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PHYSICS OF PLASMAS VOLUME 6, NUMBER 6 JUNE 1999

Effective temperatures, sawtooth mixing, and stochastic diffusion
ripple loss of fast H * minority ions driven by ion cyclotron
heating in the Tokamak Fusion Test Reactor

M. P. Petrov,? R. Bell, R. V. Budny, N. N. Gorelenkov,” S. S. Medley, R. B. White,
and S. J. Zweben
Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, New Jersey 08543

(Received 29 July 1998; accepted 23 February 1999

This paper presents studies of thé Ihinority ions driven by lon Cyclotron Radio Frequency
(ICRF) heating in the Tokamak Fusion Test ReadfbFTR) [R. J. Hawryluket al, Phys. Plasmas

5, 1577(1998] deuterium plasmas using primarily passive H° flux detection in the energy range of
0.2—1.0 MeV. The measured passivé Energy spectra are compared with actiizepellet charge
exchanggresults. It is shown that in the passive mode the main donors for the neutralization of H
ions in this energy range ar€ Cions. The measured effective Hail temperatures range from 0.15

MeV at an ICRF power of 2 MW to 0.35 MeV at 6 MW. Radial redistribution of ICRF-driven H

ions was detected when giant sawtooth crashes occurred during the ICRF heating. The redistribution
affected ions with energy below 0.7-0.8 MeV. The sawtooth crashes displacésnbi outward

along the plasma major radius into the stochastic ripple diffusion domain where those ions are lost
in ~10 msec. These observations are consistent with the model of the redistribution of energetic
particles developed previously to explain the results of deuterium-tritiD) alpha-particle
redistribution due to sawtooth oscillations observed in TFTR. The experimental data are also
consistent with numerical simulations of'Hstochastic ripple diffusion losses. ®99 American
Institute of Physics.

I. INTRODUCTION The experimental data presented in this paper are mainly the
results of operation in the passive pulse counting niodie
present here the values of thée léffective temperatures and
also the results of the studies of"Hsawtooth mixing and

Studies of the F minority ions driven by lon Cyclotron
Radio FrequencwCFF) heating in the Tokamak Fusion
Te.st Reactor(TFT'R) de“te”.“”.‘ plasmas were performed tochastic diffusion ripple loss measured with the use of this
using neutral particle analysis in the energy range of 0.2— echnique
MeV. The neutral particle measurements were obtained us- ’
ing a high energy Neutral Particle AnalyzéMPA) devel-
oped by the loffe Physical-Technical Institdt&imilar mea-
surements were performed earlier on the Joint Europeah. PHYSICAL BASIS OF THE PASSIVE CHARGE-
Torus (JET),® where efficient passive neutralization of Mey EXCHANGE DIAGNOSTIC
energy protons was first observed in the plasma ¢dree

main donors for the neutralization of the protons appeared t?CRF-driven H" minority ions in the MeV energy range is

be the hydrogen-like low Z impurity ions. In a later paper, based on electron capture by"Hons from hydrogen-like

detailed analysis of the neutralization processes of MeV PrO[ow-Z impurity ions. The most probable donors for electron

tons in JET was made, and the cross sections of the elec”%pture in TFTR plasmas are>Cions because the main

; + + B
captu_rerE)frHl |onsafrom ¢ lanldtBj Sl_on_ls (the main do i low-Z impurity was carbon. In principle, another possible
nors in plasmasvere calculated. Simiiar measurements g, «oy1d be the residudl® atoms. The cross-sections for

of the ICRF-driven H minority have also been made on the charge exchange of Hions with D atom<® and & im-

Japanese tokamak, JT-66U. N >
. ' L purity ions are shown in Fig. 1. The charge-exchange rates
The high energy NPA was used on TFTR primarily for ,¢ 1+ ) e ang &+ are shown in Fig. 2. Here the density

. . '8 . .
Pellet Charge Exchang®CX) diagnostics;® wherein actlvg of C5* in the plasma core is equal to 20cm 3 (estimated
charge exchange measurements of the energy and radial dléﬁ the basis of spectroscopic measuren) | the upper
tributions of deuterium-tritiun{DT) alpha patrticles were ob- limit of D° density is estimated to be 1C¢ cm 3, The en-
tained in cpnjunction with impurity pellet in_jection._ In par- ergy range of the NPA measurements is also indicated. It is
_aIIeI, Ft)asswe_ meastjretrr]:er']\;s \;ﬁ HCRF-drlver|1 mlnofrlty learly seen from the figure that the dominant donor in TFTR
lons at energies up to the MeV range were also periormedy|;smas in the energy range of the interesti§.Therefore,

we can conclude that the NPA detects the H° passive signal

dpermanent address: A. F. loffe Physical-Technical Institute, St. Petersbur@s a result of the reaction
194021, Russia.
YPermanent address: TRINITI, Troitsk, 142092, Russia. H*+C> —He+C8*. (1)

As was mentioned above, passive measurement of the

1070-664X/99/6(6)/2430/7/$15.00 2430 © 1999 American Institute of Physics
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FIG. 3. Schematic illustrating passive*Hliagnostic integration over the
FIG. 1. Cross section for charge-exchange by protons @ithatoms and ~ NPA sightline. Note that the Henergetic ion distribution to be measured is
with C3* impurity ions. core-localized while the T charge exchange donor is edge weighted.

_ The single-sightline NPA was located in the midplaneency for the detected H° atoms generated at a distafioen
with its line of sight at a toroidal angle of 2.75° relative 10 the plasma edge. This transparency is not a significant factor
the major radius direction. Therefore, only deeply trappedor the sub-MeV and MeV H° atoms being measured and has

ions with pitch angles in a narrow rangg/v=-0.048 o pe taken into account only for the low energy part of the
+10"2 were detected. In the passive operating mode, thecx energy range shown in Figs. 1 and 2.

NPA count rateN,(E), is related to the neutral flux at the As shown schematically in Fig. 3, in the case of the core
analyzer['y., through localized ICRF minority ion heating in TFTR, the
N, (E)~ 7(E)AE, e, 2) Ny+(1)Nes+(l) value is constantsee Fig. 10 beloyand the

energy spectrum of Hions, f,+(E), averaged over the reso-
nance layer, can be related to the NPA measurement by com-
bining Egs.(2) and(3) to give

where n(E) is the calibrated NPA detection efficiendyE,
is the energy width of thath channel, and the units @f.
are cm2s eV L The neutral flux integrated over the PCX
observation sight line can be related to the plasma param- fiy+(E)~dny+/dE

eters by ~Nuy(EXo(Evpm(EQE)AE} ™S (4)
FH°=f Ny + ()Nes+ (1) fy+ (E,Dovy+ w(E,dl, ~ Active PCX measurements obtained with the use of the
Li pellets injected into the plasfiavere also used in some

©) cases for measuring theHail distributions. In this case, H
where N+ (1), Nes+(l) are the profiles of B and &"  ICRF-driven ions interacted with the lithium pellet ablation
densitiesf4+(E,|), is the local H energy distribution func- cloud to form an equilibrium neutral fractiof;(E), as a
tion, o is the cross section of the'™H-C°>* reaction,vy+ is  result of the reaction
the H' velocity, andu(E,|) represents the plasma transpar- H* 4 Li*Ho+Li2* )

The energy distribution derived from PCX active signals can

100 7 be expressed as
101 dny+/dE~Sy(E){Fg(E)vy+u(E) n(E)AE} 7Y, (6)
Er E whereS,(E) is the measured PCX signal in thgh channel
- [ €5+ (n=1010cm3 ] of the NPA in the current mode with units of volts and val-
§1°'2 3 In the plasma core) 3 ues of the neutral equilibrium fractiof;(E), were taken
- i DO (n = 108 cm™3 from Ref. 8.
;ur3 3 in the plasma core) Figure 4 presents the active PCX signal versus pellet
c 1 flight time for the NPA channel which detected Hons of
04 L ] energy 0.72 MeV. This signal was taken during the ICRF
3 NPA Energy Range 3 fundamental on-axis heating of 'Hminority in a deuterium
C -] plasma(#96085, ICRF frequency 43 MHB;=3.2 Tesla,
106 o L b L ICRF power 2.1 MW. On the horizontal axis, the radial
0 0.2 0.4 0.6 0.8 1

position of the pellet is shown as derived from the measured
Energy (MeV) pellet velocity (653 ms1). The contour of the signal mea-

FIG. 2. Charge-exchange rates of ibns with @ (n=10 cm3in the S.ured by the PCX qiagnOStiC corresponds to the radial posi-

TFTR plasma coreand withD° (n=10° cm2 in the plasma cope The tion, shape, and WldthA(R_ZG'l. cm Qf the H" resonance

C>* rate dominates at the higher'Henergies of interest in the NPA mea- layer. The low level passive signal is also seen before and

surements. after the pellet signal.
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FIG. 6. H' effective temperatured,«(H"), versus ICRF powerRgg) for
FIG. 4. The radial position and shape of th&(#=0.72 Me\) resonance  On-axis ICRF-heated deuterium plasmas in TFTR. The error i ghH ")
measured by the PCX active diagnostic for fundamental€RF heatingin ~ Measurements was typically 10%—-15%.
a TFTR deuterium plasma. Measurements from a look-down photodiode
array are used to convert the pellet-induced active PCX signal from the time
domain to radial position in the plasma.

1. SAWTOOTH MIXING OF ICRF-DRIVEN FAST H*
IONS

Figure 5 shows the active energy spectrum of ICRF-A- Experimental observations
driven H" ions for the discharge presented in Fig. 4 and the  The effective temperature3,s(H"), presented above,
passive spectrum averaged over 100 ms during an ICR{yere measured in quiescent plasma in the absence of strong
power pulse in a discharge with the same parametergw-frequency magnetohydrodynami@HD) events like gi-
(#96080. It is seen that active and passive spectra have thgnt sawtooth crashes or disruptions. Now we will describe
same exponential shapesy,+/dE~exp—(E/Te) and very  the behavior of the ICRF-driven Hminority ions in the
similar effective temperature$ ;. This provides additional presence of strong MHD events like a giant sawtooth crash
evidence that the proper donor{Q was chosen to derive iy TFTR.
the passive energy spectrum. The influence of sawtooth oscillations on fast ions in
The passive measurements of KCRF-driven minority  tokamaks is of considerable interest because theoretical stud-
effective temperature in deuterium plasmas were performefés showed they can lead to a significant redistribution of
routinely during ICRF runs on the TFTR. Figure 6 presentsions! The influence of sawtooth effects on injected neutral
the effective temperaturd,e;(H"), of the H" minority ver-  heam ions and fusion products in DD plasmas has been dis-
sus ICRF powerPgg, for a collection of 67 discharges. The cussed elsewhefé:** During DT experiments on TFTR, the
measurements were made in deuterium on-axis, ICRF—heattpitx diagnostic revealed strong redistribution of trapped
discharges for the following range of plasma parametersylev alpha particles radially outward well beyond the 1
| plasma= (1.3—1.8) MA, Ng(0)=(2.4-6.0)18* cm™3 and  syrface after sawtooth crashéds?®

Te(0)=(2.6-10) keV. It can be seen thBgy(H") increased Figure 7 presents the signals for Hons (0.266 Me\)
monotonically withPg and in the range 0.8—6 MW changes and x-rays showing two giant sawtooth crashes and the sig-
from 0.12 to 0.34 MeV. nal of lost H™ ions measured by the lost alpha detettor

located 60° below the outer midplane on the wall of the
vacuum vessel. The bottom panel is the signal indicating
Toroidal Alfven Eigenmode(TAE) modes in the range of
150-200 kHz measured with the Mirnov coils. These modes
are induced by the generation of ICRF-driveri High en-
ergy tails. This phenomenon is described in detail
elsewheré® We see here that at the time of giant sawtooth

103 g T T T T
Active Tgg = 0.189 MeV

=]
‘3’ ol s E crashes, dramatic increases of the 0.266 MeVsitjnal oc-
3 [ /O\Q\ 3 cur along with sharp spikes on theHost ions. We note that
® wo - PassiveTeﬁ=0.196Me\;k\‘° . the lost ion signal is averaged over the pitch angle range
45-83° and an H energy range 0.4—2 MeV. It is interesting
10 -1 L L L 1 that rather strong TAE activity does not appear to directly
02 04 06 08 1 12 affect the measured Hsignal of the deeply trapped ions.
H+ Energy (MeV) Figure 8 presents the Hsignal taken from the 1st, 3rd,

G 5. Act d ) ra & KCREri oty and 7th channels of the NPA detecting” kit energies of

. 9. ACllive and passive energy spectra -ariven minority ions . H

in a TFTR deuterium plasma are in close agreement. Both discharges We%266’ 0.404, and 0'8_55 Me\_/' _It ,IS seen ,tha,t the mﬂuence of
obtained with on-axis heating @®,cre=2.1 MW, F=43 MHz, n(0)  the crashes on the signal diminishes with increasing of H

=5.10" em™2. energy and completely disappears at ahathergy of 0.855
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®) FIG. 9. Schematic illustrating the origin of the"Hbassive charge exchange

FIG. 7. Shown is the time history of a discharge with ICRF-driveh H Signal generated by Hsawtooth mixing.

minority heating including: ICRF power, passive' lignal (0.266 MeV),

soft x-ray signal showing two giant sawtooth crashes, tail loss rate at the 60°

lost alpha detector, and a Mirnov signal exhibiting the ICRF tail ion driven

TAE. schematic. The poor confinement of thé kbns displaced

by the sawtooth crash into the stochastic domain leads to the
) ) ) detected decay of the signal. This scenario is also consistent
MeV. The time decay of the spikes in the 1st and 3rd changiw, the signals for lost Fi ions (see Fig. 7. It is seen that
nels is a few milliseconds. _ the time decay of the lost ion signal is very close to that of
' The schematlc presented in Fig. 9.|IIustrates the.qualltafhe H" passive charge exchange signal. Outward of the sto-
tive model which we propose to explain detected $pikes  cnastic domain there is the region of prompt losses. Losses
in the presence of sawtooth crashes and their subsequetfhis kind are also seen on the lost Kignal. We see here
time decay. The H resonance I_ayer shown here |s_locatedvery sharp spikegprompt lossesand delayed losses corre-
near the plasma center. Immediately after the crashiods g, 5hding to the stochastic ripple diffusion. Below, this
can be redistributed and moved outwdtide H" mixing ra- model will be presented quantitatively.
dius, r i, is shown. The G radial density profile has the
shape shown in Fig. &he C*' density increases near the
plasma periphey If r i, is large enough to reach the region
with increasing €' density, a sharp increase of Hsignal
will occur. The stochastic ripple diffusion domain is located
in the outer region of the tokamak plasma where fasidhs We have mentioned above that during DT experiments
will be lost in a few millisecond$® The expected position of 0on TFTR the redistribution of alpha particles due to sawtooth
the stochastic domain for sub-MeV Hons is shown on the crashes was observed. To explain the redistribution, a model
of alpha sawtooth mixing was develop&thased on the fast
particle orbit averaged toroidal drift in a perturbed helical
] electric field generated by the sawtooth crash with an adjust-
Jassivetl | able absolute value. Such a drift of fast particles results in a
change of their energy and a redistribution in phase space.
This model agreed well with the measured alpha-particle re-
distribution due to sawtooth mixintf:*®
] In this paper, the model is applied to ICRF-driveri H
ions to describe the experimentally measuredredistribu-
tion presented above. The results of thé kedistribution
oas[ T T T RN ] modeling are shown in Fig. 10. Here we see the ICRF H
0855 MeV precrash resonance contours for the energies 0.25, 0.5, and
Lkl . I N 3 0.75 MeV located in the TFTR plasma core. An initial pre-
35 40 45 50 crash distribution function was chosen as exponential in en-
Time (s) ergy with effective temperatur.z(H") =269 keV (in ac-
FIG. 8. Passive signals for ICRF-driven’Hninority ions of different en- cordance with t.he measurer_nentand Gaussian in pItCh
ergies in the presence of two giant sawtooth cragtressame discharge as angle, so that Fiions are localized near the ICRH resonance
Fig. 7). layer. The resonance location is taken from the frequency

B. Modeling of ICRF-driven H * sawtooth mixing in

Volts

il
i
0.40|
I
I
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FIG. 10. Modeling results are shown for the ICRF-driveh idn sawtooth ]
mixing. Three H energieg0.25, 0.50, and 0.75 MeMare presented before ; 1
and after the sawtooth crash. Adjustable parameters used in the modeling : 103 — |
wereE;;=317 keV,E.=1.4 kV/cm andr,, = 7.,=50 us. The radial loca- & F Nomalization 7
tions of the stochastic ripple domains for the noted éhergies are shown !g Before Crash
by the hatched regions. The dotted line is té @dial density distribution. E
102 TR PRI TN P TS ST N T T F T e

and toroidal field values. The width of the resonance is taken 02 03 04 05 06 07 08 09 1

to be 10 cm. Plasma equilibrium and other parameters were H* Energy (MeV)

taken from theTRANSP code?! o 1L s € the emissiv (E.R), of the HF+ G
g g - .11, own arda) the emissivity,ny+ngs+u(E,R), of the H™+
The model predlctlons of the redistribution after the reaction before and after the sawtooth crash versus major radiugh)aing

crash are also Shown. in Fig. 10. The mixing radius used _fOEnergy spectra before and after the crash integrated over the observation line
modeling was determined from the Kadomtsev reconnectioimajor radiug on the basis of the presented emissivity. Solid lines are model

modef? on the basis off profiles from therRANSPcode. The results and data points are passive experimental spectra before and after the
model shows that the mixing radius and the number of par2s"
ticles involved in the redistribution decrease with increasing
energy. This is consistent with the experimental data prepoint. To obtain agreement between the model and the ex-
sented in Fig. 8. The relative®C radial density profile is perimental data, it was necessary to use the adjustable pa-
also shown as derived from multichord spectroscopic mearameterkE ;=317 keV which corresponds with, o= 50 us
surements of the T line at 5291 A. The radial distribution and a helical electric fiel&,= 1.4 kV/cm in the model. Here
of the brightness of the T line integrated over the obser- E.; is an adjustable critical energy which is equal to the
vation line has been transformed using Abel inversion toenergy of the particles having toroidal precession time equal
obtain the emissivity(radial distribution of the intensity of to the crash time. Note that according to Ref. 20, particles
this line). The relative C* density profile has been calcu- with E>E,,; average the effect of the electric field during
lated by the dividing of the emissivity by the local electron the toroidal precession and are less affected by the crash than
density of the plasma. The dependence of the emissivity oparticles with the energE<E.;;. Comparing the experi-
the variation of electron temperature with major radius wasmental and calculated energy spectra shown in Figh)1tve
assumed to be negligible for plasma electron temperatures itan conclude that the mixing model is in good agreement
the range of 1.51.0 keV. with the experimental data when reasonable values of adjust-
To normalize the model calculations to the experimentalble parameters are assumed.
data, the emissivity distribution of the reaction Our understanding of the mechanism for generation of
H™+C5" —H°+C®" (i.e., the H° source functionover the the H' signals observed in the presence of the sawtooth
major radius was calculated and the results for different enerashes is illustrated well by the data presented in Fig. 12.
ergies of H ions are presented in Fig. (. The vertical Here the time history of a TFTR discharge with ICRF-driven
axis of the plot is the product of Hdensity, C* density, H* minority ions and with a shoi° neutral beam pulse is
and plasma transparenqy(E,R). The values ofny+ and  shown. The H signal spikes generated by the giant sawtooth
ncs+ are taken from Fig. 10. The passive experimental specerash are seen as well as the signal increase during the neu-
tra for the period before the cragtircles and after the crash tral beam(NB) blip. The H signal due to the crash decrease
(squarey are shown in Fig. 1(b). Note that the spectrum with increasing H energy in accordance with the model
before the crash consists of the signals coming from the resalescribed above. The relative level of Hignals in the pres-
nance at the plasma center only, whereas the signals after tkace of the NB blip remains approximately constant for all
crash come from both the resonance region and the redistrilmeasured energies. Note that on TFTR the NPA observation
uted H' ions. The model specti@olid lineg are the results line does not directly view any of the heating beams injected
of integration over the major radius of the emissivity multi- into the plasma. Therefore the signal cannot be the result of
plied by the transparency (E), for the noted H energies. direct charge-exchange of'Hons with theD° atoms of the
The model and experimental spectra are normalized at one
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FIG. 12. The time history of a discharge with ICRF-drivefi Finority ions T B T I R R
and aD° neutral beam blip are shown, including passive $ignals(0.266, 0 5 10
0.404, 0.855 MeV, ICRF power, NB power, and a soft x-ray signal indi- Time (ms)

cating giant sawtooth crashes.

FIG. 13. The decay of the experimental Kdignal after the giant sawtooth

.. . . . . . . crash and thereiT code simulations of this decayyecay, due to stochastic
beam. The origin of this Slgnal is described in detail ripple diffusion losses are shown for selected ehergies.

elsewheré. According to this paper, the heating beams in-
jected into the tokamak plasma change the ionization balance
of the carbon ions and lead to an increase of the @nsity

in the plasma core because of the increasing probability fo
electron capture by € ions from the beam. It was shown
that in JET the injection of the heating beams leads to a

Feriods. Farther outward is the region of prompt first orbit
oss. It is seen from Fig. 10 that the TFTR ICRF-driven
trapped H ions are transported outward after the giant saw-
Booth crash, and reach the stochastic domains. A fraction of

Increase of the € density by a factor of 3—4 not only in the the ions can pass through these domains and even reach the
vicinity of the beams but all around the torus. The sameprompt loss region

phenomenon obviously occurs_in TFTR. It is importar!t to For more detailed analysis of the"Honfinement time
note th"."t the decrease of the Isignal due to the crash W',th inside the stochastic domains, 5000 particles with energies of
mg:reasmg H ener%yS%rédl\tAhe comlg_letelapsengg of the;hswt]n .266, 0.322, and 0.4 MeV were followed. The results of this
ahove an ene_rgy_f_ ' h elsee : Igﬁ%} IS e\|/| ence ha analysis are presented in Fig. 13. Here the light curves are
t lere are no (sjlgr_u 'Cftir?t c ar][gefhm t h(popu ationinthe  goothed experimental Hsignals which occur immediately
plasma core during the sawtooth crash. after the crashcrash occurs at zero timeThe solid lines

STOCHASTIC SION LOSSES O show ORBIT code simulations of the Hdecay due to the
IV. STOCHASTIC RIPPLE DIFFUSION L ES OF stochastic ripple diffusion losses. In the model, the initial

_ +
ICRF-DRIVEN H™ IONS DUE TO SAWTOOTH MIXING radial distributions of the minority ions were chosen to rep-

To simulate the H minority confinement in the TFTR resent the population of Hminority ions giving the maxi-
plasma after a sawtooth crash, we useddRei™ ?°guid-  mum contribution to the H signal[i.e., the maximum of the
ing center code. In therBIT code, particle motion is calcu- emissivity for each measured "Henergy shown in Fig.
lated in toroidal magnetic geometry using a computed equiii(a)]. The initial radial location of the H ions is indicated
librium and ripple magnetic fields. The effects of slowing in the legend of Fig. 13. We used a uniform distribution in
down and pitch angle scattering in calculating the stochastispace and pitch angle so that the bounce point was at a major
ripple diffusion are included, which gives rise to diffusion radius ranging from 3.2 to 3.3 m, with the vertical coordinate
from the nonstochastic domain to the stochastic domain. FigZ=0-0.30 m. The results show that the minority ions of
ure 10 presents the locations of the stochastic diffusion dointerest are all lost afte10—12 ms and their density evo-
mains calculated with therBIT code for specific energies Iution may be given roughly by the expressior{H")
(0.25, 0.5, and 0.75 MeWVand for the experimental pitch- =nyH")exp(—t/7y), wherer, is equal to 3.5, 4.1, and 5.5
angle,v, /v=—0.048. TheorsIT code predicts that the ions ms for the specified H energies. The confinement time of
whose banana tips are located inside these domains are Idst ions increases with increasing energy because the signals
in a few milliseconds because of the stochastic ripple diffufor ions with higher energies originate from deeper regions
sion. Just outboard of these domains is the region of much the plasma where the influence of the stochastic ripple
faster stochastic losses, which occur during a few bouncdiffusion is weaker. It is seen that tlsRBIT results are in a
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