VOLUME 82, NUMBER 2 PHYSICAL REVIEW LETTERS 11 ANuARY 1999

Direct Observation of lon-Bernstein-Wave-Induced Poloidal Flow in TFTR
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Shearing of the plasma poloidal rotation velocity was observed during application of ion Bernstein
wave power in the Tokamak Fusion Test Reactor. The first evidence of corroboration between measured
poloidal velocity shearing and actively induced Reynolds stress effects is presented. A model repro-
duces salient experimental features: The observed sheared flow occurs near the tritium fifth harmonic
cyclotron resonance layer and depends strongly on the tritium density in agreement with the model.
Furthermore, the model reproduces the observed insensitivity of the induced rotation to the tritium
density in the region between the third deuterium harmonic layer and the fifth tritium harmonic layer.
[S0031-9007(98)08107-1]

PACS numbers: 52.55.Fa, 52.35.Hr

The prospect of using externally driven waves to impell sec after the onset of the 2.5 MW neutral beam injection
plasma motion capable of breaking up the turbulence edNBI). The top panel shows the perpendicular (diamag-
dies and thereby reduce transport [1] has renewed interesgtic) stored energy. The increase associated with IBW,
in ion Bernstein waves (IBW) [2] as a means to control ac-although small compared to the effects of the neutral beam
tively transport. These waves are well suited for the tasknjection, is consistent with the relative power levels. The
because of their short wavelength—on the order of thesecond panel displays the line integrated density, which
ion gyro radius—and strong single-pass localized absorpalso shows an increase during IBW. Although the NBI
tion, when in proximity of an ion resonance. Following was deuterium only, the level of deuterium-tritium (DT)
the encouraging results obtained on PBX-M [3] with exter-neutron emission shown in panel three is indicative of a
nally launched IBW, an IBW experiment was planned andsizeable tritium fraction among the plasma species. Spec-
conducted on the Tokamak Fusion Test Reactor (TFTR)roscopic measurements [6] point to the wall as the tritium
[4], during which sheared poloidal flow was indeed ob-source; about 35% of the Balmer-alpha recycling light is
served. In this Letter, we analyze the experimental dataf tritium origin. Analysis of the data withRANSP[7] has
and find it to be in agreement with a model proposed earshown that a tritium ion density in the lol®'> cm™3 range
lier [5], where the wave-induced Reynolds stress driveshad to be invoked to reproduce the DT neutron emission
in the present case, a spatially sheared poloidal rotatiodata. A preceding experiment with intensive tritium usage
near the fifth tritium ion-cyclotron harmonic layer. Such explains the wall condition. As we will see, the amount
results have important ramifications for active control ofof tritium has important implications in the data analysis.
local transport in magnetic fusion devices. A poloidal velocity diagnostic [8] was installed during

The data presented here pertain to “direct launch” IBWthe last TFTR campaign. Its high throughput and oppos-
where we used mode transformation from edge-excitethg views permitted high precision measurements of the
electron plasma waves into ion Bernstein waves as aarbon poloidal velocity. Since we are interested in the
means to induce IBW in the plasma. For this purposechange in poloidal velocityAvy, occurring during IBW
a dedicated antenna, with rf current directed in the toroidatoupling, we used the following procedure: (1) The data
direction and comprising two pairs of current elementswas averaged over the 0.5 sec immediately preceding the
symmetrically distributed above and below the horizontalpplication of IBW power; this averaging window oc-
midplane was commissioned. Figure 1(a) shows a verticaturred after the transient effects associated with the NBI
cross section of the plasma. The magnetic aRis,is at  onset had damped away; (2) this averaged profile was then
271 cm, the third harmonic deuterium cyclotron resonancsubtracted over the whole time sequence. This procedure
(3Qp) layer atR3q, =~ 283 cm, the fifth harmonic tritium has the advantage of removing systematic effects between
(5Q7) layer atRsq, = 314 cm, and the plasma eddg,  adjacent spatial channels. We will refer to the incremen-
at 353 cm. The antenna first surface is at 360 cm. Théal change in the carbon poloidal velocihw, as the flow,
antenna rf frequency was = 76 MHz and the toroidal and will use the symbad, for the related “nonincremen-
field at the magnetic axis was 3.44 T. tal” poloidal velocity. The data can be seen in Fig. 2(a),

Selected experimental traces for a discharge with IBWwvhere we overlay thA v, time evolution at six major radii.
are shown in Fig. 1(b). The bottom panel displays neutraPositive Avy corresponds to the ion-diamagnetic drift di-
beam and antenna launched powers, along with power raection. In the region of interedtv, /vy < 0.3. ltcan be
diated by the plasma. The 0.36 MW IBW power is addedseen that, for times prior to the IBW applicatiaky, = 0
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) _ ) although one should keep in mind that the database for
FIG. 1. (a) Vertical cross section showing resonance layefhage congitions comprises only a handful of discharges.
307 and 50y locations, magnetic axi®, and outer plasma - oo iher hand., the driven flow Ry .. vicinity appears
edge R,. The trajectories of four rays onto the poloidal q, VICINIty app
plane are also shown. (b) Selected discharge time trace® depend on the tritium concentration. Figure 3illustrates

Stored energy, line-integrated density, DT neutrons, heating,
and radiated powers. 1

(a) l R= 295'; cm
(3Q2p < » < 5Q71)

with a stable profile, as indicated by little change in the
radial direction and a slow negative drift with time. On
the other hand, when IBW was applied, rapid and substan
tial changes occurred, leading to a sheafag, profile.
These modifications are landmarked by the ion-cyclotron
layers present in the plasma. Looking at Fig. 2(a), we can
see that, whileAvy fell to negative values in th&;q, <
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R < Rsq, region, it actually grew positive in th&sq, 3.0 35 4.0 45 30 35 4.0 45

vicinity, where the peak value occurs. In comparison, we 05 M 05 [Cigya [ [KIBWE
. . . . (MW) T (MW) T

can see in Fig. 2(b) results obtained when this same analy oo 3 00 o b ! I“L‘lbr‘ N

sis procedure is applied to a reference “no-IBW” discharge. "TIME (s) 45 ’ “TIME (s)

In th'.s faste’ The{f] IS ?nlygitma“ Cthangg mb v profile, FIG. 3. Overlay ofAv, time evolution for IBW discharges
consistent wi € slow drift mentioned above. IBW A (higher tritium density) and IBWB (lower tritium

The presence of a negative flow in tigq, < R <  density), and for a no-IBW discharge: (a) &= 295 cm;
Rsq, region is a persistent feature of the experimental datgb) atR = 312 cm.
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FIG. 4. Comparison between discharges IB\Wand IBW B: (a) DT neutron source strength temporal evolutions; {RANSP
evaluation ofny atr = 4 s.

this effect, where we overlay temporal evolution®f,  a carbonlike impurity, and fast ions during NBI. Each
data from three discharges. Discharges labeled “IBWspecies has its own density profile. The thermal ions are
A" and “no-IBW” correspond to the two cases presentedall assumed to have the same temperature profile. After
above. Discharge “IBWB” had a significantly lower computing the dispersion relation, fans of rays—typically
tritium density than IBWA; estimates of the tritium 40 rays are used—with a spectrum characteristic of the
density levels follow. Looking at Fig. 3(a), we see thatantenna are launched. The IBW power deposition is
between the8Q)p and5Q layers, atR = 295 cm, both  computed (and stored) locally on a spatial grid for each
IBW A and IBW B discharges have a similar behavior, species (electrons, H, D, T, fast D, and C) as the rays are
namely, that of a negative poloidal flow compared to theraced. The results from individual rays are summed to
no-IBW case. On the other hand, IBW and IBW B  obtain the local power deposition and Reynolds stress for
behave differently aik = 312 cm, near the5Q)r layer. each species. A subroutine of the ray-tracing software
While IBW A shows a positive flow reachingg km/s, calculates the induced poloidal velocityvy using the

IBW B features a negative flow, falling te0.8 km/s. equation
Quantitative statements can be made about the tritium . .
density,nz, in plasmas IBWA and IBWB. In these dis- p(0 - Vig) + pineo X Avg =0, (1)

charges, where the NBI is done with deuterium, thepere the first term of the left-hand side (LHS) corre-
strength of the neutron emission generated by the DL,q,4s 1o the Reynolds stress induced by the IBW [5] and
nuclear reactions is sensitive to the level of the tritium ion 1o IS the neoclassical viscosity. For these calculations
density in the core region of the target plasma. Figure 4(ajce used aune, formulation by Chang [11]. The second ’
gives the temporal evolution of the experimental DT neUyerm of the LHS is usually written with brackets around
tron production; the DT neutron rate for IBWwas 40% 5, hyt these were left out to remain consistent with the

higher than for IBWB. We mfade use of the DT neutr.on ?}Jove notation wher& v, is a guiding-center average.
data and of the edge recycling measurement mentione

above to provide constraints for the core and edge tritium

density inTRANSP analyses, and extraat profiles. In 80 T . @ 5 T o) 50
Fig. 4(b), we overlay:; obtained fromrrRANSP for these 60 :: sy | morzamd 1 sV T
two discharges at time = 3.9-4.0 s. Near the5Qr ~ Ny = ~~20 |
layer location,nr for IBW A exceeded that of IBWB E 40 ol ' i
by 50%. The change inr was caused by the progres- = " |! < 1
sive wall cleaning during successive discharges; IBW < o4 I\ M. (2 ]
occurred four discharges after IB 1 08 0, :*:/

A ray-tracing code IBWTRACER) has been developed Ottty [
to analyze the data. The original ray-tracing package, 280 300 820 340 280 300 320
written by Ono [9], has been upgraded to multispecies R (cm) R(cm)

profilgs e_xtracted fromRANSP analyses [1Q]' and models FIG. 5. IBWTRACER predictions overny range (0.4-2.0) X
the kinetic resonance structure as described below. Wg)2 ¢m3; (a) Real part of the dispersion relation; (b) IBW
typically use five or six ion species including H, D, T, poloidal driveAvy.

333



VOLUME 82, NUMBER 2 PHYSICAL REVIEW LETTERS 11 ANuARY 1999

TABLE I. Comparison of computed poloidal driven flow with measurements.

IBW A IBW B

Discharge (highr) (low nr)
R (cm) 295 314 295 314

(R3o, < R < Rsq,) (R = Rsqy) (R3n, < R < Rsqy) (R = Rsqy)
Avy (km/s) —2.1 0.1 +0.7 = 0.1 -2.1 % 0.1 —0.8 + 0.1
Experimental
Avy (km/s) -1.25 +0.6 -1.25 -1.3
IBWTRACER

We usedBWTRACER to investigate the theoretical de- produces the negativkvy observed in theRzg, < R <
pendence ofvy onny. Figure 5 presents predictions ob- Rsq, region and explains its insensitivity to changes in the
tained forny ranging from0.4 X 10'2t02.0 X 10> cm™3  tritium density. The applicability of the IBW ray-tracing
near the5Qr layer. In Fig. 5(a), we see that, ag  calculation stems from the fact that, in the present case, the
increases, the dispersion develops a localized gradiemduced poloidal flow is small compared to relevant quan-
around the5Qt resonance layer. In order to treat thetities such as the local sound speed and the wave group
5Qr resonance in a numerically tractable yet accuraterelocity. The local Mach number (ratio of poloidal veloc-
manner, theZ-function approximation used iIBWTRACER ity vy to the acoustic speed) is only about 2% —3%.
to compute the real part of the dispersion relation was The present analysis provides the first evidence of cor-
supplemented in order to achieve proper asymptotic beroboration between measured poloidal velocity shearing
havior for|dw/kj| < vy and for|dw /kj| > vr, where  and induced Reynolds stress. The ability to reproduce the
dw = w — 5Qr, k) is the parallel wave number, and  Awvy behavior in space and with different tritium density
is the tritium thermal velocity. The usual kinetic damp- gives credence to the model, and supports IBW-induced
ing terms with collisional modifications were used for Reynolds stress as the origin of the poloidal drive ob-
the imaginary part [9]. Making use of Eq. (1), which served on TFTR. Finally, the choice of harmonk)r
is applicable for each plasma species, we graph the préa the present case) was dictated by hardware considera-
dictedAwvy for carbon in Fig. 5(b). The predicted driven tions and TFTR’s mission to investigate DT plasmas, but
flow is negative and insensitive toy at R = 295 cm,  other harmonics should work as well.
as observed in Fig. 3(a). On the other hand, the pre- This work was supported by the U.S. Department of
dictedAwy in the vicinity of the5Qt layer,R = 314 cm,  Energy Contract No. DE-AC02-76-CHO-3073.
varies strongly withuy, from negative to positive values,
in accordance with the experimental observation. For dis-
charge IBWA wheren; = 1.4 X 102 cm™3, one pre-
dicts a positive flow aroun@.7 km/s, while for IBW B
whereny = 0.9 X 10> cm™3, one gets a negative flow
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