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Abstract 

The time history of the central toroidal plasma rotation velocity in 

ToUamak Fusion Test Reactor {TFTR) experiments with auxiliary heating by 

neutral deuterium beam injection and major-radius compression has been 

measured from the Doppler shift of the emitted TiXXI-Ka line radiation. The 

experiments were conductect for neutral bean powers in the range from 2.1 to 

3.8 MW and line-averaged densities in the range from 1.8 to 3.0 x 10 1^ m - 2 . 

The observed rotation velocity increase during compression is in agreement 

with results from modeling calculations which assume classical slowing-down of 

the injected fast deuterium ions and momentum damping at the rate established 

in the precompression plasma. 
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I. Introduction 

In a previous paper [1] we presented results from major-radius 

compression experiments in the Tokamak Fusion Test Reactor (TFTR). These 

experiments showed an acceleration of tangentially injected deuterium beam 

ions from 82 to 150 keV, a variation of the energy spectra of charge-exchanged 

neutrals and a substantial increase of the neutron and proton yield from 

d(d,n)^He and 3ae(d,p)a reactions. Also observed was a sudden increase of the 

beam-induced toroidal rotation of the bulk plasma during compression. The 

toroidal rotation of tokamak plasmas with intense neutral beam injection has 

been a subject of research in recent years [2-5]. Investigation of the 

toroidal plasma rotation in eiajor-radius compression experiments is of 

particular interest since these experiments provide information on the angular 

momentum conservation of the bulk plasma, in a case where the plasma is 

detached from material limiters and the energy associated with plasma rotation 

is not provided solely by neutral beam injection. In our experiments the 

deuterium beam injection was turned off immediately before compression, but 

after the toroidal rotation velocity had reached an equilibrium value. Thus, 

if one assumes no net angular momentum input during the compression, one would 

expect v. to increase by a factor C = R(t = 0)/R(t = <=) corresponding to the 

compression ratio, provided that the velocity profile remains unchanged. In 

our experiments the observed increase in v. was typically smaller due to the 

fact that viscous damping during the compression could not be neglected. 

In this paper we present experimental results on the toroidal rotation 

velocity in TFTR major-radius compression experiments for a range of plasma 

densities, plasma currents, and neutral beam powers, and compare the data with 

modelling calculations. It is found that the observed velocity increase 

during compression is consistent with classical slowing-down of the injected 
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deuterium ions and viscous angular momentum damping at the rate established in 

the precompression plasma. 

The experimental results are presented in Sec. II. The modelling 

calculations are described in Sec. III. 

II. Experimental Results 

The toroidal plasma rotation velocity has been obtained from measurements 

of the Doppler shift of the Ti XXI Ka resonance line at X = 2.6097A by a Bragg 

bent crystal spectrometer of high spectral resolution (X/AX = 25000 at X = 

2.61A). Since the Ti XXI ions are produced in the hot core of the plasma and 

since the 1s-2p resonance transition is collisionally excited by electrons 

with energies in excess of 4.75 keV, the Ti XXI radiation can be used for the 

diagnosis of the central plasma parameters. A description of the spectrometer 

and a detailed comparison of the observed Ti XXI spectra with atomic theories 

have been given in Refs. 6 and 7. 

A schematic of the experimental arrangement is shown in Fig. 1, 

representing a quadrant of the TFTR vacuum vessel, the pre{post)eompression 

plasmas with major and mind- radii of H = 3-00 m, a = 0.57 m (R = 2.17 m , 

a = 0.48 m), respectively, and the line of sight of the spectrometer. The 

precompressed deuterium plasma was heated by neutral deuterium beam injection 

during the time interval from 2.3 to 2.5 sec. fldiabatic compression of the 

plasma started upon termination of the neutral beam injection and was 

completed by 2.520 sec. Figure 2 presents the time history of the plasma 

displacement in major radius, R(t), during the compression, as determined from 

the position of the peak density obtained by Thomson scattering measurements 

from several discharges with nearly identical parameters. The curve shown in 

Fig. 2 represents a least mean squares fit to the data points. This curve is 
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used as a representation of R(t) for the analysis of our experimental 

results. The plasma displacement during compression has also been determined 

from density profile measurements of a multichannel infrared interferometer 

(MIRI) and from magnetic field measurements. The results obtained from the 

different diagnostic techniques were in good agreement. 

The Doppler shift, &\, observed by the spectrometer is given by the 

expression (1): 

AX = - v^ sina , (1) 
c * 

where \ = 2.6097A is the wavelength of the Ti XXI Ko line, c the velocity of 

light, and v. the toroidal rotation velocity of the Ti XXI ions. Calculations 

of classical collisional coupling between the impurity and bulk ions indicate 

that v e also represents the toroidal velocity of the bulk plasma, a is the 

angle of the intersection between the spectrometer sightline and the radial 

direction at the center of the plasma as indicated in Fig. 1. Thus 

R - sina = D = constant , (2) 

where R is the major radius at the center of the plasma and D the distance of 

the spectrometer sightline from a parallel diameter of the torus. Combining 

£q. fl) and Eq. (2) we see that the toroidal velocity component seen by the 

spectrometer is proportional to 1/R, and that the time history of the observed 

Doppler shift during the compression can be described by expression (3): 

^ Vt) yo, 
fl*(0) - vAO) ' R „(t) ' t J ' 
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where R Q0) = 3.00 m is the major radius of the precompressed plasma and v t(0) 
the toroidal velocity of the precompressed plasma at the termination of the 
neutral beam injection. With the assumption of angular momentum conservation, 
R • v. = constant, we obtain: 
O 9 7 

AX{t) , f_0 i2 ,M. 
A1(0) " l R 0 ( t ) J • v ' 

Equation (1) cannot be applied directly to our data because of two 
effects: (1) The compression time is not short relative to the momentum 
confinement time. (2) Momentum continues to be deposited to the bulk plasma 
during the compression by fast beam ions. These effects will be considered in 
detail in Sec. III. In this section we interpret the data using Eq. (4) to 
obtain bounds on these effects. 

Compression experiments were performed for several different discharge 
parameters: The plasma current, I , was 450 kA before compression and 622 kA 
after compression. The line-integrated density, J n dl, Defore compression 
was in the range from 1,8 to 3.0 * 10 * m and the injected neutral beam 
power, P b, was in the range from 2.1 to 3-8 MW. In these experiments, intense 
emission of the Ti KXI Ka line was observed with typical count rates of 2 * 
10^ photons/sec. The high count rate allowed us to record Ti XXI Ka line 
spectra with a time resolution of 10 msec and to perform Doppler shift 
measurements with a small statistical error. Since the spectrometer 
electronics i.i able to record 128 separate spectra during a TFTR discharge of 
typically four seconds, we have chosen time bins of different lengths, i.e., 
time bins of 10 msec for the period from 2.300 to 3.260 sec and time bins of 
80 msec outside this time interval, in order to monitor the Ti XXI Ka line 
radiation during the whole discharge. Since the spectrometer has no absolute 
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wavelength calibration, the wavelength shift of the Ti XXI Ka line has been 

measured with reference to its center position during the steady-state part of 

the ohmic heating phase at 2.250 see, before the neutral beam injection. This 

reference value was reproducible to within 2 x 10"' A dae to the fact that the 

central electron temperature during the steady-state part of the ohmic heating 

phase was above 2 keV, so that wavelength shifts of the apparent Ti XXI Ka 

line due to the presence of unresolved dielectronic satellites were 

negligible. Dielectronic redshifts of the order of 1 « 10~^A, which can occur 

at electron temperatures below 2 keV, have been observed at the beginning of 

the discharge when the central electron temperature was still rising and they 

have been discussed quantitatively in Hef. 7. 

Figure 3 presents a time history of the observed Doppler shifts of the 

Ti XXI Ka resonance line. The data were obtained from discharges with 

J n d£ = 1.8 x 10 1 9 m~ 2 and P b = 2.1 MH. Figures 3a, b show the results frô i 

a single discharge and, respectively, the results from the accumulated data of 

eight discharges with nearly identical parameters. The statistical error of 

the data is indicated by the vertical error bars in Fig. 3a. The horizontal 

bars indicate the lengths of the time bins used for the data collection or the 

time average of the raw spectral data. For the 10 ms time bins the horizontal 

bars are of the size of the data points. The accumulation of raw data from 

different discharges allows us to further reduce the statistical error and to 

average out time variations of the line center position due to sawtooth events 

in individual discharges. The occurrence of a sawtooth event during the time 

from 2.450 to 2.480 sec is clearly seen in the data shown in Fig. 3a. The 

statistical error bar of the accumulated data shown in Fig. 3b is of the size 

of the data points. 

We infer from Fig. 3b that, with the beginning of the neutral deuterium 
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injection at 2.3 sec, the center position of the Ti XXI Ka line is shifted 

from its value during the ohmic heating phase, which is represented by the 

data point 1, and that it reaches a new equilibrium value after 120 msec, well 

before termination of the injection at 2.5 sec. This equilibrium value vt(0) 

is found to scale in an offset linear fashion with the ratio of beam power and 

plasma density as shown in Fig. 4, Since we use as a reference for our Doppler 

shift measurements the center position of the Ti XXI Ko line during the 

steady-state part of the ohmic heating phase, we obtain, by definition, 

v4(0) = 0 for P b = 0. The v^-intercept of 5 > 10 4 m sec - 1 obtained by the 

linear extrapolation of the data points for P b > 0 in Fig. 4, therefore, 

indicates that the momentum confinement deteriorates with increasing neutral 

beam power. {A similar offset linear scaling with a v -intercept oft > 1CT m 

sec"1 and a slope cf &v^/tt(Pb/ne) = 1.18 x l O ^ V T 1 m~ 2 sec"1] {which is by a 

factor 1.75 largar than the slope of the straight line shown in Fig. 4 5 has 

been observed in neutral beam heating experiments of large (R = 2.55 m, a = 

0,81 m) TFTR plasmas [8]}. A further increase of the wavelength shift is 

clearly seen during the compression phase, which extends from 2.500 to 2.520 

sec. Unfortunately, our measurements are impaired at the time of 2.530 sec by 

the onset of mechanical vibrations of the TFTR vacuum vessel at a frequency of 

35 Hz. This frequency is the characteristic frequency of a mechanical 

oscillation mode of the Tfr'TR vacuum vessel, which is excited during the 

compression phase. Although the spectrometer was not in direct contact with 

the TFTR vacuum vessel, mechanical oscillations can be coupled to the 

spectrometer by sound propagation through the air and the concrete floor of 

the TFTR test cell. The estimated time for sound propagation from the vacuum 

vessel to the crystal is -15 msec. Since the distance between the crystal and 

the X-ray detector Is 3.5 m, mechanical vibrations of the crystal with 
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amplitudes of a few microns are sufficient to explain the observed effects. 

The observed oscillation pattern of the Ti XXI Ka line center position is very 

reproducible both in phase and amplitude. This is evident from the data 

points in Figs. 3a and 3b, which represent the data from 2 single discharge 

and the accumulated data from eight discharges, respectively. The onset of a 

35 Hz oscillation at the end of the compression phase has also been observed 

by other diagnostics, e.g., by the interferometers used for density 

measurements. Since the time resolution of these diagnostics is better than 1 

msec, we are confident that the frequency inferred from the dashed line in 

Fig. 3b is correct. 

Our analysis of the time history of the toroidal rotation velocity during 

the compression experiment is based on the data points 1, 2, 3, t, and 5 in 

Fig. 3b. The data points 1 and 2 were used to determine the toroidal velocity 

of the precompressed plasina at the end of the neutral beam injection, whereas 

the data points 3, •*, and 5 were used to derive the increase of the rotation 

velocity during the compression phase. The data represented by point 5 are 

presumably affected by mechanical oscillations and are thus not very 

certain. The estimated uncertainty in point 4 due to the oscillations is 

comparable to the observed scatter in the data shown in Fig;. 5. We have 

included these data in the analysis, since the oscillation amplitude is still 

small at the o~set. The data collected at times t > 2.530 sec are strongly 

affected by the mechanical oscillations and must be evaluated with caution. 

In order to interpret these data, we have assumed that the plasma reaches a 

new equilibrium state after the compression and that the equilibrium position 

of the Ti XXI Ka line can be found by averaging the data over time intervals 

which are large compared with the period of the mechanical oscillations. 

Figure 3c presents the results obtained by averaging the raw data of the post-
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compression plasma shown in Fig. 3b over time intervals of oO msec. These 

time-averaged data indicate an exponential decay of the toroidal rotation 

velocity with a time constant of 310 msec represented by the dashed curve in 

Fig. 3c. The exponential has been determined from a least mean squares fit to 

the eight data points shown in Fig. 3c in the time interval from 2.61C to 

3.250 sec. The datum point in the time interval from 2.530 to 2.610 sec has 

not been included for determination of the fit, since we assumed that the 

plasma still contained a substantial amount of fast beam particles. The value 

of 310 msec for the decay time of v # is comparable with the values obtained 

for TFTH noncompression experiments with neutral beam injection for R = 2.55 tn 

and a = 0.81 m. In these experiments, the Doppler shift measurements were not 

impaired by interferences from mechanical oscillations. 

Before we discuss our modeling calculations we compare the experimental 

results with the preaictions of Eq. (4). Equation (l)> is applicable in the 

asymptotic limit that viscous damping and torque deposition duruig the 

compression phase can be neglected. By comparing the experimental data with 

the predictions from Eq. (1), we obtain upper bounds on the sum of these 

effects. Figure 5 represents the observed time history of the wavelength 

shift during the compression phase for the investigated range of neutral beam 

powers and plasma densities. The experimental points represent accumulated 

raw data from nearly identical discharges for the data of the five selected 

time bins shown in Fig. 3b. The wavelength shifts have been normalized to the 

value, 4X(0), observed in the precompressed piasma at the end of the neutral 

beam injection. This va.li e was derived from the data in the time bins 1 and 

2. The predictions of Eq. (4) are sho.m by curve (a). The values of 

[R0<G)/R_(t)]* have been calculated from the curve fit to the experimental 

data shown in Fig. 2. The staircase curve (b) represents time-averaged values 

''.: ' -« II i II l I i l l "P 1 llllliri I T . T 
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of [RQ(o)/R0(t)]'i for successive time intervals of 10 msec corresponding to 

the time resolution of the v #{t) measurements. This curve should be compared 

with the experimental data. The time-averaged values represented by curve (b) 

are not very sensitive to the shape of R(t) and are consequently not strongly 

affected by experimental uncertainties in the determination of R(t) from the 

Thomson scattering data. Curve (e) shows the shift that would be observed if 

the major plasma radius changed with time according to the curve in Fig. 2, 

but v, remained constant. It is evident from Fig. 4 that the experimental 

data points are well above this curve. This clearly indicates that the 

toroidal velocity, vf, increases during the compression. The experimental 

points are, however, below the values of the curve (b) predicted by Eq. <4) 

indicating the importance of the neglected effects of the finite momentum 

confinement time. 

III. MODELING CALCULATIONS 

The time history of rotation velocity was calculated numerically by a 1-0 

momentum transport simulation to elucidate the combined effects of viscous 

damping and torque deposition during the compression stroke. These 

calculations were performed to determine whether the velocity increase 

measured during compression (28?) is consistent with classical beam ion 

slowing down and angular momentum conservation under conditions where the 

compression time (B 15 ras) is not significantly shorter than the 

precompression momentum confinement time (= 35 ms). The velocity simulation 

model incorporates a number of free parameters, such as the magnitude of the 

momentum diffusivity, whose values were adjusted to best reproduce the time 

histcy of central rotation speed prior to compression. However, these values 

were held fixed during the compression stroke, so that by comparing the 
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calculated velocity increase during compression with the measured increase, we 
can determine whether the momentum confinement time changes during 
compression. 

Under the assumptions of circular, concentric flux surfaces, excluding 
the explicit term for convective momentum transport, and simplifying to a 
mean-ion species model, Goldston's formulation of the momentum balance [9] can 
be written: 

-Ife K » r / a * IT Ife < n t a Z > U = ra<'-" + F iF l'***> ^ ~ 7~ • a vex 
(5) 

where n is the ion density, m is the mean ion mass, i. is the charge-
exchange time for toroidal momentum loss, and x 4 is the momentum 
diffusivity. Here r (r,t) is the total torque density delivered to the plasma 
from the beams, including a collisional contribution which is delivered over 
roughly a fast-ion slowing down time, and a "prompt" contribution which is 
delivered nearly instantaneously, over the fast ion's first poloidal orbit. 
All damping including convective momentum losses, but excluding charge-
exchange losses is incorporated into the perpendicular viscosity, x$- A 
separation of the total radial transport of momentum into viscous and 
convective components as discussed by (Joldston [9] is not important for the 
present modeling calculations, since our primary interest is the central 
velocity increase during compression. 

The time derivatives in Eq. (5) are evaluated on a surface of constant 
r/a. The second term on the left-hand side of Eq. (5) represents the time 
derivative of stored angular momentum due to changes in the number of ions in 
the plasma. It is an important term in the angular momentum balance during 
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bean injection because beam fueling significantly increases the plasma 

density. (Density increases of in e/n e ~ 40$ - 100$ are typical in these 

experiments.) During and following compression, this terra is small because 

the plasma density decays slowly. 

To calculate the collisibnal contribution of the torque delivered to the 

plasma as a function of time and radius, each of the three neutral beam 

sources was represented by a set of eight pencil beamlets, spaced vertically, 

whose relative weights were consistent with a Gaussian beam profile of width 

18 cm [i.e., P(z) = P0exp[-(z/18)2]. The current of each pencil beamlet for 

each beam energy component was estimated from the total beam source power, 

beam source energy, and the beam energy component m x. (The ratios of the 

atomic currents at the full, half, and third energies are Ii:^1/2*^1/^ = 

27:33:10.) The time history of beam torque in each shell deposited by 

collisional damping was obtained by calculating analytically the time required 

for the beam ions to lose their initial v. due to pitch-angle scattering and 

slowing down. The model neglects the influence of the target plasma's 

rotation speed on the cross sections for beam neutral ionization, as well as 

beam ion losses due to charge exchange and unconfined orbits, since these 

terms were shown to be small using a tinie-independent Fokker-Planck torque 

deposition code at a single time point just prior to compression. The largest 

error was found to be the neglect of lost deposited torque (10$) due to beam 

ion charge exchange. 

To estimate roughly the magnitude of the prompt torque deposition, we 

note that a near parallel fast ion which is born at the horizontal midplane on 

the large-major-radius side of a flux surface (R = R Q + r) with some angular 

momentum m • R • v.,0 obtains, on its first few poloidal orbits, a time-

averaged angular momentum of approximately m • R • V|,Q(1-E), where e = r/a. 
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Thus, a factor ~E of the torque is deposited promptly, and this factor was 

incorporated into the numerical torque deposition model. Including the prompt 

torque term allowed the rotation simulation to better reproduce the measured 

v. during the first 100 ma of neutral injection, but its effect on the 

calculated velocity rise during compression was small. 

The charge-exchange term of Eq. (5) was negligible at the plasma center, 

and became significant only near the plasma edge. The characteristic time for 

charge-exchange loss of angular momentum is T ^ C X = T O X X v?(r)/[v?(r)-v40(r)], 

where v ( 0(r) is the velocity of the neutral prior to charge exchange, and 
xcx = 1/n<<FV>CJf. ^ h e n e u t r a l density was calculated by a standard 1-D 

neutrals code (FRANTIC) [10,11] including the beam halo contribution. As 

suggested by Suckewer et al., [3] we approximated the quantity [v4(r)]/[v4(r)-

v4o(r)J by the quantity h = Ti{r)/[Ti{r) - T i Q{r)], where T i o(r) is the 

calculated neutral temperature. Under these assumptions, less than 1CJ of the 

total input torque was dissipated by charge exchange. 

Two features of Eq. (5) deserve additional comment. First, neglecting 

convective losses of ions during compression ("classical" compression scaling 

of density), then nRa 2 = constant, so the second term of the left-hand side of 

Eq. (5) would be zero. In the asymptotic limit discussed in section I, which 

assumes classical compression scaling of the density and which neglects both 

viscous damping and torque deposition during compression, the right-hand side 

of Eq. (5) is zero, so we recover the classical result, Vj, = C 

R (t = 0)/R (t = =>) = 1.38. The second interesting feature of Eq. (5) is 

that, since the plasma rotation speed has reached a quasi-equilibrium state 

prior to compression, the right-hand side of Eq. (5) is also nearly zero just 

prior to compression because the torque deposition is balanced by viscous 

damping. This cancellation of terms explains the somewhat paradoxical result 
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of the full velocity simulation which predicts a velocity increase of 
28? — surprisingly close to the asymptotic limit of 38%, considering that the 
viscous damping considered alone (i.e., neglecting torque deposition following 
beam turnoff) would have resulted in a velocity decrease by a factor of C x 
exp(-15 ms/35 ms) = 0.90. In the full velocity simulation, the calculated 
velocity increase during compression falls short of the asymptotic limit 
because the instantaneous torque during compression is less than the 
preeompression value (owing to the loss of prompt torque component and the 
longer slowing down time), whereas the x* is assumed constant. 

The velocity simulation requires that we specify the momentum Jiffusivity 
as a function of radius and time. Lacking profile measurements of v < h{r) T one 
has considerable latitude to define the radial dependence of x«. We find that 
the time history of the rotation speed prior to compression is reproduced 
quite well using a momentum diffusivity of the form 

2 
x,(r,t) = 0.63 [1 «• 3(|)2J(1 + 0.133 * r j E- (6) 

with no explicit time dependence (Fig. 6a). The radial profile factor yields 
a nearly parabolic shape of v (. 

The quantity r a in fc'q. (6) represents the total torque delivered to the 
plasma rather than a local torque density. Effectively it causes the 
calculated momentum confinement time to decrease with increasing beam power 
(e.g., x e would increase by a factor 1.7 as the beam power is increased from 
1.0 •» 4.0 MW). The form for x 4 in Eq. (6) is consistent with our observation 
that at fixed plasma current and plasma density (In = 450 kA, n a = 1.8 « lo'" 

P e 

m"3), the central rotation speed rises linearly with applied beam power P b in 
the range from 1.0 to 4.0 MW but with an apparent offset of 3 - 5 « 10" cm/sec 
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at zero beam power. If x$ is chosen to be independent of applied torque, but 
adjusted to match v,(0) at the end of the neutral beam injection, then the 
velocity simulation underestimates the measured central rotation speed for the 
first 100 ms of neutral injection, but the calculated increase in v 4(0) 
following compression is changed only slightly. Similarly, our conclusions 
regarding the compression scaling of rotation speed are insensitive to the 
assumed radial variation of x«-

The momentum diffusivity Xa(r,t) was represented by the expression in 
Eq. (6) during both the beam-heated, precompression phase of the discharge and 
during compression until t = 2.520 sec. To allow the best possible comparison 
of the eKpected velocity rise during compression with the experimental data, 
the magnitude of x« was chosen carefully to reproduce ths measured v. just 
prior to compression at t = 2.500 sec. The result., of the velocity simulation 
are shown in Fig. 6. The velocity simulation predicts an increase AVj/v., of 
23% during the compression stroke, in excellent agreement with the measured 
v 4(t). Thus, if we fix the viscous momentum damping at the precompression 
rate and account for torque deposition during the compression stroke due to 
classical fast ion slowing down, then the measured rotation increase due to 
compression is in agreement with angular momentum conservation. 

Figure 6c shows the time history of the characteristic time for loss of 
parallel velocity by the energetic beam ions, t g , which determines how quickly 
the deposited torque decays following termination of beam injection. Here T 
is averaged over all beam sources and beam energy components, and averaged 
over the plasma volume. The characteristic deposition time T increases 
during compression, despite the rising electron density, because the fast ion 
energy is also pumped by compression. 

To simulate accurately v-(t) beyond the end of compression (t > 2.520 
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sec) in the transport code, it was necessary to reduce substantially x^(t). 
The portion of the simulation for which x$(r,t) was artificially reduced is 
indicated by a dashed line in Fig. 6a. In the simulation x4(r,t) was reduced 
by a factor of 0.65 starting at t = 2.520 sec, decreasing to a factor of 0.1 
at t - 2.900 sec. This behavior is beat illustrated in Fig. 6b, where we plot 
the time history of global momentum confinement time, T $(t), as calculated 
from the simulated velocity, 

JmnRv (r,t) dV 
r (t) = i—-S . (7) 

y t ) - fj /mnRv9(r,t) dV 

Similar to the behavior of large-core TFTR plasmas, the momentum confinement 
time as calculated from Eq. (7) increased to several hundred milliseconds 
after the beam ions slowed down. This calculated momentum confinement time is 
somewhat shorter than the velocity decay time (=310 ms) because it includes 
velocity profile effects, density decay, and the small torque deposition 
following beam turnoff. 

To evaluate the possibility that ripple damping of toroidal momentum 
could be responsible for the rather short momentum confinement times in the 
precompression plasmas (T = 35 ms vs 80 ms in the standard TFTR plasma), we 
calculated the expected damping rates for the ripple plateau (rp) and ripple 
trapping (rt) transport mechanisms. The TFTR preoompression plasmas are 
formed at large major radius (R = 299 cm). They extend somewhat closer to the 
toroidal field coils and, consequently, they experience a considerably greater 
vacuum field ripple than standard TFTR plasmas. The peak-to-average vacuum 
ripple in the preeompression configuration is 1.8? at the plasma edge and 
0.08$ at the plasma center, compared to an edge ripple of 0.5$ in the standard 
(r/a = 2.55/0.83 m) configuration. The theoretical expressions for the 
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momentum damping times due to ripple viscosity are [12]: 

V = >^P • «> 
rt 2 / P lrt ,_, 

T« = pBi / D ' { 9 ) 

where p e i is the ion poloidal gyrorstius and D rP and D r f c are the nonambipolar 
ion ripple diffusion coefficients. The calculation of D rP and D r t were flux-
surface averaged to account for the strong variation of ripple strength with 
poloidal angle, using the measured density profile and an ion temperature 
profile derived from a neoclassical ion power balance (the central T, was 
matched to the value measured by Ti-K Q Doppler broadening - 1.0 keV). The 
expression for D rP is taken from Boozer [13]. The expression for D r t includes 
a correction for the boundary-layer contribution [1'4] as well as classical 
ripple-trapping viscosity [15-17]. 

Both mechanisms provide negligible momentum damping at the plasma center 
[T rP(0), T r t(0) > 300 msj. Over the region r = 20 - 15 cm, x rP obtains a 
broad minimum of 110-180 ms. The ripple trapping damping term reaches a 
minimum of 160 ms at r = 15 cm. The combined effect of both ripple transport 
mechanisms yields a theoretical momentum damping time in excess of 60 ms 
throughout the entire plasma, more than twice the measured value. While this 
result suggests that ripple is not the mechanism responsible for the short ~9 

obtained in the preconpression plasmas, we add two cautionary remarks: (1) 
Controlled ripple experiments on 1SX-B [18] found that the theoretical ripple 
transport underestimated the measured momentum transport due to ripple by a 
factor -6; and (2) The theoretical calculations are dependent on some poorly 
known ruantities, such as the radial profile of ion temperature. 
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FIGURE CAPTIONS 

FIG. 1. Experimental arrangement, showing a quadrant of the TFTR vacuum 
vessel, the pre(post)compression plasmas and the spectrometer 
sightline. The angle a of the intersection between the 
spectrometer right line and the major radius R of the plasma 
center is given by Eq. (2): R sin a = D, where D is the distance 
of the sight line from a parallel diameter of the torus. 

FIG. 2. Time history of the plasma major radius R(t) during the 
compression as deduced from the laser scattering data. 

FIG. 3. Time history of the observed wavelength shift AX<t) of the Ti XXI 
Ka line at \ - 2.6097 A. Subfigure (a) presents the data from a 
single discharge, and subfigures (b), (c) present accumulated 
data from eight discharges with nearly identical parameters. 
Accumulation of data from different discharges provides a 
reduction of satistical errors and averaging of the line 
displacements due to sawtooth events which are observed from the 
data of single discharges [subfigure (a)]. Interferences of the 
data from mechanical oscillations of the TFTR vacuum vessel after 
the compression at t > 2.530 see are smoothed in subfigure (c) by 
choosing 80 msec time bins. The variation of the bulk plasma 
toroidal rotation during the compression stroke is evaluated from 
the data paints labelled 1-5. 
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FIG. t. Observed central toroidal rotation velocity v 4(0) of the 
precompression plasma at the end of neutral deuterium beam 
injection vs the ratio of the beam power P b and the line-averaged 
density n . 

FIG. 5. Time history of the wavelength Jhift AX(t) as observed during 
the compression for all experimental conditions investigated. 
The experimental data are normalized to the value of &\(0) 

obtained immediately before the compression, after termination 
of the neutral injection. Also shown are the values of 
R(0)/R(t) and [Rl0)/R(t)]2 [curves (c) and (a), respectively] 
which are obtained from the curve fit to the laser scattering 
data shown in Fig. 2. The staircase, curve (b), is obtained by 
tiiiis averaging curve fa) over 10 msec intervals which 
corresponds to the time resolution of the Ti XXI Kcc-
measurements. 

FIG. 6. (a) Measured and simulated central toroidal rotation speed during 
neutral injection and compression. The solid portion of the 
simulated velocity line represents the interval during which the 
momentum diffusivity was held fixed. The incident (r ) and 
absorbed (r ) beam torque are also shown, a 

(b) Time history of the global momentum confinement time t^ derived 
from the velocity simulation. 

(c) Time history of the slowing-down time T S for the energetic beam 
ions. T„ is the characteristic time for loss of the parallel 
velocity. 
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