PPPL-3298, Preprint: May 1998, UC-426Operation of the TFTR Pellet Charge Exchange Diagnosticin the Pulse Counting Mode during H+ RF-Minority HeatingS. S. Medley, M. P. Petrov*, A. L. Roquemore and R. K. Fisher**Princeton Plasma Physics Laboratory, P. 0. Box 451, Princeton, NJ, 08543, USA* A. F. Ioffe Physical-Technical Institute, St. Petersburg, 194021, Russia** General Atomics, San Diego, CA, USAAbstractThe Pellet Charge Exchange technique on TFTR has been used primarily to obtainactive charge exchange measurements using a high energy (0.5 - 4.0 MeV) neutral particleanalyzer (NPA) in conjunction with impurity pellet injection (Li and B) with the scintillator-photomultiplier detector system operated in the current mode. While passive measurementsusing pulse counting were also obtained using this instrumentation, operation in this modewas very restrictive with pulse counting rates limited to less than ~ 10 kHz in the absenceof any significant neutron and gamma induced background signal. An upgrade to aspecialized pulse counting capability which was developed by the Ioffe Institute wasimplemented which consisted of CsI(Tl) scintillators having features designed to minimizesignals induced by background neutron and gamma rays and 16-channel pulse heightanalysis electronics on each of the eight NPA energy channels. Passive measurements ofRF-driven energetic hydrogen minority ions which served to verify operation of the pulsecounting mode are reported. It is shown that in the passive mode the main donors for theneutralization of H+ ions in this energy range are C5+ ions. The measured effective H+tail temperatures range from 0.15 MeV at an RF power of 2 MW to 0.35 MeV at 6 MW.

2I. INTRODUCTIONThe subject matter of this paper is the study of the RF-driven H+ minority ions indeuterium TFTR plasmas using passive neutral particle analysis in the energy range of 0.2 -1 MeV. Similar measurements were performed earlier on JET where the efficient passiveneutralization of MeV energy protons was first observed in the plasma center 1,2. Themain donors for the neutralization of the protons appeared be the hydrogen-like low Zimpurity ions. In a later paper 3, a detailed analysis of the neutralization processes of MeVprotons in JET was made and the cross-sections of the electron capture of H+ ions fromC5+ and Be3+ (the main donors in JET plasmas) were calculated. Similar measurementsof the RF-driven H+ minority have also been made on JT-60U 4.The neutral particle measurements were obtained using a high energy neutralparticle analyzer (NPA) developed in the Ioffe Institute 5. The high energy NPA was usedon TFTR primarily for Pellet Charge Exchange (PCX) diagnostics 6, 7 to obtain activecharge exchange measurements of the energy and radial distributions of DT alpha particlesin conjunction with impurity pellet injection 8 with the detector operated in the currentmode. In parallel, passive measurements of H+ RF-driven minority ions at energies up tothe MeV range were also performed in the pulse counting mode. In the last stage of theTFTR experiments, the pulse counting capability was upgraded by implementing a detectorsystem which consisted of Cs(Tl) scintillators designed to minimize the signals producedby background neutrons and gamma rays with each of the eight NPA energy channelsbeing equipped with 16-channel pulse height electronics (ADC). The experimental datapresented in this paper are the results obtained using this upgraded passive pulse countingmode.

3II PHYSICAL BASIS OF THE PASSIVECHARGE EXCHANGE DIAGNOSTICAs was mentioned above, passive measurement of the RF-driven H+ minority ionsin the MeV energy range is based on the electron capture of 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 in TFTR was carbon. In principle, anotherpossible donor could be the residual Do atoms. The cross-sections for charge exchange ofH+ with Do 9 and C5+ 5 are shown in Fig. 1. Figure 2 presents the charge-exchange ratesof H+ on Do and C5+. Here the density of C5+ in the plasma core is equal to 1010 cm-3(estimated on the basis of spectroscopic measurements) and the upper limit of Do densityis estimated to be ~108 cm-3. The energy range of the NPA measurements is also shown.It is clearly seen from the figure that the only possible donor in TFTR plasmas in theenergy range of the interest is C5+. Therefore we can conclude that the NPA detects theHo passive signal on TFTR 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:F Ho(E) = nH+nC5+ f H+(E) s vH+ (cm-3 s)(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 with an observation line at a toroidal angleequal to 2.75o to the major radius direction. Therefore only deeply trapped ions with pitch

4angles in a narrow range v||/v = - 0.048 – 10-3 were detected. The measured energyspectrum integrated over the observation sight line, L, can be expressed as:dnHo/dE = � F Ho(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). The integral in the brackets { }represents the transparency of the plasma for the detected Ho atoms. The transparency isnot very significant factor for the sub-MeV and MeV Ho atoms in TFTR and has to betaken into account only for the low energy part of the NPA energy range shown in Fig. 1and Fig. 2.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:dn H+/dE ~ Nn(E) {s v H+ h (E) DEn/En} -1(4)Here h (E) is the calibrated NPA detection efficiency and DEn is the energy width of thenth channel of the NPA. In the case of the RF-driven ions in TFTR, this yields dnH+/dE~f H+(E) averaged over the RF resonance layer because the nH+nC5+ value is sensiblyconstant if RF resonance is located at the plasma core.III RESULTSThe experimental data presented in this section are the results of operation in thepassive pulse counting mode. Figure 3 shows the measurement scenario and Fig. 4 showsthe number of H+ counts detected by the ADC on the third NPA energy channel (EH+ =

50.3 MeV) during a period of 200 ms. H+ counts here are detected in ADC channels 5 - 14(shaded area) with the maximum in channel 11. The low amplitude pulses in channels 1 - 4are the n, g background and the detector noise. It is seen that the noise and background areeasily distinguished from the H+ signal which made it reasonable to use this system in thepresence of high n, g background.Figure 5 shows the active energy spectrum of RF-driven H+ ions for the dischargepresented in Fig. 3 and the passive spectrum averaged over 200 ms during an RF powerpulse in a discharge with the same parameters (#10489). Previously reported 10 active andpassive spectra were shown to have the same Maxwellian shapes and very similar effectivetail temperatures which provided confirmation that the proper donor (C5+) was chosen toget the passive energy spectrum. These passive measurements of H+ RF-driven minorityion temperature in deuterium plasmas were performed routinely mainly as "piggy-back"experiments during RF runs on the TFTR. Figure 6 presents the effective temperatureT(H+) of the H+ minority versus RF power, PRF, for a collection of 67 discharges. Themeasurements were made in D(H) on-axis, RF-heated discharges for the following rangeof plasma parameters: Iplasma = (1.3 - 1.8) MA, Ne(0) = (2.4 - 6.0)1013 cm-3, Te(0) =(2.6-10) keV. It can be seen that Teff(H+) increases monotonically with PRF but even forPRF ~ 6 MW, the values of Teff(H+) do not exceed ~ 0.35 MeV.ACKNOWLEDGMENTSThis work was supported by US DoE Contract DE-AC02-76-CHO-3073 and USDoE Grant DE-FG03-92ER54150.

6REFERENCES1.M. P. PETROV, et al., in 1992 International Conference on Plasma Physics (Proc. Con. Innsbruck 1992), Vol. 16C, Part II, European Physical Society, Geneva (1992) 1031.2.A. V. KHUDOLEEV, et. al., in Radiofrequency Heating and Current Drive of FusionDevices (Proc. Top. Conf. Brussels, 1992) , Vol. 16E (1992), 117.3.A. A. KOROTKOV, et.al., Nuclear Fusion 37, 35 (1997).4.V. I. AFANASSIEV, 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-057.5.A. I. KISLYAKOV, et al., Fusion Engineering and Design, 34-35, 107-113 (1997).6.R. K. FISHER, et.al., Phys. Rev. Lett. 75, 846 (1995).7.S. S. MEDLEY, et al., Rev. Sci. Instrum. 67, 3122 (1996).8.S. S. Medley, et al., to appear in Nucl. Fusion (May 1998).9. C. F. BARNETT, (Ed.), Atomic Data for Fusion, Vol. 1, Rep. ORNL-6086/VI, OakRidge Natl. Lab., TN (1990); ibid., Vol. 5, Rep. ORNL-6090.10. J. M. McChesney, et al., Rev. Sci. Instrum. 66, 348 (1995).

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

NPA Energy Range

s (cm

2)H+ + Do= Ho + D+H+ + C5+ = Ho + C6+Fig. 1 Cross-sections for proton charge-exchange with Do atoms and with C5+.

00.20.40.60.81

10-510-410-310-210-1

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 RangeFig. 2 Charge-exchange rates of H+ ions with C5+ (n =1010 cm-3 in the TFTR plasma core) and with Do (n =108 cm-3 in the plasma core).

90123

2.02.53.03.54.04.55.012

MWICRF Power

(10

13 cm-

3)Plasma central density

#104891

Measurement period for H+ energy spectrum Time (s)Fig. 3 Waveforms for measurement of the H+ effective tail temperature, Teff(H+).

1051015010203040

ADC Channels

Number of counts

H+ Total 222 countsBackground& noise

#104891 3730-3930 msE H+ = 0.3 MeVFig. 4 Typical pulse height distribution from the ADC in the third NPA channel.

11104891*

1011021030.10.20.30.40.50.60.70.8H+ Energy (MeV) dn/dE (a. u.)kTeff = 0.174 MeV

Fig. 5 RF-driven H+ energy spectrum from passive measurements yieldingTeff = 0.174 MeV for PRF = 3.2 MW (#104891).

120.100.150.200.250.300.3501234567

PRF (MW)

T eff(H

+) (MW)Fig. 6 H+ effective temperatures versus RF power for D(H) on-axis ICRF heated plasma in TFTR.