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ABSTP'-CT 

Toroidal plasma rotation in the Princeton Large Torus, PLT, has been 

measured for various plasma and neutral beam injection conditions. 

Measurements of the plasma rotational velocities were made from Doppler shifts 

of appropriate spectral lines and include data from both hydrogen and 

deuterium beams and co- and counter-injection at several electron densities. 

Without injection, a small but consistent toroidal rotation exists in a 

direction opposite to the plasma current (counter-direction) in the plasma 

center but parallel to the current (co-direction) in the plasma periphery. 

Using these measured velocities and the plasma density and temperature 

gradients, radial electron fields can be determined from theory, giving 

E r » 40 V/cm near tne plasma center and E r » 10 V/cm near the plasma edge. 

Insertion of a local, 2.5 percent magnetic well produced no observable effect 

on the beam driven rotation. Modeling of the time evolution and radial 

distribution of the rotation allows one to deduce an effective viscosi..; of 

the order of (1-5) x 10 4 cm2/sec. 
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I. INTRODUCTION 

Toroidal plasma rotation induced by the momentum input associated with 

unbalanced neutral beam injection is of considerable interest since it 

complements the analyses of mass and energy confinement, yielding further 

insight into the basis of tokamak transport processes. The assumption of 

axisyrametry, so fundamental to neoclassical transport theory, is clearly 

violated by rapid braking of toroidal rotation. In addition, while many 

tokamak neutral beam injection systems are designed to impart very little net 

momentum, either by virtue of an aiming angle almost perpendicular to the 

magnetic field or by canceling the momentum through equal numbers of injectors 

aimed parallel (co> and antiparallel (counter) to the plasma current, there 

are some potential advantages which accrue from unbalanced tangential co-

injection. The extent to which unbalanced injection systems can be employed 

without incurring detrimental side effects upon energy confinement from the 

concomitant rotation and the meaiiS by which selective momentum damping 

processes may be used to control plasma rotation are of great concern to the 

tokamak community. 

Recent experiments with neutral beam injection (NBI) into the Impurity 

Studies Experiment (ISX) [1} and PLT [2] tokamaks have shown that with co-

injection the influx of medium- and high- Z impurities is much lower than in 

the case of cour *.?r-injection. The extent to which these observations can be 

explained by different impurity source terms, due to the poorer confinement 

properties of counter-injection beams, different temperature profiles, 

electric fields induced by rotation, or to the effect of proposed beam driven 

impurity flow [3,4] is the subject of extensile current research efforts. One 

would likely take advantage of the experimental observations, whatever the 

explanation, in the design of new larger tokamaks such as the Tokamak Fusion 
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Test Reactor, TFTR, were It not for concern over possible instabilities 

associated with toroidal plasma rotation at near thermal speeds. 

The PLT experiments reported here were made in an effort to address 

many of the above questions. To this purpose, we have used both hydrogen and 

deuterium beams over a range of input powers up to ~ 1 MW and have studied 

rotation for a range of electron densities. In addition, the influence of 

toroidal field ripple [5,6] initially introduced by minor damage to a toroidal 

field coil and later in a controlled fashion by a coil shunt, has been studied 

in the light of its possible damping effect. 

II. EXPERIMENTAL RESULTS 

Toroidal plasma velocity was measured from the Doppler shift of ion 

spectral lines with the techniques described earlier [7,8]. For central 

plasma velocities (5 < r < 10 cm) an optically forbidden line of highly 

ionized iron {FeXX 2665A) was used, while at the plasma periphery (27 < r < 33 

cm) a carbon line (CV 2271A) was used. Radial distributions of the jons FeXX 

and CV were measured from radial line intensity profiles. For most 

experiments, the j- \asma current w.'s In the range 400-450 kA but some 

measurements were made with currents as low as 300 kA. Limiter (carbon or 

steel) positions were at a radius of 40 cm. Central electro.i temperatures and 

densities were in the range * keV « Te(o) < 2 keV and 2 x 10 1 3cm" 3 < n
e'°) « 

6 x 10 1 3 cm _ 1 . 

In Fig. 1 we show measured central plasma velocities in PLT as a 

function of neutral beam momentum input for deuterium beams into a hydrogen 

plasma (D°*H+). The plasma current was 450 kA and the toroidal field 25 kG. 

The line average electron density, n e, ranged over (2.5 - 3) x 10 1 3 cm - 3, and 

the central electron temperature, which did not change significantly during 

file:///asma
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injection, was 1.3 - 1.5 keV. An essentially linear increase in central 

toroidal velocity versus momentum input was observed up to values 

corresponding to neutral beam power P^ - 1 MW (with particle energy 

Ei. « 40 keV). The accuracy of measurement of the central velocity lies in the 

range ± (1.0 - 1.5) x 10 6 cm/sec. 
7 The maximum central toroidal rotation speed attained, vAo) «• 10 

cm/sec, corresponds to ~ 1/6 of the central ion thermal velocity in these 

experiments. Assuming that rotation damping time scales as a 2, we would 

expect a rotation speed of 10 s cm/sec in an 85 cm TFTR plasma with 32 MH of 

undirectional tangential injection (see insert in Pig. 1). This is comparable 

to the ion thermal velocity of a 10 keV plasma, and thus could possibly drive 

Kelvin-Helmholtz instabilities [9] . 

The dependence of the central toroidal velocity on electron density is 

shown in Fig. 2 for two beam and plasma species. The beam power is Pjj » 1 HW 

and the central electron temperature is T(o) » 1.1 - 1.3 keV. We see that 

higher toroidal velocity results from larger momentum input (D° beams) and 

smaller plasma mass (lower n , H plasma). The velocity ratio, however, for 

D'^H* versus H«->D+ is not, at constant density, in agreement with the ratio of 

momentum input to plasma mas-;, implying a larger momentum confinement time j 

for D plasmas. In addition, the decrease in plasma rotation with increasing 

density is less rapid than 1/ne, implying an increase of T» with density-

A series of toroidal plasma rotation measurements were made for a 

comparison of the velocity induced by co- versjs counter-injection. The 

electron temperature and density were similar for all of these measurements. 

Electron heating was held to relatively small increases by the density 

increase associated with beam injection at low electron densities (n - 2 x 

10 cm" 3). The plaBma limiter was carbon at a radius of 40 cm. The central 
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plasma velocities obtained from the use of one co-beam and one counter-beam 

are shown in Fig- 3 where the different symbols denote different discharges 

but with the same plasma conditions. The measured velocities occur at varying 

times as the rotation of the scanning mirrors was not synchronized with the 

discharge initiation. While the two beam energies are rather close (38 - 40 

keV), the power differs significantly, the co-beam power is ~ 400 kW, whereas 

the counter-beam power is - 500 kw. when normalized to constant power, the 

net induced rotational velocities for co versus counter are identical within 

our experimental accur-.cy. Prior to the neutral beam pulse, a central 

rotation velocity of ~ 1.5 x 10 6 cm/sec in the counter direction is seen, 

which although of the same magnitude as the experimental accuracy, appears 

consistently throughout the data. Our failure to observe this small non-beam 

induced rotation in earlier experiments [8] is due only to a failure to study 

the non-injection data closely. 

Figure 4 shows the results of two simultaneous beams, one co- and one 

counter-, again at about the same beam energy, 39 - 40 keV, but with co-beam 

power => 380 kw and a counter-beam power of » 520 kw. Within the accuracy of 

our measurements, it appears that induced rotation by co + counter-injection 

is equal to the difference in rotations induced by the beams separately. 

Figure 5 gives the central velocity achieved with 2 co-beams 

delivering » 700 kW total at 34 and 39 keV. The velocity pet unit momentum is 

about 20 percent lower than that deduced fror,t Fig. 3, but this magnitude of 

scatter is about that expected from the measurement accuracy on a shot-to-shot 

basis. Certainly toroidal rotation induced by hydrogen beams would be 

expected to show linearity with input momentum as seen in Fig. 1 with 

deuterium beams. 
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Near the plasma periphery, the toroidal velocity was deduced from the 

Doppler shift of the CV 227lA line. The radial distribution of this line in 

relation to the FeXX 2665A line is shown in Fig. 6 [71 . Ions of CV have a 

maximum density at a radius r » 30 cm, and a significant concentration in the 

region between r = 25 to 35 cm. Practically the same radial profiles are 

obtained with and without neutral beam injection. The FeXX ion distribution 

becomes peaked at the plasma axis di.ring neutral beam injection into 

relatively low central electron temperature discharges. This may be a result 

of charge-exchange recombination [10) with injected hydrogen lowering the 

ionization balance of iron ions. Before and after injection, FeXX has very 

similar profiles with a maximum density at r » 8 - 10 cm. 

Toroidal velocities deduced from measurements of CV for co- and 

counter-injecticns are shovn in Fig. 7. Here, as in Fig. 3, the energies of 

beam particles are approximately the same but the beam powers are = 380 kW 

and = 520 kW for co- and counter- respectively. Before injection., the 

velocity at plasma periphery is now seen to be in the co-direction at a!,out 

10° cm/sec. Again, the velocities, per unit momentum, are symmetric about the 

initial value. Using two simultaneous co-beams totaling 750 kW produces 

nearly twice the velocity (Fig. 8) obtained from the single co-beim of Fig. 7. 

All of the velocity measurements presented in Figs. 3-5, 7-8 and 9 

were made with 0.5 percent (or less) peak-to-peak field ripple on the magnetic 

axis. Figures 1, 2, and 11, however, were obtained with a single 2.5 percent 

magnetic well on axis. There is no clearly discernible influence of this 

perturbation on toroidal rotation. In fact, our efforts to determine energy 

confinement effects as well as rotation damping attributable to this (2.5 

nercent) magnetic ripple have produced only null results. While correlations 

with theory [5,6] is hampered due to the absence of periodicity in the ripple. 
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this experiment suggests that ripple effects upon rotation may be less 

sensitive than previously thought [6]. 

Ill, MODELING 

In order to model the confinement and transport of momentum in these 

discharges, we need first to calculate the source rate of momentum from the 

beam particles to the thermal plasma. The Monte Carlo beam-orbit code 

developed to describe neutral beam heating [11] has been extended to calculate 

also the momentum input to the background plasma from the beam ions. Momentum 

is collisionally transferred to the bull plasma through drag, pitch angle 

scattering, and energy diffusion, while the radial inward (outward) motion of 

cc- (counter-) injected ions during their thermaliaation constitutes a J r x Bg 

force on the beam ion distribution, slowing dovn its rotation. The plasma 

experiences the reaction force through its own rad:..al shielding current. 

a major uncertainty in these calculations is the assumed neutral 

density profile- Ion power balance calculations for neutral beam heating in 

PLT, assuming neoclassical ion thermal conduction, give an estimate of the 

central neutral density nQ(0) due to recycling from the walls and limiters of 

about 5 x 10 cm . Assuming this central neutral density, we use a Monte 

Carlo calculation to determine the radial profile of the neutral density, 

giving us a value of 10 cm at the plasma surface. This is consistent with 

spectroscopic measurements in the edge region on ST tokamak. 

In an attempt to deduce 9 viscosity (or more properly: momentum 

diffuBivity) coefficient x ' r> from ths measured toroidal velocity, we 

numerically solve the diffusion equation far toroidal momentum [12] 
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3v n m v (r) 
n.m. — 5 = F(r) - * X,;. ^ -£ n.m.x(r) -f- v, , (1) 

where F(r) is the momentum input calculated using the beam-orbit code, and T? 

is the classically expected local damping time due to charge-exchange, and 

)({r) is varied on a trial and error basis to give agreement with experimental 

data. In this model we have made the assumption that the rotation damping is 

due to cross-field transport, since we find experimentally that the damping 

time is comparable in magnitude to the particle and energy confinement 

times- Nothing in our data, however, rules out the possibility of a local 

damping process which does not involve transport- Classical and neoclassical 

viscosity are neglected because they are too small by two orders of magnitude 

[12,13] to explain the experimental results, and rotation damping due to 

toroidal field inhomogeneity has been neglected as well. In the absence of 

the 5.5% local well, theoretical calculations indicate that the field ripple 

effect is very small, and experimental results show no significant effect from 

the addition of the 2.5% magnetic well. r? is given by 

v . - v 
, o *-1 4n $o 
IT I = n <ov> ~~ • (2) 
- 4' o ex v . 

The toroidal ro* .tion velocity of the neu'.ral hydrogen, v is not 
$o 

locally measured in the core of the plasma, so we have made the reasonable 

assumption that: 

v, /v . = T /T. , to $i o l 
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where T Q is calculated by the neutral transport code. The rotation damping 

time due to charge-exchange in the center of the plasma is found to be at 

least an order of magnitude longer than the experimentally determined damping 

time. However, at the plasma edge the neutral density is high, and the charge 

exchange damping time can be less than a millisecond. 

Our experimental data showing that plasma rotation is proportional to 

momentum input (Fig. 1), and equally responsive to co- and counter—injection 

(Fig. 3,7) suggest strongly that the damping mechanism can be modeled as a 

frictional force or perpendicular viscosity, where the rate of momentum loss 

from the plasma is proportional to the rotation speed. We see no evidence, 

for example, of a saturation mechanism occurring at the higher momentum 

inputs. In order to verify this picture further, it is desirable to model the 

rise and fall in the plasma rotation, as well as the steady-state profile. 

For this purpose, the time dependent version of Eq. (2) has been solved using 

a momentum input of the form 

F(r,t) = FCr) [1 - exp(-t/Tr>] , (3) 

and T r is crudely estimated from 

Tr = VbV^'in ' 

where Ni-niKVj, Is the calculated total beam momentum stored in the plasma, and 
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F. is the input force from the injector. The r r is typically 10-30 msec, and 

the rise time of the injector power is ~ 15 msec. The total effective rise 

time of the momentum source is thus ~ 25 msec, a significant fraction of the 

rise time of the plasma rotation velocity. 

Using the model described above we have studied six different 

injection cases for which we have complete TV Thomson scattering data [14]. 

The modeling results for a case of co-injection of deuterium beams into a 

hydrogen plasma [Ref. 8] are shown in Figs. 9a and 9b [examples of Te(r) and 

n_(r) used in the modeling are shown in Figs. 10a and 10b]. In this case the 

steady-state rotation profile, and the time dependent rise and fall were all 

described by taking a model for y_ similar to the "INTOR" model for electron 

thermal diffusivity, 

x = 4.5 x 1017/n . (4) 

The modeling for two further cases of deuterium injection is shown in Fig. 

11. Again we find that the rise and fall rates are consistent with the 

equilibrium rotation speed. In the higher density case the model for y given 

in Eq. {4) gave the fit to the data that is shown. In the lower density case, 

however, the measured rotation speed was quite broad. In the modeling it was 

necessary to use a viscosity which fell from 6 x 104 at the plasma center to 3 

x 10 4 cm /sec at the edge in order to fit the data. 

In general, while the radial profile of the anomalous viscosity 

required to fit the data was not consistent, the magnitude of the viscosity 

was comparable to the observed electron thermal diffusivity, typically in the 

range (1-5) x 10 cm2/sec. The momentum confinement time, which ranged from 

10 to 30 msec in the cases studied, was therefore also comparable to the 
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electron energy containment time, and shorter than the ion energy confinement 

time deduced for neutral beam heated PLT discharges [11]. ft pattern of 

increasing confinement time with increasing plasma density was observed. For 

example, for D° injection into H plasma, central momentum confinement time 

was T4(0) = 9 ms and T*,(0) •* 17 ms, respectively, for electron density 

n •» 1.5 x 10 cm"3 and 2.8 x 10 cm - 3. This confinement time for H° 

injection into D plasma was found to be longer, T.(0) = 14 ms and 

i.(0) = 25 ms, respectively, for n e » 1.6 x 10 1 3 cm - 3 and 3.2 K 10 1 3 cm - 3. 

However, the data is inadequate to give a. power law or proportionality 

constant for the dependence. 

Plasma rotation can also in principle be connected with radial 

electric fields. The relation between the electric field and velocity depends 

on the contribution of the density and temperature gradients to the plasma 

rotation. If the neoclassical approach to this problem is correct, in the 

absence of neutral beam injection one car usj a formula by Hazeltine [15] and 

Hinton and Hazeltine [16] to estimate the radial electric fields in the plasma 

on the basis of raeasured toroidal plasma rotation, in a manner similar to Bell 

[17]. We present below estimates of the radial electric field in PLT based 

upon neoclassical theory although, clearly, the large deviation of the 

observed viscosity from the neoclassical value renders such calculations, at 

best, rough approximations. 

Ohmically heated plasmas in PLT are generally in the so-called plateau 

regime. According tc Hinton and Hazeltine [16! and Tsang and Frieman [5], 

gradients of density, temperature, and electric potential drive the plasma 

with a toroidal velocity v.(r) given by 
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T i R 1 8 "e T J | , , , 1 3 T i . e 3* 
V r ) ° V 8 ' r J = " i B 7 q n 7 ^ + t 1 " ' 6 ! 9 2 l . , ] T- -J? T ~ ^ 

where (fl., g,-̂ ) evaluated for all regimes oE collisionality is given in [16), 

B is the toroidal magnetic field, * is the electric potential, q is the safety-

factor, and R is the irtajor radius. 

With B = 25 kG, we measure the central toroidal velocity to be 

v. = -1.5 jc 10 cm/sec in the counter-direction (without injection). At 

r = 10 cm, 1L => GOO eV, t/TL S T ^ r =. 2.5 m" 1, 1/ne 3n e/3 r » 1.2 m" 1, and from 

Eq. (5) ve have, 

E *• 34/ar «. -40 v/cm 

At the plasma periphery (r « 30 cml , «ie hav» v » 1 x 10 cm/sec in the co-

direction, Ti «. 200 eV, 1/Tj AT /Ar a 8 m" 1 and 1/n 3ne/3r = 8 TTI- 1, which 

leads to 

E o -10 V/cm 
r 

We note that in PLT, the velocities measured in the plasma center and 

periphery are comparable in value with velocities driven >>y gradients of 

density and temperature, wheross in [17] the measured velocity term was verv 

small in comparison with other terms. 

Even though we have calculated electric fields at only two points in 

minor radius, rough integration of the electric field over a reasonable 

profile gives a central potential o." approximately $ « -1.2 kv, the magnitude 

and polarity of which is consistent with the earlier heavy-ion beam probe 

measurements made on the ST tokamak [18!-
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A calculation similar to the above, but for the case with neutral beam 

injection, gives a potential of # » + ( - > 6 kV for co- (counter-) injection of 

— 1 Ml*. The use of Eq. (5) for a plasma with neutral beam injection, however, 

is perhaps even more questionable than for an ohmically heated case, due to 

the additional momentum sources and any additional dissipative processes 

talcing place [19]. We find, nevertheless, when we apply Eq. (5) to a PLT case 

with neutral beam injection, that, at least in the central region of the 

plasma, the electric field contributes much more to the measured toroidal 

rotation than do the density and temperature gradients. Thus the precise form 

of che neoclassical iamagnetic-like rotation speed is not important, although 

the intrinsic assumption of negligible poloidal rotation has a strong effect 

on the calculated E . Measurements of the poloidal rotation speed cap-jble of 

discriminating between pure toroidal rotation and flow along the field lines 

are, unfortunately, not available. The large calculated potential, despite 

its uncertainty, invites speculation on possible changes in the radial 

impurity fluxes in the presence of anomalous transport. 

IV. SUMMARY 

In summary, the centraj. toroidal rotation velocity increases linearly 

with neutral beam momentum input within the accuracy of our measurement, for 

the range of beam power P^ < 1.0 MW. In the range of electron density 

n. * (1.5 - 4) x lo'3 cnT^, the velocity decreases slowly with increasing ii e e 
tor both deuterium injected into hydrogen plasma (D° * H +) and hydrogen 

injected into deuterium plasma (H°+D+). Toroidal velocities attained for 

D°+H+ are higher than those for H°+D+, but only by about 20 percent, rather 

less than expected from the beam momentum and plasma mass ratios. No 

difference was observed in plasma rotation with and without 2.5 percent 
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magnetic ripple. without neutral beam injection the plasma rotates in the 

counter-direction at r » 10 cm with a velocity v « -1.5 x 10 cm/sec and in 

the co-direction at the plasma periphery (r » 30 cm) with Vj « 1 K 10 cm/sec. 

Modeling of the radial profile and time evolution of the toroidal 

rotation gives a perpendicular plasma viscosity in the range of 11-5) x 10* 

cmVsec, approximately two orders of magnitude higher" than neoclassically 

predicted. The momentum confinement time was found to increase as the plasma 

density was increased, although a precise scaling law could not be given. D 

plasmas with H" injection were found to cunfine momentum somewhat better than 

H + plasmas with E»» injection. 

A radial electric field E was calculated from the Hinton and 

Hazeltine [16] formula (although the validity of the neoclassical approach is 

questionable) using the measured plasma toroidal rotation. Witnout neutral 

beam injection we roughly estimate the central potential at -1.2 kv, whereas 

with - 1 MW neutral beam co- (counter-) injection this potential is calc'ated 

to be +(-> 6 kV. 
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FIGURE CAPTIONS 

Fig. l Central toroidal plasma velocity as measured from Doppler shifts of 

the FeXX 2665A line as a function of neutral beam momentum input for 

deuterium injection into hydrogen plasma. Indicated in the figure 

is an extrapolation of the PLT results to the TFTR tokamak with 

neutral beam power P b » 32 HW. 

Fig. 2 Central toroidal plasma velocity versus electron density n for 

deuterium injection into hydrogen plasma (D°+H+) and hydrogen 

injection into deuterium plasma (H°+D+). 

Fig. 3 Central toroidal plasma velocities induced by one co-beam (Pb . 400 

MW) and one counter-beam (Pb =• 500 kW) at 400 to 550 ras and velocity 

without injection (t < 400 ms)• 

Fig. 4 Central toroidal plasma velocity during co- plus counter-injection 

at 400 to 550 ms. P b « 380 kW and P b » 520 kW for co- and counter-

beam, respectively. 

Fig. 5 Central toroidal plasma velocity before and during two co-beam 

injection (Pfa « 700 kW). 

Fig. c Radial distribution of CV 2271A and FeXX 2665A line intensities with 

and without neutral beam injection. 
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Fig. 7 Peripheral plasma velocities from Doppler shift of CV 2271A line 

before and during one co-beam (Pb a 380 kw) and one counter-beam 

(Pb - 520 kW) injection. 

Fig. 8 Peripheral plasma velocity for two co-beans (Pb » 750 kw>. 

Fig. 9 Modeling of measured radial profile (a) and tiiae evolution <b) of 

plasma velocity with x = 4.5 x 10 / n ) . 

Fig. 10 TV Thomson scattering radial profiles of electron temperature (a) 

and electron density (b) used for velocity modeling in Fig. 9. 

(Sources of asymmetry of electron density profile are not known, for 

modeling purposes profile was symmetrized). 

Fig. 11 Modeling of radial profile (a) and time evolution (b) of plasma 

-3 
rotation for two densities: n » 1.8 x 10 cm 
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