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ABSTRACT 

Toroidal and poloidal rotation has been measured in the Poloidal Divertor Ex
periment (PDX) tokamak in ohinicand neulral-beam-heatod plasmas in a variety 
of discharge conditions and in both circular and diverted configdrations. Rota
tion velocities were deduced from Doppler shifts of magnetic dipolc (Ml) lines 
and lines of optically allowed transitions iu the visible and UV regions, from 
K„ emission, and also from an array of magnetic pickup loops. Poloidal and 
toroidal rotation velocities in ohmically heated discharges were usually less than 
3 X 10 s cm/sec. Near the plasma edge the toroidal rotation velocity varies with 
poloidal angle both before and during neutral-beam injection. No systematic 
poloidal rotation was observed during neutral-beam injection centered about or 
displaced 10 cm from the horizontal tnidplanc, which implies that the poloidal 
damping time TQ < 0.5r,j, consistent with theoretical estimates. The central 
toroidal rotation velocity during > <:iitral-bcam injection scales linearly with the 
quantity l\bs/n^ and is independent of plasma current and toroidal magnetic 
field. The toroidal rotation velocity is higher in deuterium than in hydrogen, 
plasmas, and also in diverted as compared with circular discharges. Toroidal 
rotation decay times after injection range from 80-100 msec at the center to 
lftO-180 msec at half the minor radius. Modeling of the radial profile of toroidal 
rotation indicates a central momentum diifusivity on th*" order of 8 x 103cm' J/sec. 
This is approximately a factor of three higher than the momentum diiTusivity 
obtained from the decay time. All present theories are inadequate in accounting 
for the observed damping rate of vv. 
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INTRODUCTION 

Interest in the subject of plasma rotation has grown in recent, years as 

a result of the increased use of neutral beam injection systems on tokamaks. 

The large toroidally unbalanced forces associated with neutral beam injection 

are capable of inducing plasma flows which approach a modest fraction of the 

hydrogen ion thermal velocity. In this regime where the standard neoclassical 

assumption about the ordering of the plasma Bow in powers of V||/vtfc breaks 

down, Kelvin-Helinholta instabilities can also be driven. Furthermore, if the 

rotation velocity of the impurity ions is comparable to their thermal velocity, a 

situation which may occur in present tokamaks for some high 'I impurities, the 

radial transport of ions can be modified. There have been a number of recent 

theoretical efforts devoted to theoretical' 3 and experimental* e investigations 

of radial impurity transport during co- and counter- neutral b«un injection. 

Another effect which may be related to large toroidal rotation is the appearance 

of poloida! asymmetries in the electron density distribution during neutral beam 

injection.7 Finally, it is possible that measurements of the rotation damping 

rate, which in prcviouj experiments as we!! as our own has been shown to 

be nonclassical," may provide insight into the role of magnetic or electrostatic 

fluctuations in ion radial t ransport . 0 , 1 0 

Poloidal flow velocities in tokamaks with toroidally unbalanced neutral 

beam injection are in our measurements many times lower than the toroidal 

velocities, even in cases where the poloidal and toroidal forces on the plasma 

are comparable. This is a result of the strong damping of poloidal flows by 

magnetic pumping, a process which converts the translational energy of a plasma 
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moving across a spatially varying magnetic field into thermal energy without 

radial transport. Poloidal rotation damping times are on the order of or less 

than an ion-ion collision t i m e , " 1 3 and are therefore much shorter than the 

toroidal damping times. 

The PDX tokamak is very well-suited to the investigation of plasma 

rotation because of its flexibility in producing different discharge configurations 

and its full complement of diagnostics. Three of these diagnostic systems, a rapid 

scanning mirror and monochroniator, an X-ray curved crystal spectrometer, 

and an array of magnetic pickup loops, provide a mutually supporting set of 

measurements of toroidal and poloidal rotation. 

This paper is divided into four sections, First, the diagnostic systems 

employed in the measurement of toroidal and poloidal rotation are described. 

In See, II the experimental results are presented and compared with the PI,T 

measurements of toroidal rotation. In Sec. Ill the toroidal rotation profile and 

its time evolution are modeled by a numerical simulation in order to determine 

the plasma viscosity profile. Finally, experimental results are compared with 

theoretical predictions of the poloidal and toroidal rotation damping in Sec. IV. 

I. EXPERIMENTAL TECHNIQUES 

The three diagnostics employed in the measurement of rotation are 

indicated in Fig. 1, The upper figure is a schematic of the PDX Fast Rotating 

Mirror (FARM) system. Poloidal and toroidal rotation velocities are measured 

from the Doppler shift of ion spectral line radiation. Instead of using the 



previously described technique of simultaneous spatial and spectral scans, 8 the 

position of the four-sided mirror is set to a predetermined line of sight during the 

entire discharge with continuous spectral scanning. To determine the location of 

maximum line emissivity, radial and/or toroidal scans (without accompanying 

spectral scans) are performed of chosen ion lines. Doppler shifts are measured 

by comparing spectral profiles of impurity lines viewing along chords which 

are parallel and antiparallel to the direction of rotation. An advantage of this 

method is that it provides a continuous monitoring of the Doppler shift every 

5 msec rather than approximately every 50 msec, as obtained with the earlier 

method. In addition, it can be employed when the impurity signals arc short

lived, as, for example, occurs during impurity injection. A second difference with 

the earlier method of measuring Doppler shifts is that the angular deflection of 

the vibrating mirror is read out at two points during its sweep. The Doppler 

shift of a spectral profile is determined in reference to this fixed angular position 

rather thaD to the adjacent profile. The advantage of this procedure is that the 

Doppler shift can be determined even if only one spectral profile is available. 

Near the center of the discharge, long wavelength magnetic dtpole 

("forbidden") transitions in the ground configuration of highly ionized medium 

and high Z elements such as titanium, scandium, and chromium were '.ised. 

In plasmas contaminated by titanium impurities, one or two of the magnetic 

dipole lines of titanium, the dominant metallic contaminant in the plasma, were 

observable using only intrinsic levels of the impurity. In general, the most 

intense signals were obtained using the technique of impurity injection by laser 

blow-off. By selecting the elements to be injected and choosing wavelengths to 
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mouitor different ionization states, the plasma rotation was measured at several 

minor radii. An advantage of impurity injection is that the resulting signal is 

easily distinguished from background radiation because of its characteristic time 

dependence. However, because the signals may persist for only 10-30 msec after 

the time of injection, the number of Doppler shifts that can be measured in 

a single discharge is small. It is desirable to obtain as many spectral profiles 

as possible because the uncertainty in the measurement of the Qow velocity is 

reduced by averaging over individual Doppler shifts. In all of the subsequent 

measurements of rotation the quoted error is a combination of the uncertainly 

of a single Dopplor measurement, usually 5 X 10s to 1 X 10° cm/sec depending 

on the intensity of the line, and the number of shifts which are averaged. 

Thus the experimental uncertainty in the determination of the flow velocity 

ranges from a minimum ±2 — 3 X 10s cm/sec for C V lines to approximately 

±f> X 10s cm/sec for most of the imparity injection data. 

The Bragg X-ray crystal spectrometer is shown in the middle of 

h'ig. I. This is primarily an ion temperature diagnostic which measures the Dop

pler broadening of the 2.61 A K„ resonant line of Ti XXI. M Virtually all of the 

emission arises within the central 5 cm oi* the plasma because 

Ti XXI is the most abundant ioniaation state in the center of the discharge 

for ^(O) > 800eV and also because the excitation rate of the K a transition 

is a rapidly increasing function of electron temperature. The angle between 

the line of sight and the radial direction on the magnetic axis is 16°, so that 

a fraction (sin 16° = 0.28) of the toroidal rotation velocity can be observed 

from the Doppler shifts of the Ka line. Spectra are recorded during 16 con-

5 



secutive time intervals of 25 msec of each discharge. To reduce the statis

tical error, data are usually accumulated from several discharges with similar 

parameters. The absolute value of the Doppter shift is determined by com

paring the centroids of the spectral profiles during neutral beam injection with 

those either before or long after injection. Under normal circumstances the 

drift in the position of the energy channel corresponding to the ceutroid of 

the K„ transition with no Doppler shift is less than one channel over the course 

of an operating day. The uncertainty in vv is approximately ±3 x 10° cm/sec. 

The third diagnostic is a poloidal array of magnetic pickup loops, also 

called Mirnov coils, (bottom of Fig. I) which detect rotating MHI) structures 

in the plasma. The direction of rotation is determined by comparing the phase 

of oscillation betww n adjacent pickup loops (see Fig. I). The rotation phase 

velocity can be determined from these signals as a function of the plasma radius 

if the radial location and mode structure of the MHD instability are known. 

From this the plasma rotation can be inferred. 7'fc*: MHI) characteristics are 

measured using a soft X-ray surface barrier diode array. One problem with this 

technique is that it is impossible to distinguish between poloidal and toroidal 

rotation. A second difficulty is that the rotation of the MHD instability may 

not be connected with the translation of the bulk plasma. For example, in the 

case of the recently discovered MHD activity, dubbed "fishbone" oscillations,'5 

which are caused by an internal m = l kink instability, the mode appears to be 

associated with the toroidal precession velocity of the injected high energy beam 

ions rather than with the rotation of the bulk plasma. This velocity can be 

a factor of five larger than the local bulk ion rotation velocity. Under certain 
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conditions mode oscillations can he identiGed with the toroidal translation of the 

bulk plasma. The toroidal velocities deduced from the B9 loops represent a lower 

bound on the rotation velocity since there is usually an additional poloida) mode 

rotation in the electron diamagnetic direction opposite to the toroidal velocity. 

Due to this effect, these measurements may be in error by as much as 15%. The 

radial position of the mode resonant surface determined from the soft X-ray 

measurements is known to within ±2 cm. 

II. EXPERIMENTAL RESULTS 

A. Ohrnically heated plasmas 

Toroidal and poloidal rotation in ohmically heated plasmas wore in

vestigated by the FARM diagnostic. Central and near central rotation were 

measured by the Doppler shift of a titanium magnetic dipole line (Ti XVII 

3834 A) and edge rotation was measured using a carbon line in second or

der (C V 2271 A). Both of these elements are present in the plasma as in

trinsic impurities. For all of the measurements, Doppler shifts were avenged 

during the steady-state portion of discharge to reduce the experimental er

ror. For these discharges fp = 300 - 500 kA, BT ~ 21 kG, and n7 ~ 

2 — 3 X 1 0 1 3 c m - 3 . Within the experimental uncertainty (3 X 105 cm/sec) no 

poloidal rotation was observed, either near the center or the edge of the plasma. 

The toroidal rotation velocity of C V at the edge of the plasma (r/o "-> 0.9), 

which was deduced from measurements along the two lines of sight tangent to the 
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inner major radius side of the emitting shell, was also zer^ within the error bars. 

(In a later section of this paper it will be shown that the toroidal velocity of C V 

along the outer major radius side of the shell is ~ 4 X 105 cm/sec in the direction 

opposite the current.) The near central (r ~ 5— 10 cm) toroidal rotation as ob

served from a set of approximately ten ohmically heated discharges, was less than 

3 X 10 s cm/sec, except for three of the discharges for which the toroidal rota

tion velocity was approximately 1 X 106 cm/sec. The parameters for these 

discharges were as follows: BT = 12 kG, 7*e(0) ~ 700-800 eV, Ip ~ 270 kA, and 

«7 ~ 2.5 x 1 0 1 3 c m - 3 . There was relatively Jittle variation in the electron 

density or temperature profiles, or in the MUD activity or soft X-ray emis

sion among the discharges with i»p ~ 106 cm/sec compared to those in which 

vv < 3 X 105 cm/sec. 

Based on measurements of the mid-central (r ~ 20 — 25 cm) toroidal 

rotation in ohmically heated plasmas in different sets of discharge conditions 

[Br = 21 kG, Te(0) ~ 1.4 keV), no rotation was observed when the data were 

averaged over time intervals of 100 msec. However, on a short 

l < 10 msec) time scale the toroidal velocity seemed to fluctuate about a mean 

value of zero as shown in Pig. 2. This represents two successive spectral scans of 

Ti XVII 3834 A from the same discharge and separated in time by approximately 

10 msec. The distance between the first and third peaks, equal to the spectral 

scan period, must be constant in time unless the Doppler shift is changing 

rapidly on this time scale. (Based on spectral scans of an Hg line from a 

pen lamp during a PDX discharge, the vibration period of the scanning mir

ror is constant to within 0.1 %, approximately one tenth of the shift indi-
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catcd in t he figure.) The displacement between the spectral peaks in the two 

cases (dashed and solid lines) is well beyond the error bars, and corresponds 

to a Doppler shift velocity of about L8 X 10° em/sec. As a quantitative measure 

of the magnitude of the velocity fluctuations, the quantity {(Aw)2)1/'2 in oh-

micaily heated discharges has been determined from several hundred Doppler 

shift measurements. For Ti XVII and C V, {(Aw) 2)'/ 2 ca 9 X 105 cm/soc 

and 3 X 105 cm/sec, respectively. The width of the fluctuation spectrum of 

Ti XVH is a factor of three larger than the experimental uncertainty. 

B. Poloidal rotation with neutral beam injection 

As alluded to earlier in this paper, poloidal rotation velocities induced 

by neutral beam iujection are several times smaller than toroidal rotation (for 

toroidally unbalanced momentum input) because of the strong parallel viscous 

damping associated with flows transverse to a spatially varying magnetic field. 

Poloidal rotation is thus difficult to detect experimentally; to our knowledge 

there have been no published measurements to date 01 poioidal rotation during 

neutral beam injection. ID our experiments we have attempted to determine 

typical poloida! rotation velocities induced by neutral beam injection, and to 

establish an upper limit on the rotation damping time. While it may appear 

that for neutral beam injc _tion centered about the magnetic axis no net poloidal 

momentum is imparted to the plasma, in PDX there are two ways of obtaining 

substantial momentum input in the poloidal direction. The first is to inject the 

beams above or below the magnetic axis. In PDX the vertical coordinate of 

the magnetic axis can be varied as much as 10 cm in either direction using a 
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combination of movable rail limitcrs and a magnetic feedback network. Since 

the radius of the injected neutrcl beam is about 8 cm, it is possible to inject all 

of the momentum from the neutral beam either above or below the mag'.etic 

axis. A second source of poloidal momentum present in standard zm = 0 or 

vertically uncentered sm = ±10 discharges, where zm is the vertical coordinate 

of the magnetic axis with respect to the •''DX horizontal midptane, arises from 

the radial current of the beam ions. This process will be described in a later 

section of this paper. The FARM diagnostic was used to investigate poloidal 

rotation during neutral beam injection into vertically centered (zm =s 0} and 

uneeutered [sm = ±10 cm) discharges. 

in Pig. 3 poloidal plasma rotation at the edge {r/a ~ 0.85, : m = <M 

measured from the C V line and averaged in 50-100 msec intervals is plotted as 

a function of time for a D° -* 11 + circular discharge. According to the figure, 

the poloidal rotation appears to be less than 2 X 10''' cm/sec Measurements 

of the near central poloidal rotation (r/a -~ 0.5, zm = 0) during neutral beam 

injection (3.5 MW i)° -» H + ) deduced from Doppler shifts of Ti XVII using 

intrinsic levels of titanium impurity are plotted in Fig, A. Each point represents 

an average of 2-10 Doppler shifts obtained in a 50 to 100 msec interval for a 

single discharge. The large scatter of the data about '••«* mean value of zero 

indicates that the poloidal rotation is ivro to within ±5X 105 cm/sec. This result 

was also obtained during subsequent taeasureracnts of the poloidal rotation of 

Ti XVII using impurity injection. Ir a preliminary report poloidal rotation 

speeds en the order of 1.5 X 10 f lcm/see during neutral beam injection were 

quoted. 1 8 These preliminary results, however, were based on 3 very small set 
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of data. Aftur more careful analysis, we believe that these measurements wer^ 

affected by a source of gamma ray noise and led to erroneous results. From the 

data available now we conclude that in the region a/2 < r < <t the poloidal 

rotation is less than 3 X 10 s cm/sec. 

Itt another series of experiments an attempt was made to induce poloidal 

rotation by injection into vertically uncentcred [sm = ±10 cm) discharges, 

Poloidal rotation was measured from the Dopple: shift of Sc XVI 4530 A at 

r ~ 25 cm. in the ease of a plasma raised 10 cm, there was perhaps a slight 

mtoidal rotation in the direction expected from the momentum input. However, 

the amount of rotation («~ 2 X 105 cm/sec) was smaller than the experimental 

uncertainty ( ~ <> X 10s cm/sec). Measurements of v$ in p'asmas with zm ~ 

-10 cm also indicated no poloidal rotation, although the size of the data net 

was smaller. (The possibility of observing poloidal rotation with off axis injec

tion could be increased by measuring the Doppier shift of impurities located at 

r= l ( ) cm, tht position of maximum momentum input from the beams. Un

fortunately, the magnetic dipole line emission from higher icni'ttiou stales of 

scandium located closer to the center of the discharge was too weak to perform 

those measurements.) We again conclude that poloidal rotation velocities in the 

region a/2 < r < a it> PDX are smaller tban the experimental limit of detection. 

In a later section of this paper we shall use these results to calculate an upper 

limit for the poloidal rotation damping lime. 



C Toroidal rotation with neutral beam injection 

The goals of the toroidal rotation studies in neutral beam healed plas

mas were to investigate the scaling of the toroidal rotation velocity with different 

neutral beam and plasma parameters, and to measure the radial profile of the 

toroidal rotation and its rale of decay after injection, From these results it may 

be possible to derive general arguments about the relationship between momen

tum and energy confinement. In Fig. 5 we have plotted ihe maximum central 

rotation velocity in circular D° —» H + discharges as a function of /'»bi/*»7> where 

/'aba >s l n e absorbed beam power and ?£ the line averaged electron density. The 

injection energy of the beam parities is approximately 50 keV. Kach of the 

16 points iu the Dgure represents a set of 5-20 discharges with nearly identical 

disoh irgo conditions. 

From i^g. 5 it appears that toroidal rotation scales linearly with 

' Jabs/"7' C n PDX the ion temperature obeys a similar scaling at fixed HT 

ind / p . ) If the same 16 values of u^ are plotted as a function only of /'3n„ 

(not shown), it is found that the toroidal rotation tends to saturate at highest 

injection powers where the electron densities are also the highest. % contrast, 

in PLT the central rotation speed appeared to be independent of the electron 

density and linearly dependent on -«am power. 1 7 Thus, the PLT data pointed to 

an increase in momentum confinement with increasing nt and no dependence on 

fV In PDX the linear dependence of vv on P ah«/»7 implies that the momentum 

confinement time is independent of nc. This inference is based on the assumption 

that there are no unknown parameters associated with the high density and high 

beam power discharges, which may be responsible for the observed saturation 
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of tip. The data also appear to indicate that vr is independent of / p . This 

result is in contrast to the marked dependence of ion thermal confinement or 

hulk energy confinement on lp in PDX. It should be emphasized that these data 

wore acquired over a period of months and that there are no data available from 

single parameter "current scans," i.e., sets of discharges from a limited period 

of operation in which all parameters were kept constant while the current was 

varied. This might have revealed more conclusively the dependence (or lack 

(.hereof) of v^ on lp. 

The dashed line fit to the data is essentially a measure of the amount of 

toroidal momentum input from the neutral beams which is stored in the plasma. 

To fompare this with the IM.T result we must correct lor the difference in the 

direction of neutral beam injection. When this f ' . . i -uon is accounted for, the 

central toroidal rotation speed in PDX is nearly a factor of two larger thar in 

1*1/1 for the same beam momentum input, at a density of 3 X 10''Vm~' in 

PLT. There are, however, cases in Pl.T where the ratio of n^ to input torque 

is only ~ 30?-o less than that of PDX. Because of the difference in the scaling 

of toroidal rotation in PDX and PLT with respect to electron density, the ratio 

of the viscosities of the two tokamaks depends on electron density. We have 

at present no satisfactory explanation of why the effective viscosity in PDX is 

much lower than in PbT; however, it will later be shown that a comparison of 

the toroidal rotation damping rates lead? to a qualitatively similar conclusion. 

In Fig. 6 we have plotted v^ vs. f\bs/n^ for a set of neutral beam 

heated deuterium discharges. If the relative rotation velocities were given by 

the ratio of momentum input to plasma mass, all of the points would lie beneath 
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the dashed curve. The point corresponding to D° -* D + is less than the velocity 

for D° -• tt+, but is still larger than the ratio of the plasma masses, llcncc, 

we conclude that the momentum confinement time is ionger for deuterium thnn 

hydrogen discharges, as observed in PLT. The discrepancy between the observed 

vv and that predicted on the basis of the beam to plasma ion mass ratio is even 

larger for the case of H° injection. A possible explanation for this discrepancy is 

the following: the hydrogen injection measurements were all obtained iu diverted 

discharges in which the plasma boundary is defined by a i^agnette separatrix 

rather than a sot of rail limiters. The rotation velocity in diverted discharges 

may not be constrained to vanish at the edge of the diverted plasma in the same 

way as a limiter plasma, and the tola! damping rale may therefore be lower in 

diverted discharges. 

The momentum confinement time can also he determined from the 

decay of rotation after neutral beam injection. Figure 7 is a plot of the time 

ovoiution of the toroidal rotation at r = 0 and r = 2 5 cm during and after neutral 

beam injection for a set of relatively high current (ip = 480 kA), relatively 

high field (BT =91.7 kG), moderate density (n^ = 2.9 X l O ^ c m - 1 ) , circular 

discharges with 3.5 MW D° -» H*. (These* data are used later in the modeling 

of the perpendicular viscosity.) In Figs. 8(a) and (6) the 1/e decay times TV 

of the central toioidal rotation have been plotted as functions of n7 and IP for 

D° -» H + circular discharges. For roughly half the data, the toroidal rotation 

was observed to decrease between 25 and 50 msec before the end of the beam 

pulse. These cases are not included in Fig. 7. There appears to be no dependence 

of TP on Ip or n^. In general, TV lies within the range 80-100 msec. Based 
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on measurements of the Dopplcr shift of Ti XVII in four sets of D° -* H + 

circular discharges with injection powers ranging from 3.0 MW to 5.5 MW at 

r = '20-25 cm, r^ varies from 180 to 180 msec (see Fig. 7). The central toroidal 

decay times are approximately a factor of two to four longer in PDX than in 

PLT. When the beam stopping time ( ~ 15 msec) after neutral beam injection 

is subtracted from the l/e decay times, the difference between the PDX and 

PLT results is somewhat larger. This result is not quantitatively consistent with 

the observation of central rotation velocities which are at most a factor of two 

higher in PDX than in PLT for the same toroidal momentum input, although 

both results indicate that the momentum confinement is greater in PDX, 

Figure 9(a) is a plot of «„, versus minor radius for the same set of 

disrliargep plotted in Fig. 7. This figure includes measurements by all three of 

the rotation diagnostics: at r = 0 (Ti XXI K a ) , r = I 2 cm (B$ loops), and r=25 

and 38 cm (Ti XVII and C V). The half-width of the profile is about 22 cm, 

which is comparable to the width of the toroidal rotation profile in PLT. Figure 

11(6) is a plot of the toroidal rotation profile for a set of moderately low TF 

( « T = 1 5 kC), high density (r«7 = 4-8 X lO , 3cnT 3 ) , 3.1 MW l)° -» H + circular 

discharges. The majority of the measurements were obtained using laser blow-off 

injection of scandium and titanium and all were made slight y before the end 

of the beam pulse. There are no data on the decay of toroidal rotation after 

neutral injection for these discharges. 

The remaining measurements of vv with neutral beam injection were 

obtained over a n^riod of several months of low field operation (BT = 

8—15 kGj during circular D° —• H + discharges, la Fig. 10 the quantity 
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vv{r)nZ/P*ha has been plotted as a function of minor radius for co- and counter-

injection. Also shown is the toroidal rotation profile plotted in Fig. 9(a) divided 

by the quantity /»bs/"e- ' n ^ n e small number of cases where the quality of 

radial scans of impurity emission was too poor to obtain the emissivily profile, 

the position of the maximum intensity was deduced from the electron tem

perature profile and previous radial scans of the impurity. The uncertainty 

in the radial positior of these points (which include both of the counter-injection 

results) may be as high as ±4 cm. The overlap between the ~orina!i2ed toroidal 

rotation piofiles for the high and low toroidal field data suggests that u p is 

independent of toroidal field. Again it Bhould be noud that the plasma con

ditions for these discharges varied over a wide range and that the independence 

of vv on Br is not firmly established. 

hi the data presented cbove it has been assumed that the toroidal 

velocity is constant on a flux surface. We now present evidence which indicates 

that this assumption may not be valid near the edge of the plasma. Figure 11 is 

a plot of the toroidal rotation velocity of C V before and during neutral beam 

injection (D° - • H + ) in a set of circular discharges along three different lines o p 

sight. The upper curve is a measurement of u^ along two chords tangent to the 

C V shdl on the sm-!l major radius side of the discharge, wh'le the lower curve 

was obtained on the outboard side. Each point represents an average of 50-

200 individual Doppier shifts. Along the horizontally scanning lines of sight 

which are tangent to the inboard side, there is a small contribution to the total 

signal intensity arising from the outer shell, fn general, the Doppier shift of 

C V measured from these two emitting regions will not be the same because 
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of the different angles between the sight line and the direction of rotation. 

V's have found that this reduces the actual Doppler shift by approximately 

ten percent. On the outboard side of the flux surface before neutral beam 

injection the toroidal rotation velocity of C V is 4 X 105 cm/sec in the direction 

opposite the piasma current, and zero en the inboard side. While this result 

is somewhat surprising, the difference in toroidal velocity durintr the ohinically 

heated phase of the discharge is comparable to the poloidal variation in v p 

predicted from neoclassical theory. 1 8 (This variation arises due to the condition 

of divergence-free flow and the fact that the toroidal 6cld is a function of poloidnl 

angle.) During neutral beam injection an additional toroidal translation at 

5 X 10" cm/sec was imparted equally to the entire flux surface. Because the 

neutral beam induced rotation is diverge nee-free, the poloidal varia',ion in vv 

should remain (he same. 

III. TOROIDAL ROTATION MODELING 

The reader is referred to a previous paper 1 7 for a description of the 

numerical code which simulate,0, momentum deposition during neutral beam 

injection and which is used to determine the viscosity profile x(r)- The temporal 

and spatial evolution of th? toroidal rotation velocity is assumed to obey a 

diffusion equation of the form 

^ n , j , ' 3 , .dvv nmvv 

m—nvv=Fv{r,t)-- — rnmX[r}—^ =• (1) 
ot r or or Tex 

where F^,(r,f) is the input force from the beams in '.he toroidal direction, and 

rcx~' =n0{<Tv}_—!— (2) 
t% — *o 
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is the damping due to charge exchange, where 7*,- and To arc the temperatures of 

the ionic and neutral species, respectively. The relative velocity v = vv0 - w ,̂, 

has been approximated in this formula by using the relation 

Most of the uncertainty in TCX relates to the determination of the neutral 

density proGle. The vahe of no ' S deduced to roughly a factor of threa accurac> 

from measurements ct the neutral flux by a charge exchange analyzer. A one-

dimensional neutral particle transport code is used to calculate both no(r) and 

To(r). 

To calculate F^(») the deposition code follows the trajectories of a test 

sample of 3000 neutral beam particles from the time of their initial ionization 

in the plasma until the time they arc lost from the discharge or slow down 

to the local thermal energy. A Fo?<ker Planck collision operator is used to 

calculate the momentum transferred between beam ions and the various plasma 

species via drag, pitch angle scattering, and energy diffusion. These collisions 

are calculated in the frame of reference of the rotating plasma. When beam ions 

slow own to 37V/2 in the plasma frame, they are considered to be thermalized, 

and provide a small "thermalizatbn force." We assume that this thermalization 

force roughly balances the rtiiV^dn/dt term on the left-hand side of Eq. (I), and 

so we neglect it. A more complete treatment would include fully time-dependent 

density proBles, as well as an additional convective term in Eq. (!). We estimate 

that these effects are relatively small for our present conditions. There is an 

additional force on the plasma which arises from the radially-inward motion of 

co-injected beam ions. This radial beam curreit drives a radial electric field, 
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which is damped by a radial plasma current, iu the usual model of this process. 

This plasma current absorbs the beam momentum through the j r X B p force. 

In the case of perpendicular injection, this process can account for 10—20 % of 

the total torque on the plasma. 

The viscosity profiles x(r) which produce ihe best fit to the toroidal 

rotation profile shown in Fig. 9(a) are plotted in Pig. 12(a). To determine the 

sensitivity of x at the edge to the charge exchange dampiag rate, the neutral 

density and flow velocity were varied. In all cases the turoidal flow velocity is 

assumed to vanish at the limiler boundary. Curve a is the standard case; in curve 

A the neutral density was increased by a factor of three; in curve c the neutrni 

flow velocity was taken to be zero. As expected, uncertainties in the edge neutral 

density and/or How velocity alfect primarily the calculation of the edge viscosity. 

Figure 12(6) is a plot of the same three curves for the toroidal rotation profile in 

Fig. 9(6). Because of the higher electron density and smaller fraction of neutral 

particles, charge exchange damping in all three casus is relatively unimportant. 

In this case edge rotation is damped by collisions between the plasma ions and 

the wall rather than with neutral particles. 

When the standard viscosity profile for the first data set is used in 

the time dependent momentum diffusion equation, the calculated momentum 

damping times are 25 msec, about a factor of three shorter than observed. In 

fact no viscosity profile is capable of reproducing both the shape of the rotation 

profile and decay times with the momentum deposition profile calculated by the 

simulation. If x(r) is reduced in order to produce agreement with the observed 

decay time, the central rotation speed is a facte- of two to three larger than the 
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experimental value. Both the radial profile and time evolution of the rotation can 

be reproduced by a single viscosity profile if the momentum deposition profile 

was somewhat narrower and lower in magnitude by a factor of two to three. 

However, because total momentum is conserved, any reduction in the collisional 

force profile must be balanced by an increase in the momentum lost from the 

plasma, via charge exchange, orbit losses, or shine through. For example, in the 

case corresponding to Fig. 11(a) approximately 70% of the input momentum is 

absorbed by the plasma while the remaining 30% is lost to the vacuum vessel. 

In order to obtain a momentum deposition profile leading to a time independent 

value of \(r) these percentages would have to je reversed. If the J X B force 

were, for som? reason, ineffective, the results would still not be consistent with 

experiment. 

It is possible that the momentum confinement time in PDX is sm :'.!er 

during neutrat beam injection than during the ohmic phase of the discharge. 

This hypothesis is supported by the fact that the ratio of equilibrium rotation 

velocities at fixed n7 and momentum input in PDX and PLT ( ^ 2) is less than the 

ratio of the 1/e decay times of the rotation ( ~ 2 — 4). In PLT a single viscosity 

profile x(r) w a s found to model both the toroidal rotation profile and the decay 

rate. The two preceding statements taken together imply that x(r) may depend 

on the presence or absence of neutral beam injection in PDX. Furthermore, in 

these PDX discharges the energy confinement time is a factor of two to f.hree 

lower during neutral injection than during OH plasmas 1 0 and increases to i',s pre-

injection value within ~ 20 msec based on magnetic equilibrium measurements. 

To confirm this hypothesis, however, the connection between the energy and 
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momentum confinement time must be demonstrated. 

IV. COMPARISON OF ROTATION DAMPING TIMES WITH 
THEORY 

A Ohmically heated plasmas 

In this section wp compare the experimentally observed toroidal flow 

velocities with the predictions of neoclassical transport theory, lu ohrnically 

heated plasmas the parallel flow velocity of the ions is given by the expression 

rT, ' « ' e<j>' T ' l 
eH« n, Ti Til 

when 1 k = —.17, 1.5, or 2 7 for ions in the collisionless, plateau, or collisional 

regimes. 2 0 2 2 The introduction of trace impurities into the plasma does not 

alter the above expression provided the contribution of the impurity viscosity 

to the total ion viscosity is small a a lu PDX where plasmas are relatively clean 

\Z.ff < 2) this condition is usually satisfied. Hencp, by measuring the toroidal 

velocity of the impurity ions and the radial profiles of the ion temperature and 

density, it is in principle possible to deduce the local value of the electric field. 

Nf-ar the center of the plasma when- n, and T, are relatively flat, the calculation 

of fc'r may vary by a factor or three id-pending on the value chosen for the density 

anil temperature gradients. Using the plateau rpgime formula for vu and taking 

fi| ~ I X If>** em/sec, we have A'r ~ - 10 to f 5 V/cm. At r ~ 20 cm, where the 

uncertainties in 7'', and n^ are lower, we Bud, taking U|| ~ 0, Er ~ 100 V/cui. 
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B. Poloidal rotation damping 

Three a u t h o r s " - ' 3 have obtained different expressions for the damp

ing rate of poloidal rotation in a toroidaily confined plasma in the plateau-

collisionless regime, viz. 

Tt~n(L)a (5) 

where a = 0 , 1, or 1.5, To estimate an upper bound for r# from the experimental 

data, we may use both the results of the experiments with on- or off-axis neutral 

beam injection. For off-axis injection it is relatively simple to calculate the 

momentum absorbed by the plasma in the poloidal direction and thus to estimate 

TV by balancing the input force against the potoidal viscosity. (The J x B force, 

which is also present, is approximately a third as large as the direct collisional 

force from the beams, and has been neglected.) Taking v$ < 5 X 105 cm/sec 

at r = 25 cm, we obtain re g, r,',\ In the case of on-axis injection there is a 

net force in the poloidal direction due to the J X B reaction force of the plasma 

induced by the radial current of the injected beam ions. This force is larger 

in the poloidal than in the toroidal direction by a factor Br/Bp. Based on a 

value for the j X B force obtained in the numerical simulation of the momentum 

deposition, and taking vg < 3 X 105 cm/sec at r = 2 5 cm for 4.5 MW D° -• H + 

injection, we find Tg < 0.5r,-. Hence, within the accuracy of the experimental 

data, a may be equal to any of the values quoted above. 

C. Toroidal rotation damping 

Early theoretical calculations of the perpendicular ion viscosity were 
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based on the assumption that the parallel Dow velocity of the ions was much 

less than the thermal velocity. In tokamaks with toroidally unbalanced neutral 

injection, such as PDX, this assumption breaks down for the impurity ions. Some 

theoretical effort has lately been devoted to the problem of perpendicular ion 

viscosity in the high flow velocity regime. In the following discussion of the PDX 

results in relation to these calculations of \ '" the high Dow velocity regime, it 

should be emphasized that the theoretical results aro not yet firmly established. 

The calculation of the perpendicular viscosity in a collisional plasma 2 3 

is based on a solution of the Braginrkii fluid equations 2 4 and uses a multiple 

time scale approach to determine the conductivity tensor. The viscosity is 

approximately given by 

* = »>(l+2.3g2) (A) 

where rj = 6T ,,/5m,n2JY is the classical perpendicular fluid viscosity. The 

neoclassical perpendicular viscosity is therefore related to the classical viscosity 

in a manner similar to the relationship between neoclassical and classical ioi> 

heat conduction. Although the calculation is strictly valid only for the collisional 

regime, it has been suggested that the neoclassical ion viscosity scales in the same 

way as the heat conduction in the transition from the fluid to the collision'ess 

regimes; i.e., x(»") ~ p jg s j> ,£ - 3 / 2 . 2 3 In PDX the main ions in neutral beam heated 

plasmas on axis are in the plateau regime. Substituting PDX parameters for the 

first toroidal rotation profile, we obtain for the neoclassical viscosity Xnco[r) = 

60cm-/sec at r = 0 , 500cm'"/sec at r=25 cm, and 1.5 X 10 3cm 2/sec at r=44 cm. 

The discrepancy between Xnto and x«p varies between a factor of 10 to 50 at 

the edge to a factor of 100 at the center. This implies no agreement with the 
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neoclassical Euid model of perpendicular v"scosity. 

Another approach to the determination of xnt0 in the high Dow velocity 

regime 2 5 is based on the drift kinetic equation. The expressions for the perpen

dicular ion viscosity in the different collisionality regttt?: are identical with ex

pressions obtained previously*-1' with the assumption of low flow velocity. For 

the case of collisionless plasmas 

* 1! 2 rut 

X — ] Q ° "« (7) 

Substituting PDX parameters for r ~ 0, we have \ = 3cm s/sec, which is 

more than three orders of magnitude lower th^n tbe empirically determined 

value. Thus present neoclassical theories of toroidal rftstMon damping show no 

agreement with present PDX tokamak results, implying that the thoories are 

completely inadequate in explaining the observations. 

The calculated central rotation damping time due to periodicity in the 

toroidal magnetic field (ripple) is greater than 5 seconds, 2 8 , 2 7 anJ thus cannot 

account for the observed decay of rotation. Two authors have recently con

sidered the effect of magnetic and/or electric field perturbations on the damping 

of toroidal rotat ion. 8 , 1 0 If perturbed fields are spatially localized and not due to 

external field errors, then according to the theory, in the case of electrostatic 

perturbations, toroidal momentum is carried out at a rate comparable to tbe 

anomalous ion heat transport, i.e., «,• ~ x- Based on an independent deter

mination of the ion heat conductivity for the discharges used in the modeling 

of toroidal rotation, we have JC,- ~ 1.5 X 10 3cm 2/s2c. (This is equal to the 

neoclassical value 2 8 and is roughly 30% less than the ion loss due to convection 
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in this case.) This value of *, is approximately a factor of five less titan tho 

perpendicular viscosity. Again, the theory appears inadequate in accounting for 

the rotation damping, 

SUMMARY 

We have measured toroidal and poloidal rotation in the PDX tokamak 

from Doppler shifted impurity radiation in the visible, OV, and X-ray regimes, 

and from MUD oscillations. In ohmically heated plasmas the bulk poloidal and 

toroidal rotation velocities 3re less than 3 X 10 s cm/sec, with the exception 

of near central toroidal flows, which can be on the order of 1 X Iff3 cm/set:. 

On a short (< 10 msec) time scale the toroidal flow velocity of Ti XVII at 

r ~ 20 cm appears to vary by as much as 1UB cm/sec. At the edge of the 

plasma the toroidal rotation velocity of C V can be a function of poloidal angle. 

In neutral beam heated plasmas the poloidal rotation velocities an; less than 

3 — !> X 10r' cm/sec for the cases of off- and on*axis injection. These values 

imply that the rotation damping time rj < O.Sr,, which agrees with theoretical 

estimates. 

Toroidal rotation induced by neutral injection scales linearly with 

^a.bs/"ei which is consistent with the notion that the momentum confinement 

time is independent of electron density. There is no clear dependence of beam 

induced toroidal rotation on either the plasma current or the toroidal mag

netic field. Total momentum confinement is relatively higher in deuterium than 

in hydrogen plasmas, in diverted than in circular discharges, and in PDX than in 
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PLT. The decay times of the toroidal rotation after neutral beam injection 

range from 30-100 msec at the center to 180-180 msec at 

r ~ 25 cm. These are about a factor of two to four higher than in PLT for central 

rotation and more than a factor of four higher at r ~ a/2. Numerical model

ing of the perpendicular viscosity indicates that the momentum confinement may 

be lower during neutral injection than during the ohmic phase of the discharge. 

There is? as yet no adequate theoretical understanding of the mcchanism(s) 

underlying toroidal rotation damping in PDX, and present neoclassical and 

anomalous models arc completely inadequate in explaining the results. 
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FIGURE CAPTIONS 

FIG. 1. Schematic representation of three diagnostics used in measurements of 
plasma rotation in PDX: Fast Rotating Mirror (FARM) system (top figure), 
Bragg X-ray crystal spectrometer (middle figure), and Miroov coil array 
(bottom). 

FIG, 2, Overlay of two spectral scans of Ti XVII from same discharge 10 msec 
apart and approximately 2P0 msec after neutral injection. Chordal line of 
sight was parallel to plasma current. 

FIG. 3. Poloidal rotation of C V in neutral beam heated circular discharge. 
Positive velocity represents ion diamagnetic direction. 

FIG. 4. Poloidal rotation of Ti XVII. Iiach triangle represents an average of 
five to ten individual Doppler measurements. For these discharges / J j n j = 
3.0 MW D° - H + , / p = 400 kA, «7 = 9.9 X I 0 1 3 c m - \ 

FIG. 5. Central toroidal velocity for D° -» H + circular discharges vs. P^^/rii 
The triangles correspond to / p = £00-300 kA, the open circles, 
300-400 kA, and the dark circles, 400-500 kA. 

FIG. 8. Central toroidal velocity for 11° -*• D + diverted discharges and D° -* 
D + circular discharges vs. .Pabs/T»7- The circles represent diverted plas
mas with hydrogen injection, and the triangle, a circular discharge with 
deuterium injection. 

FIG. 7. Time evolution of toroidal rotation at r = 0 and r=25 cm. 

FIG. 8. Decay time of central toroidal rotation vs. n^ (a) and lp (6). 

FIG. 9. Radial profiles of toroidal rotation in two beam heated discharges. For 
(a) parameters are identical with those in Ftp. 8; for (6) B^=15 kG, / \ D S = 
2.8 MW D° -f H+, Ip = 370 kA, We = 4.8 X 1 0 1 3 c m - 3 . 

FIG. 10. Toroidal rotation profile in neutral beam heated circular d i s c u s e s 
normalized by P&\,s/nc- Solid and open circles denote co- and counter 
injection, respectively. Solid line represents normalized toroidal rotation 
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profile in Fig. 8 (a). 

FIG. 11. Toroidal rotation of C V on inner and outer major radius side of 
plasma. Positive velocity corresponds to direction parallel to current. 

FIG. 12. Viscosity profiles which give best fit to the data presented in 
Fig-j. 8 (a) and (b) for different values of Tex- Curve A assumes stand
ard neutral density and temperature profile, in curve Bno -» 3n0, and 
in curve C, To -* 0. 
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