 cm-3.

210.100.150.200.250.300.3501234567

PRF (MW)

Teff(H+) (MW)Fig. 7H+ effective temperatures versus ICRF power for on-axis ICRF-heated deuteriumplasmas in TFTR. The error in the Teff measurements was typically 10 - 15%.

T(H+) (MeV)

00.050.100.150.200.250.300.3500.20.40.60.811.21.4

F (Cc, a)

Fig. 8Plot of H+ effective temperature data versus the scaling function, F(Cc, a). Thesolid line is a linear fit for Cc = 0.018 – 0.001 and a = NH/Ne = 0.05.

tc/tslow

0.111001234567

PRF (MW)Fig. 9The ratio of the confinement time to the slowing down time, tc/tslow, decreaseswith increasing ICRF power for H+ the ICRF driven minority ions in TFTR (a =NH/Ne = 0.05).

240.1101234567PRF (MW)

Time (s)Fig. 10The confinement time, tc (circles), decreases and the slowing down time, tslow(squares), increases with increasing ICRF power for H+ ICRF-driven ions inTFTR. The lines are exponential fits.

25012345

3.54.04.5

0123456

MWRF powerTAE amplitude 150-200kHz a.u.#74027Time (s)

10001500

0.00.10.20.3

0.300.40

Passive H+@ 0.266 MeVSoft X-rays H+ loss@ 60o detector volts volts a.u.5.0Fig. 11Shown is the time history of a discharge with ICRF-driven H+ minority heatingincluding: ICRF power, passive H+ signal (0.266 MeV), soft X-ray signalshowing two giant sawtooth crashes, tail loss rate at the 60o lost alpha detectorand a Mirnov signal exhibiting the ICRF tail ion driven TAE.

260.30.40.50.40.50.400.45

Passive H+@ 0.266 MeV0.404 MeV0.855 MeV#740273.54.04.5Time (s)

Volts5.0Fig. 12 Passive signals for ICRF driven H+ minority ions of different energies in thepresence of two giant sawtooth crashes (the same discharge as Fig. 11).

H+ Resonance layer

C5+ Density

Major Radius q=1 H+ AfterCrash

Stochastic Ripple Diffusion Domain

PCX Passive H+ SignalTime

Sawtooth Crash TImeStochastic Ripple Diffusion Loss Decay

H+ rmixFig. 13Schematic illustrating the origin of the H+ passive charge exchange signalgenerated by H+ sawtooth mixing.

1001011021032.62.833.23.43.6After Crash q=1Major Radius (m)

0.25 MeV0.25 MeV0.50.50.750.75H+ Resonance PositionC5+Stochastic Diffusion Domains#73862

N(H+), N(C5+) (a. u. )Fig. 14Modeling results are shown for the ICRF-driven H+ ion sawtooth mixing. ThreeH+ energies (0.25, 0.50 and 0.75 MeV) are presented before and after thesawtooth crash. Adjustable parameters used in the modeling were Ecri = 317keV, Ee = 1.4 kV/cm and tpr = tcr = 50 ms. The radial locations of thestochastic ripple domains for the noted H+ energies are shown by the hatchedregions. The dotted line is the C5+ radial density distribution.

291001011021032.62.833.23.43.6

N(H+) x N(C+5) X m(E,R)Major Radius (m)Before CrashAfter Crash0.25 MeV0.35 MeV0.5 MeV0.75 MeV q=1 dn/dE (a. u.)1021031040.20.30.40.50.60.70.80.91H+ Energy (MeV)Before Crash After CrashNormalization

(b)(a)Fig. 15Shown are the emissivity of the H+ + C5+ reaction versus major radius (a) andthe energy spectra before and after the crash integrated over the observation line(major radius) on the basis of the presented emissivity (b). Solid lines are modelresults and data points are passive experimental spectra before and after the crash.

300.30.40.40.50.400.45

0123401234

3.03.54.0

Passive H+@ 0.266 MeV0.404 MeV0.855 MeV

PRF (MW)

PNB(MW)

Soft

X-ray (a.u.)

VoltsTime (s)Fig. 16The time history of a discharge with ICRF-driven H+ minority ions and a Doneutral beam blip is shown, including passive H+ signals (0.266, 0.404, 0.855MeV), ICRF power, NB power, and a soft X-ray signal indicating two giantsawtooth crashes.

310.340.480.340.460.450.50

0510Time (ms)

E = 0.266 MeVR = 3.25-3.30 mtdecay = 3.5 msE = 0.326 MeVR = 3.22-3.27 mtdecay = 4.1 msE = 0.4 MeV R = 3.2-3.25 mtdecay = 5.5 ms

H+ signal (a.u.)

H+ signal (a.u.)

H+ signal (a.u.)(a)(b)(c)Fig. 17 The decay of the experimental H+ signal after the giant sawtooth crash and theORBIT code simulations of this decay, tdecay, due to stochastic ripple diffusionlosses are shown for selected H+ energies.

320.20.20.3890

H+ (E = 0.266 MeV)

7009001100

X-Rays

3.03.54.04.5-6-5-4-3-2

H+ Loss Time (s)5.0# 74135

Arbitrary UnitsFig. 18Shown is the time history of a discharge with ICRF driven H+ minority (PICRF =2.5 MW) including: passive H+ signal (0.266 MeV), soft X-ray signal (indicatingsawteeth oscillations) and H+ tail loss rate for the 60o alpha detector. No H+redistribution or ion loss is observed for small amplitude sawtooth activity.