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Density fluctuation in JIPP T-IIU tokamak plasmas

measured by a heavy ion beam probe
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S. Ohdachi, K. Kawahata, K. Toi, K. Sato, T. Seki, H. Iguchi, K. Adachi,
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H. Kuramoto, T. Minami, 1. Nomura, H Sakakita, M. Sasao, K.N. Sato, T. Tsuzuki,
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Multiple and small sample-volume measurements of the density turbulence and
potential profile measurement in tokamak plasmas were conducted by a heavy ion beam
probe. The obtained wavenumber/frequency spectrum S(k,®) shows that the cross-
section of NBI heated plasmas is divided into three regions of different turbulence
characteristics. OQutside the reversal layer of poloidal propagation direction of density
turbulence, a low-frequency and low-ﬁavenumber mode with ion diamagnetic drift
direction dominates. The region encircled by the reversal layer is divided into two parts
at nearly perpendicular NBI heating, the region wﬁere the propagation velocity is near the
Er/Bt poloidal rotation velocity and the bad-curvature region of very small wavenumber
and high propagation velocity. The region of high propagation velocity, found in NBI
plasmas, disappears in ohmic plasmas. In addition, a small component which propagates
in the ion diamagnetic drift direction is observed in NBI plasmas.

Keywords: tokamak, turbulence, HIBP, NBI



1. INTRODUCTION

Local measurement of plasma turbulence in a toroidal magnetic confinement device is
very important, since the confinement property changes a lot across the minor radius.
The H-mode is one of the most prominent example of local and drastic change of the
confinement property. A heavy ion beam probe (HIBP) is one of the most competent
methods for local measurement of the turbulence[1-6]. In addition, it may be a powerful
diagnostic tool for the plasma turbulence because of the unique potentialities of the
density, potential and magnetic measurement. However, the fundamental problem in the
obtained results of the density turbulence at TEXT tokamak with an HIBP is that the
dominant wavenumber (k) is much smaller than the value where the growth rate of the
drift-wave instability is maximum(3-5]. The propagation velocity of the density
turbulence is also much faster than the poloidal rotation velocity and diamagnetic drift
velocity of the tokamak plasma. These results are in contradiction with the prediction of
drift wave theory 4] and also with the experimental observations by microwave
scattering(7,8,9] and beam emission spectroscopy (BES){10,11].

In order to measure the k spectrum accurately we prepared a set of detection system for

7 sample-volume-measurement and tried to sharpen the injected beam to make the length
of the sample volume as small as possible. In the turbulence study by an HIBP the size
of the sample volume is a crucial physical quantity, since the obtained signal is the sum
(average) of the ionization at the sample volume and the turbulence with large
wavenumber is smoothed out. With multiple sample volume measurement, we are able
to obtain the contour of the wavenumber/frequency spectrum density S(k,w) just like by
probe array measurement. By the small sample volume we are able to measure the

wavenumber up to about 3 cm™1. The detail of the method and its results will be described

in the following sections.

2. EXPERIMENTAL APPARATUS AND METHODS



2.1. Tokamak system.

The JTPP T-ITU tokamak[12] is operated at 3 tesla. Its major radius is 93 cm with the
minor radius of 23 cm. Nearly perpendicular neutral beam injection (NBI) of which
injection line is tilted in the co-direction (the direction of the plasma current) by only 9
degrees, is employed. The main diagnostics are, a YAG Thomson scattering apparatus
with 28 spatial measurement points and 100 H repetition rate for detailed profiles of
plasma density and electron temperature, 8-channels- ECE polychromator, 6-channels-
FIR interferometer and a charge recombination spectroscopy using NBI for ion
temperature profiles. The YAG laser beam is injected from the upper port of the vacuum

vessel to the lower port.
2.2. A heavy ion beam probe system.

A setup of the 500 keV HIBP[12 - 14] on the JIPP T-IIU tokamak is shown in Fig.
1(a). An accelerator is placed horizontally since it must be taken apart frequently in order
to change a short-life ion source. A thallium beam is used. The beam (T1 1) is bent into
the fokamak by an electrostatic cylindrical deflector instead of a magnetic deflector
because of the large mass number of the injected ions. The beam can be focused to a
diameter of about 2 millimeter in the tokamak by a set of a cylindrical deflector and two
electrostatic quadrupole lenses (doublet ). The secondary beam (T1 ++) ionized at the
sample volume enters the entrance slits of the energy analyzer. The injection current is a
few tens of A and the secondary beam current detected is about order of 0.1 pA. To
reduce the photo-current at the detector due to the intensive radiation in the additionally
heated plasmas, the two-staged optical trap shown in Fig, 1(a) is crucial.

The basic principle of local potential measurement by an HIBP is illustrated in Fig.
1(b). The energy change of the secondary beam from the injected energy of the primary

beam corresponds to the local potential where the ionization occurs, since the total



energy of the secondary beam energy (Epy) increases by the local potential of the
ionization point due to the increase of the charge number[1]. This change of the beam
energy is measured by a parallel-plate energy analyzer with an entrance angle of 30
degrees, which has the focus up to second order for the change of the in-plane entrance
angle ( the angle in the analyzer plane (the plane of Fig. 1(a) )[16]. This parallel plate
analyzer is intrinsically suitable for multiple sets of the entrance slit and a detector (many
sample volumes) since the electric field is uniform. We put 7 sets of an input slit and
detectors in order to get more information on the propagation of the turbulence[6],
although the signals from 6 input slits are usually available with ordinary adjustment,
because of the collisions of the secondary beam with the wall in the analyzer.

The primary and secondary beam are deflected into the toroidal direction by the
poloidal magnetic field. The secondary beam enters the opening of an input-slit of the
energy analyzer at horizontally displaced point and with finite out-of-plane entrance angle
(dop) (perpendicular to the plane of Fig. 1(a)), which change due to the scan of the
ionization point (sample volume). First of all, the analyzer must have a wide horizontal
opening for the input slit and wide upper and lower plates for uniform characteristics to
the displaced entrance of the secondary beam. Our analyzer has a shaped high-voltage
upper plate to enlarge the region of the uniform electric field between the plates[17]. The
change in the out-of-plane entrance angle causes large error in the measurement of the
total beam energy and local potential in a high-voltage HIBP, because a parallel plate
analyzer measures the beam energy of the motion in the analyzer plane (in-plane motion),
(Ep) instead of the total kinetic beam energy , where the relation Ey, = Epicos2(¢op) holds.
In order to reduce the error we apply fast toroidal sweep at the entrance to the tokamak
and measure radial potential profiles utilizing the dependence of c0sH(dop). The detail
will be described later with experimental data.

The detector set of the secondary current is composed of stainless-steel upper and
lower plates or left and right plates connected with low noise amplifiers. The change of
the beam energy is measured by the change of the difference of the signals of upper and

lower detector plates normalized by the intensity of the secondary current (sum of the
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upper and lower detector currents) [18]. The local density fluctuation is considered to be
proportional to the fluctuations of the sum, although the coupling of the density
turbulence outside the sample volume must be taken into consideration. For the
measurement of plasma turbulence, the stability of various power supplies in an
accelerator, beam transport and energy analysis are very important. The stability of the
voltages of the accelerator and the analyzer are nowadays greatly enhanced. The ripple of
the electrostatic accelerating voltage of JIPP T-IIU HIBP is about 2 Vp-p out of 500 kV.
We also reduced the high-frequency ripple of the voltage of an upper electrode of the
energy analyzer to about 0.02 V out of 100 kV by use of LC fiiter in the SF¢ gas. The
sampling rate at 12 bits AD conversion is 2 MHz and the frequency band width of the
detector amplifier shows the 3 dB decrease of gain at 300 kHz. The intensity of the
injected ion beam is typically about 30 LA.

2.3. Shape of sample volumes.

Figure 2 shows the calculated position and shape of the sample volume for the
measurement discussed in this paper, when the primary beam (450, 350, 300, 250 and
200 ke V) is swept in stepwise, in the poloidal direction by the sweeper which is located
before the entrance to the tokamak as is shown in Fig. 1. The calculation of the shape and
position is performed assuming that a parallel thallium beam with the diameter of 1.5 mm
at the poloidal entrance sweeper, is injected into the 3 tesla toroidal field. The shape of
sample volumes is like a rhombus as is shown in Fig. 2(b). The parameters of the sample
volume are summarized in Table 1.

The smallness of the sample volume is essential for the turbulence measurement by
HIBP, since it determines the detectable maximum wavenumber, together with the
distance between them through Nyquist wavenumber. In the case of large sample
volume, the turbulence with short wavelength is difficult to detect accurately since these

fluctuations are smoothed out at the detector. We roughly simulate the detector collection
4x2
function with Gaussian € 12 , where lg is the longer diagonal length of the rhombus-like
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sample volume and the x is the distance form the gravity center of the sample volume in
the longer direction. The efficiency of the detection of the turbulence with wavenumber k
in this direction, is estimated as G:‘(lsk)2 and the maximum k number may be equal to

OQ
2
. _k
1/l,, since the relation |  eikxe—0x2gx o< e ~4 holds.

e e

The width of the thombus of the sample volume in Fig. 3(b) corresponds to the opening
of the entrance slit { in this experiment, 3 mm). On the other hand, the length is
proportional to the diameter of the beam and becomes large if the angle of the beam
trajectory to the observation line is small. The assumption of the parallel beam may be
Jjustified because the beam is focused to the plasma center after the long free travel from
the cylindrical deflector to the tokamak as shown in Fig. 1(a). The position and size of
the sample volume are strongly dependent on the injection angle, position of the beam at
the entrance sweeper , and the beam size. We controlled the beam position, injection
angle and beam size to constant values by the beam profile measurement by two beam
profile monitors 3, 4 on the straight section of the trajectory of the primary beam as
shown in Fig. 1(a). Also, inside the tokamak vessel we installed beam size monitor
(several wires) and measured the beam size by sweeping the beam.

The calculated beam size is small by about factor 2 or 3, compared to the previous 500
keV HIBP experiments [3]. There is also no overlapping of adjacent sample volume
along the trajectory of primary beam as is shown in Fig. 2(b). This smallness and no
overlapping may be partially verified in Fig. 3. Figure 3 shows the intensity of the
secondary beam current ( sj) (sum of the upper and lower plate currents) of 6 sample
volumes (j =1 to 6) as the position of the sample volume is swept in 7 steps (1 to 7) as
shown int Fig. 2 for 450 keV case. The start of the sweep is at 200 ms under NBI
heating. The sample volumes are swept from plasma boundary to the inner region of the
plasma by changing the poloidal sweep voltage. The sweep angle at step m, (Om) in
degreesis 8y;,=0.4xm-0.9. The total injection angle of the injected beam is 53.0 +

Om- The intensity of the secondary beam in Fig. 3 decreases due to the beamn attenuation

as the sample volume approaches the plasma center. Near the plasma center it suddenly
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decreases to almost zero because the secondary beam is scraped off by the lower part of
the horizontal port as is shown in Fig. 1(a). From the decaying feature of the intensities
of 6 sample volumes (SV 1 to SV 6) due to the collision, we are able to estimate

approximately the size of the sample volumes which determines the upper limit of the

wavenumber measurement. As shown in Fig. 3, the intensity of SV 1, sy decays almost
completely at the transition from step 5 to step 6, while sg regularly decays and shows
almost nto sign of collision with a wall. At the transition from step 6 to step 7, s4 decays

greatly while s5 decays regularly. These facts mean that the length of the sample volume

is shorter than the distance between the gravity centers of the nearby sample volumes.
This result agrees with the calculations of the shape of the sample volume based on the
measured diameter of the beam shown in Fig. 2(b). The behaviour of sg is different
from the signals from other sample volumes. It is due to the collision of the secondary
beam to the wall at the analyzer because of the large change of the entrance angle to the

analyzer. The gain of the detector is also different for SV 5 and SV 6.
2.4, Method of turbulence measurement.

For the local measurement of the turbulence, many time-segments of data at spatially
fixed point are required, while scanning of the sample volume from the plasma surface to
inner region in a shot is advantageous. Accordingly, we scanned the sample volume
across the plasma in stepwise, while fixing themn for 5 ms at one step as shown in Fig. 3.

At each step, the sjis analyzed by correlation method and two-dimensional (spatial
and time) Fourier analysis for S(k,w). The correlation coefficient function Pi, j(t) of the
signal sj(t) at i-th sample volume and sj(t) at k-th sample volume is described by the

following formula,

Ci;(z) M
VCLO)VC(0)

pij(z) =



oo

where Cij (1) is cross correlation function defined as  C; j(t) = J si()s;(t+t)dt . The

-00

integration time in the correlation coefficient functions is 2.0 ms in this paper instead of -
infinity to infinity. Correlation curves obtained in this paper are statistically reliable
because of the high signal to noise ratio. The similar correlation curves are obtained even
if we reduce the integration time to 0.4 ms.

S(k,m) is calculated through the following equation, S(k,®) = Qs(k,co)|2>, where

s(k,®) is the two-dimensional Fourier transform of the set of ;.—J for 100 s duration.
i

Here, the <> is the averaging for 40 realizations ( 4 ms). The range of the wavenumber
measurement by the finite number (n, in this case n=6) of the sample volume is from
Kmax , t0 —kmax where kmax= n/dgy (Nyquist wavenumber) and dgy is the distance

of each sample volume separation. This range of wavenumber is covered by n

independent wavenumber measurements ranging from, (1 - n/2)kg to (n/2)k in case of
even n, where k(g = 2n/(ndgv ). In our analysis the separation of the each sample volume
is assurned to be the same for simplicity.

We changed the beam energy and performed the turbulence measurement in order to

cover the wide area of the plasma cross-section.

3. EXPERIMENTAL RESULTS
3.1. Density, temperature and potential profiles.

The experiment is usually performed at the average density of less than 5 x 1013/cm-3
to avoid strong beam attenuation due to high density plasmas. In this paper, NBI and OH
heated plasmas with a plasma current of about 170 kA (qa = 6) were studied. The nearly
perpendicular NBI is injected from 175 ms to 300 ms. The plasma current started at 50

ms and reached its peak at about 70 ms.



Figure 4 shows changes of radial profiles of the electron temperature and density,
measured by the YAG laser Thomson scattering apparatus[18]. The first (lowest) profile
in Fig. 4 is at 160 ms in OH phase. Ten profiles at every 20 ms are presented and shifted
upwards to avoid the confusion. At 175 ms ( between the first and second profile ) the
injection of about 0.5 MW NBI heating started and lasted for 125 ms. The increase of the
plasma density due to the NBI heating is observed and lasted throughout the NBI pulse
length as is shown in Fig. 4. The electron temperature is not affected by NBI and stays

nearly constant. Also radial profiles of the electron diamagnetic drift velocity,

n(r) T, . ‘ e

= are calculated using these experimental data and are shown in Fig.

%€~ Ane(r)) Meee £ pe £
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4(c). The electron diamagnetic velocity is zero near the center of the plasma and reaches
the peak of about a little less than 2 km/s at about r= ap/4 and gradually decreases to zero.
Figure 5 shows how the radial potential profile evolves throughout OH and NBI-heated
JIPP T-TIU plasma discharges, utilizing the HIBP. As mentioned above, the
measurement of the radial potential profile in one radial sweep is usually rather difficult for
a high voltage HIBP, since the out-of-plane entrance angle (¢op) as well as in-plane
entrance angle change considerably during the radial scan of sample volumes. The error
induced by the change of out-of-plane entrance angle in one radial scan is larger than usual
plasma potential well of a few kV in the case of 500 keV HIBP. We compensate this error
by the application of the fast toroidal sweep and slow radial poloidal sweep at the entrance
to the tokamak([13]. At the third radial potential profile of Fig. 5 for example, the radial
scan is performed from 91 ms and ends at 93.5 ms. During this period, about 12 fast
toroidal sweeps are applied. By the toroidal sweep, the secondary beam in the analyzer
can be parallel to the symmetry plane of the analyzer ( ¢,,=0) at one time. At this time the
potential beam energy can be local maximum as is shown clearly in Fig. 5 and the potential
reduced from the change of the beam energy, is free from the error because of the
dependence of Ey, = Eicos2(¢op). By connecting many peaks (local maxima) due to the
toroidal deflections in Fig. 5, we can get a radial potential profile (a dashed curve). The

static space potential of the tokamak plasma is expected to have toroidal symmetry and the



deviation of the sample volume from the original magnetic surface is very small when
toroidal sweep angle is small. We scanned radially by 400 Hz and applied a 5 kHz fast
toroidal sweep.

The first radial profile in Fig. 5 which starts at 51 ms (ts = 51 ms) is 3 ms after the
application of the toroidal electric field to drive the plasma current. It is taken at the very
early phase in the plasma start up ( less than a few kA of the plasma current). The depth
of the potential well is very shallow since it is in the breakdown phase. The profile is
almost the same with the calibration curve of the analyzer for the change of the in-plane
entrance angle (plane of Fig. 1(a)) of the secondary beam. This change is caused by the
poloidal scan of the sample volume[13]. The depth of core potential rapidly grows and
reaches nearly full depth in 20 ms as shown in the next profile of Fig. 5. The NBI in this
case starts at 100 ms, and the potential depth does not change significantly because it is
almost perpendicular injection. The average electric field at about ap/4 for ts=170 ms
during NBI phase, {deduced from subtraction of dashed curves of the first curves to the
curve in the seventh figure} is about 10 kV/m. This electric field is rather uniform across
the cross-section as was observed in the TEXT tokamak {20] and does not change
appreciably in time. The poloidal electric drift velocity given by E / B; is about 3 kmy/s.

The ion temperature profile in the JIPP T-IIU tokamak is obtained by the charge
exchange recombination spectroscopy (CXRS) utilizing the injected NBI beam [20].
Figure 6 shows the ion temperature profiles in the similar discharges. The ion
temperature attains the peak value in less than 20 ms and saturates throughout the NBI

pulse.

3.2. Turbulence in NBI heated plasma.

First of all, we can state that the measurement of the density turbulence has a high
signal to noise ratio, by the comparison of raw data of Fig. 3 when the sample volume is
inside (step 1 to 7) and outside the plasma (step 0, indication of noise level). The main

noise in the turbulence measurement is due to the amplifier noise in the detector circuits



instead of the photo-electrons caused by the radiation from the plasma. In addition, a

close look of the intensity of Fig. 3 showed us that Z:J which may be proportional to % at
]

the sample volume, where s;(t) = si(t) - si(0), is larger near the plasma boundary and it
decreases as the sample volume is swept into the plasma center as is shown in Fig. 3.
Also we can see that the density turbulence at the plasma boundary is dominated by the
low frequency fluctuations.

Figure 7 shows behaviours of 6 correlation coefficient functions p ,j(t), 7). j=1,2,3.4,
5, 6 of the secondary current intensities of 6 sample volumes (sj, j=1 to 6) shown in
Fig. 3 and contours of wavenumber/frequency spectrum density S(k,w) at 6 steps for

450, 350, 300, 250, 200 keV primary beam energy.
The right ordinate of the contour of S(k,) is the wavenumber (k ) along the array of

the sample volumes, while the left ordinate (kp ) is along the circular magnetic surface.

Assumning zero phase shift of the turbulence in the radial direction as is observed in BES
and FIR scattering experiment[9,10], we may be able to relate these quantities in the
following way, kp=kj /mxndl, n. and ng are unit vectors along the minor radius and
along the array of sample volumes, respectively. The experimetal evidence of zero phase
shift in HIBP measurement when the direction of the sample volume array is normal to

magnetic surface, will be discussed later to support this assumption.
A. Turbulence near plasma boundary.

One of the most outstanding change in the correlation coefficient functions and S(k,m)
of various position of sample volumes in Fig. 7, may be at the plasma boundary typically
for 200 keV case. Near the plasma boundary, the correlation tirme in correlation
coefficient functions becomes very long as shown in ali steps of Fig. 7(e) [24]. The
sharp transition from short to lone correlation time occurs between step 1 and step 2 and
between step 3 to step 4 of Fig. 7(d). This transition is accompanied by a reversal on the
poloidal propagation direction of the turbulence from the electron diamagnetic drift

direction to ion diamagnetic drift direction {22, 3, 23,24]. The propagation of the



turbulence can be more easily determined by the correlation curves instead of S(k, ).
QOutside the reversal layer the turbulence is characterized by the long correlation time and
the propagation into ion diamagnetic drift direction. We may call this mode as ' edge ion
mode’, following the study of tokamak turbulence by BES[10,11]. We also call the mode
which propagates in the electron diamagnetic drift direction as 'electron mode’. The
position of this reversal layer depends on the discharge conditions. At NBI heating phase,
it moves outwards.

We can also observe in S(k,w) of Fig. 7(e) that the low-frequency turbulence dominates
in this region and the average wavenumber is much smaller than the 1.0 cm ~1. This
small wavenumber outside the reversal layer measured by our HIBP (non-perturbing and
very local method ) is similar to the result by BES at the TFTR edge plasma [11] and may

be smaller than one measured by a Langmuir probe and FIR scattering [22-24].

B. Turbulence in the "normal” region.

By a shift of peaks of cross correlation coefficient functions and also by connecting the
hills in a contour of S(k,®) in the inner region, we are able to state that the main
turbulence propagates in the electron-diamagnetic-drift direction in the upper region (steps
2, 3,4,5 for 450 keV and steps 2 and 3 for 350, 300, 250 keV) as shown in Fig. 7. As
for the shift of peaks of correlation curves at step 4 (450 keV) for example, the shift time
(Atsh ) between SV 6 to SV 1 is Atsh =7 Us and the distance between the center of the SV
6 to 1 dsy is about 4 cm. The propagation time determined by the correlation curves { 5.0
X dsv / Atsh ) is about 6 kmy/s, while the dashed straight line in S(k,) of the step 3 (450
keV) is on the point of 100 kHz and kj=1 cm~1 and kp= 2 cm“l(wavenumbers along the
sample volume array (1) and along the poloidal magnetic surface (p)). The phase velocity
(w/ky) along the array is 6 km/s. As shown in this example, the phase velocity obtained by
the curve connecting the hill in a contour plot using the wavenumber along the sample
volume array, generally agrees with the propagation velocity determined by the shift of the

peak of the correlation curves.



In this case, the phase velocity of the turbulence along the magnetic surface (w/kp} is 3
km/s, under the assumption of no phase shift in radial direction. The radial electric field
shown in Fig. 4 is about 10 kV/m, leading to the poloidal drift velocity E;/By of about 3.3
kmy/s. Since the electron diamagnetic drift velocity at the step 4 (450 keV) is about 1.5
km/s since 1/ap = 0.3. Accordingly, we may state that the laboratory-frame propagation
velocity of the turbulence is very similar to the fluid velocity of the electric drift velocity,
which is a little faster than the electron diamagnetic drift velocity. In this sense we call the
turbulence "normal”. The poloidal propagation characteristics in the laboratory frame may

be greatly modified by the toroidal rotation velocity, since these turbulence may have the
phase dependence of ei( kgB + k¢¢)[10,1 1]). In our nearly perpendicular NBI plasma,

the maximum toroidal rotation velocity (V) measured by CXRS is about 15 km/s and the
direction is opposite to the plasma current (counter direction) as in OH and ICRF heated
plasmas, although the injection is tilted to co-injection by 9 degrees[25]. Since the
toroidal rotation may be equivalent with a poloidal rotation velocity of Vi (R/r)/q with
respect to the turbulence propagation in the laboratory frame, its effect is smaller than the
poloidal electric drift velocity (E;/By ). The discussion on the propagation velocities of the
turbulence in the plasma frame is, however, difficult due to the difficulties of the precise
potential profile measurement by a high voltage HIBP and lack of the data for the profile of

toroidal rotation velocity in this series of the experiment.
C. Propagation "anomaly"

Turbulence in the outer region ( region of larger major radius and bad-curvature, step
6 for 450 keV, steps 4, 5, 6 for 350 keV, steps 3, 4, 5 for 300 keV of Fig. 7) tends to
have very small wavenumber and do not show the characteristics into one direction in
spite of the poloidal rotation in NBI heated plasmas. This region is shown as the shaded
area in Fig. 3. For 200 and 250 keV cases, this character is not as prominent as 300 and
350 keV. For 200 keV case, the correlation curves show the edge ion mode

characteristics {(longer correlation time and dominance of the low frequency mode) for 20C



keV case, since the sample volumes are fairly outside. For 250 keV case, the
wavenumber is not so small and the propagation into the electron diamagnetic drift
direction is clearly observed in steps of 2 and 3. The other steps become to the edge ion
mode.

The wavenumber in this shaded area is very small and the phase velocity is much
faster than the electric drift and diamagnetic drift velocities. In addition, the correlation
coefficient function is not a monotonic function of the distance as is shown in step 3 of
300 keV case. In this sense we call the turbulence in this region as "anomalous” since it
is different from the ordinary drift-wave theory[4]. These observations are constantly

observed only in NBI plasmas as we discuss later.

3.3. Turbulence in OH plasmas.

The anomalous propagation characteristics of the turbulence observed in the bad-
curvature region (shaded region in Fig. 3(a)) occur only in the NBI heated plasmas. Figure
8 shows the contours of S(k,w) of OH plasmas at 350 and 300 keV cases, where the
anomaly is very prominent in NBI plasma. In this case the turbulence at the shaded
region of Fig. 2(a) propagates into the electron diamagnetic drift direction with the velocity
comparable to the electric rotation velocity. The "anomalous” region changes into the
"normal” region.

By looking at the correlation functions and contours of step 6 in 300 keV case (Fig.
8(b)), we can observe very small shift time of the peaks of the correlation coefficient
functions and the dominance of the component of very small wavenumber in the contour
of S(k,w). The direction of the sample volume array in this case is almost along minor
radius of the plasma as is shown in Fig. 2(a). As is shown in this example, we observe
constantly that the propagation velocity of the turbulence is very sensitive to the angle
between the direction of the array of the sample volumes and the direction along the

minor radius. Accordingly, the assumption of zero phase shift of the turbulence normal



to the magnetic surface in the calculation of the wavenumber along the magnetic surface,

may be justified.

3.4. Turbulence propagating in the ion diamagnetic drift direction.

The contours of S(k,) in step 2 of Fig. 7(a) show the existence of two modes of the
turbulence propagating into different directions although the component propagating into
the ion diamagnetic drift direction is small. It has a clear dip at k = 0, compared to the
other contours of S(k,®), and the fluctuation propagating in the ion diamagnetic drift
directions is clearly observed. This mode is not observable at ohmic plasmas. It also
differs from the mode propagating in the ion diamagnetic drift direction near the plasma
boundary, because this mode has a finite wavenumber of about —1 cm-! and the
frequency of this mode extends up to a few 100 kHz.

Figure 9 shows the correlations and contours with fines steps around step 2 and 3 in
Fig. 7(a). The injection angle at step m of Fig. 8 is 8;3=0.16m — 0.4 , compared to BOm=
0.4m — 0.9 in case of Fig. 7(a). The frequency range is taken from 300 kHz to 300 kHz
to show clearly the Doppler effect of the poloidal rotation velocity on the propagation
characteristics. The S(k,) with + — frequency range clearly shows the existence of the
turbulence propagating into the ion diamagnetic drift directions. The ion diamagnetic drift
velocity which can be determined in Fig. 6 is similar in magnitude to the electron
diamagnetic drift velocity and is small compared to the poloidal electric drift velocity.

This mode may be similar to the core ion mode in TFTR [10] or similar to the ion mode
observed in TEXT high-density OH plasmas by FIR scattering experiment {9] in terms of
the propagation direction and the frequency. The HIBP measurement in the high density
plasmas is impossible in our case because of the strong attenmation of the primary beam.
The ratio of its amplitude of the turbulence propagating in the electron diamagnetic drift

direction is about one fourth as is observed in TEXT.

4. DISCUSSIONS



4.1. Comparison with results from other tokamaks.

So far, the local measurement of density turbulence in a core tokamak plasma has been
performed by HIBP and BES [2-6, 10,11]. The propagation velocity of the turbulence in
the "normal” region measured in this experiment is considerably smaller than the velocity
obtained at the old 500 keV HIBP experiment in the TEXT tokamak [3,4,5]. The TEXT
HIBP measurement showed the phase velocity is about 20 kmy/s, about a factor 4 or 5
faster than the electric drift velocity near the center of the plasma and decreases towards the
reversal layer [3, 5]. The region outside the reversal is not measured in detail. In
addition, in TEXT the dominant wavenumber is found in the region of about kp; = 0.03
or so, while in our measurement, kpj = 0.15, where pj is the ion Larmor radius. The
reason for these differences may be due to the smaller sample volumes in our case, leading
to the measurement of higher wavenumber and smaller phase velocity.

The intensive study of the density turbulence of NBI heated supershot plasmas in
TFTR by BES were reported by Fonck et al [10,11]. They reported the presence of the
3 regions of different characteristics of turbulence. At boundary plasma the edge ion
mode is observed. There is a transition layer between core ion mode and the edge ion
mode, in which the fast electron mode which has the peak at 1 ¢m~! in wavenumber and
has high phase velocity and the edge ion mode are observed. Inthe core region the
turbulence propagates in the ion diamagnetic drift direction in the plasma frame. Our
observation of the edge ion mode by 200 keV beam is very similar to the BES results at
TFTR in terms of low wavenumber smaller than 1 cm™1 and long coherence time. The
long coherence time as long as 50 s was also observed in ASDEX edge plasma, but the
reported dominant wavenumber is about 1 cm—1[25]. This value may be higher that
those from our HIBP and BES measurements.

The transition layer in the very high temperature plasma in TFTR may be similar to
our core plasma with NBI heating in terms of the ion and electron temperature and

density. This prediction is not true. In our case, in the core region of OH plasma, only



the turbulence which propagates slowly in the electron diamagnetic drift direction is
observed. In NBI heated plasma, the turbulence with very small wavenumber is
localized only in the bad curvature region.

The B; and ﬁp are about 0.01 and 1.0 in our NBI heated plasmas studied by HIBP,
since the high density plasma is difficult to study by strong attenuation of the primary
beam. The turbulence of "anomalous propagation” in our case may be by the nearly

perpendicular NBI heating in JIPP T-HU.
4.2. Path integral effect.

The observation of the turbulence with very small wavenumber in our NBI heated
plasma may be caused by non-local effect in the HIBP turbulence measurement (path
integral effect) [26]. The intensity of the secondary beam is described by the following
equation,

T

ap
$7=01,20e(r;)d}; Ipcexp {-j o1,ne(1)dl}exp {-Ir o3,30(Ddl}, (2)
ap i

where g is the position of the sample volume j, and the integrals are along the primary

and secondary trajectories. dlj is the length of the sample volume. Fluctuations of the

plasma density at all the places on the primary and secondary beam trajectories, can

influence s; through attenuation of the primary and secondary beam (path integral effect) as
shown in equation 2. This effect is very universal and occurs in all beam probing

measurements. Linearizing this equation, we can get

BT Y — I —
§ _ne(rp) Krj)[ . o120 4 ! RO 3)
5j (T lap () Jp, e



Since the ratio of the ionization cross-section of the primary beam to that of the
secondary beam ©; 2/ o3 3 is about 3 to 4, the effect on the coupling due to the
attenuation of the primary beam may be larger. The effect of the path integral on the
primary beam trajectory from the plasma boundary to the sample volume 6 should appears
at the k=0 in the S(k,®), since this effect contributes equally and without time delay to
sj, j=1 to 6 as is observed in equation (3). The S(k,®) in the normal region (in the steps
to 2 to 5 in Fig. 7(a) for example) shows only very small irregularities in the contours at
k=0 and we may assume this effect is small. We are able to give a clear experimental
evidence by multiple-sample-volume measurement to the statement that the high-voltage
HIBP are free from the path integral effect if the density is not too high{26]. In the
anomaly region, however, the main component is near k=0 and we have to evaluate the
effect of the path integral effect carefully.

To determine vjhether the path integral effect is dominant or not, we provided new data
5

set of 5 signals, = :—_6—, j=lto5 instead of 6 signals s; , i=1 to 6, and Fourier analyzed
i S6

—~—

two-dimensionally. By this data set, we can suppress the contribution of the path integral

from the plasma boundary to the sample volume 6 (integral on long distance). The path

integral effect due to the integral between each sample volume, 11?*(1)){ ne(rp) opdl } R
) (T,

()

()

where dl is the distance between the sample volumes, is small, compared to , since

{ne(rj) o12dl }<0.1 in these cases. This is also observed in the Fig. 3. The mean values
of the sum signals on the same steps are nearly the same except the difference on the
sensitivity of the detector plates as shown in Fig. 3. Rather large difference in the mean
values of the different steps is due to the fact that the difference in the sweep angle causes
different trajectory to the sample volume. This causes larger difference in the distance of
the trajectory from the plasma boundary to the sample volumes compared to the distance
between the sample volumes in different steps. The attenuation between the sample
volumes in the same step even near the plasma core is not large. Accordingly, the
contribution of the turbulence on the whole trajectory of the primary beam may be

mmportant as was suggested in the theoretical analysis[26], which scales as



——

- / <32>
E"ﬁ{ne(rj) S12 lc} and z Lllc(cn'l'{'n;,f)2 where L1 is the arc length of the

n(r;)

primary trajectory and I is the correlation length. The first term is small as l¢ is
comparable to dl. The second term can be a little larger than the first term because Lyt is
much larger than |, . These contributions can be omitted in this data set.

§": —
Figure 10 (b) shows the contours of S(k,») based on g_l—— g_—ﬁ, j=11t035,in case of
;86

Fig. 7(b), while Fig. 10(a) is based onz—i for direct comparison. Both figures show
j

basically the same characteristics, the dominant mode of very small wavenumber.
Accordingly, we may be able to state that in the "anomalous region” the path integral effect
is not significant.

The path integral effect is more severe in high density case, since the coupling is
through the attenuation. The intensity of the secondary beam is larger and attenuation of
the beamn is smaller (lower local density) in case of step 4 in Fig. 7(b) than that of step 5 of
Fig. 8 (350 keV, OH plasma). Since in OH plasma, propagation is not "anomalous”,
which means that path integral effect is not dominant, the case of step 4 in Fig. 7(b)
should be free from domination of path integral effect.

These differences of the S(k,) in 300, 350 and 450 keV cases in the anomaly region
shows clearly the toroidal (ballooning) nature of the turbulence in the outer region of the
NBI tokamak plasmas. Although our measurement in HIBP is inaccessible to the region
of smaller major radius, because of the collision of the secondary beam with the horizontal
port, there is a large difference in the S(k,w) when the sample volumes are at the bad |
curvature and at the neutral curvature ( the direction of the density gradient makes an angle

of 90 degrees to the direction of the curvature).
CONCLUSION

Our results will be summarized as follows. Multiple and small sample-volume

measurements of the density turbulence and potential profile measurement in JIPP T-IIU



tokamak HIBP showed that in the OH plasma the phase velocity of the turbulence is near
the poloidal electric drift velocity ( Ex/Bt ) except the plasma edge, in contrast to the
previous 500 kV TEXT HIBP results.

It also showed that the tokamak cross-section under nearly perpendicular NBI
heating, is divided into three regions, the low-k edge ion region outside the reversal
layer, the bad- curvature low-k region and the "normal region" where the phase velocity
is near the rotation velocity. The turbulence with small wavenumber in the bad-curvature
region disappears in OH plasmas. In addition, the small component which propagates in

the ion diamagnetic drift direction is also observed in NBI plasmas.
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Figure captions

Figure 1(a). The setup of a heavy ion beam probe for JIPP T-IIU. The lower electrode in
the analyzer is the vessel itself. 1(b). Typical behaviour of the total and kinetic energy of
the primary and secondary beam to illustrate the basic principle of the potential
measurement in the plasma by a heavy ion beam probe. By the increase of the charge
number from 1 to 2 in ionization, the total and potential energy of the secondary beam
increases by e®(rx), where rx is the place where the ionization takes place. Because of
total energy conservation, the kinetic energy of the secondary beam outside the plasma
deviates from the initial energy at the injection by e®(rx). This change of the energy is

measured by an energy analyzer.

Figure 2. Calculated data of position and the shape of 7 sample volumes of the heavy ion
beam probe in JIPP T-IIU when the primary beam ( 450, 350, 300, 250, 200 keV) is
swept in steps by the sweeper at the entrance to the tokamak as shown in Fig. 1 at 3 Tesla
operation. The sweep angle at the poloidal sweeper at step m at 450 keV is 0p,=0.4m-
0.9, and a set of sweep angle of [ -0.5, -0.1,0.3, 0.7, 1.1, 1.5, 1.8] is adopted in this
figure. The expanded view of sample volumes at steps 6 and 7 for at 450 keV beam is

also shown in Fig, 2(b). The beam is assumed to be a parallel beam of the diameter of 1.5

mm.

Figure 3. Raw data of the intensity of the secondary beam currents (sums of currents to the
upper and lower detector plates) from 6 sample volumes, when sample volumes are swept

in steps as shown in Fig. 2. Thallium beam energy is 450 keV and the toroidal field is 3
Tesla. NBI heated plasma.

Figure 4. Electron temperature (a) and electron density (b) profiles measured by YAG

laser Thomson scattering method with the repetition rate of 100 Hz. Profiles at every 20



ms are shown. Those are shifted upwards by 2 keV for (a) and 3x1013cm=3 for (b) to
avoid confusion. The first profile shown here is at 160 ms from the start of the plasma
discharge. The NBI started at 175 ms. Also shown are electron diamagnetic drift velocity
calculated from the data of (a) and (b).

Figure 5. The evolution of the radial potential profile (dashed curve) from startup to NBI
heated plasma in JIPP T-IIU tokamak. The radial profiles were obtained every 2.5 ms by
400 Hz radial sweep and fast 5 kHz toroidal sweep of the primary beam. The profiles at
every 20 ms are shown in this figure. The first profile is about 3 ms after the application
of the toroidal electric field and at the breakdown phase of the toroidal discharge. NBI
starts in this case at 100 ms in this case.

Figure 6. Changes of the ion temperature profiles in NBI heated plasmas measured by a

charge recombination spectroscopy.

Figure 7. 6 correlation coefficient functions pl’j(t), 71,2, 3,4, 5, 6 of the intensity

(sum) of the secondary currents from the sample volume 1 with the intensities from 6
sample volumes (Sj, j=1to 6) at each steps (1 to 6) of Fig. 2. Also contours of

wavenumber/frequency spectrum density S(k,w) of these 6 normalized intensity, i, are
S

also shown. The thallium beam energy is 450 for (a), 350 keV for (b) , 300 keV for (c),
250 keV for (d) and 200 keV for (e). The positive wavenumber in S(k,®) and the shift of
the peak of the correlation curve to negative delay time, correspond to the electron
diamagnetic drift direction. The j-th line in the contour corresponds to the intensity of
max(S(k,m) ) x e7J. The toroidal field is 3 Tesla. The number of the slits of the energy
analyzer is 7 (7 sample volumes) and 1 to 6 sample volume are measured. P1,j(t) is
shifted upwards by j to avoid confusion. In case of (¢) and (d), there is no signals at

sample volume 2 in order to check the total noise level.



Figure 8. 6 correlation coefficient functions p l,j(t)’ j=1, 2,3, 4, 5, 6 and contours of
wavenumber/frequency spectrum density S(k,») of the intensity (sum) of the secondary

currents for OH plasmas. The beam energy is 350 keV for (a) and 300 keV for (b).

Figure 9. Correlation coefficient functions and contours under detailed scan around step 2
and 3 of Fig. 7 (a). The sweep angle is Om=0.16m - 0.4, [ -0.24, -0.08, 0.08, 0.24],
compared to 8,=0.4m-0.9 in case of Fig. 7 (a). The frequency range is expanded to -300

kHz to 300 kHz.

Figure 10. Comparison of S(k,w) without compensation, (a) and with the compensation of

the path integral effect, (b) . 350 keV. InFig. 10 (b}, 5 signals z_—j— z—_6~, i=1,2,3, 4,5 are
i S6

2 dimensionally Fourier analyzed, while Fig. 10(a) is based on Z_—j, j=1to0 6, for
i

comparison. Fig. 10(a) is identical with the contours of S(k,») in Fig. 7(b).

Table 1. Calculated position and length of sample volumes of Fig. 3. The beam radius of
1.5 mm is assumed at the poloidal sweeper at the entrance to the tokamak. Eb is the beam
energy inkeV. r(cm), t1 is the minor radius and angle of the center of SV 3 (the third
sample volume as shown in Fig. 3(b)) at each step. It is assumed the axis is at 93 cm. dl
is the distance between the centers of SV 3 and SV 4. dll is the length of the longer

diagonal of SV 3. 12 is the angle of direction of the longer diagonal.



(8) T 3814
O0-LddIr ur i
(ddIH) 9qoig weaqg uor Larvoyy yo dnjog (*90) TePIOIO

i JERE OTA
QeI T Teord ey ooy N
SderT TeondoepTs
TOTOST3C] .

RR

TOZATeUy AT Towy

(deI1L TeondD) SpoTioaTs Taddry

I01BID[200V A9Y 006

——
—

o o T [ IOTTUOTN
AI0Tg

O O S— K AR}

S[jOIJ Weay

370 Bl
i T01097J9(] [BOLIPUIIAD)




Beam Energy

(kinetic or total)

'\

Total Beam Enerqgy

ad AN VRN AT I ANV EEN RN IR NNE

'I'l.lllill(llll'lllllL

(D)

Potential

Distance along the
Beam Trajectory

Fig. 1 (b)



¢ S

()
(wru) snipex Joley
0°0001 0056
00t
I AS .
/N X 00T
¢ AS
L daS\y [AS
\S AS
A\ b A0
\ (L AS
0 Q\&m’.’
\ ,._i 0'07
\
Qom \
s ™ d 00

()

() snipes Joley

00011 00001 0006

00¢ /

0°00T-

L U5t

T
™~
.
o
-
.
I
el
o
=

=3
L
gt
Fn s
=
=

[

]
—
Vi

Heda1g 0°00C




¢ "3d
(swx) auury,

0Vc 0te 0cc OT¢
________~_~_________Aﬁ\_/_w_______n_

__________*____________ ____________h__________________
—.-.“ -------------------- -—---u-.— --------- nnn-

GAS

09¢ 0G¢

[ a)

*

o O

o O

-’

o O

-]

hhhhh

P W B |

q=
|

U N R S S S

P R |

-

M OO O MO NS NO

Y¥77) s{v7) s1 (v7) s1(v7) s1(v7) s|(v7) SI

(AX 0T

-



e &% 4 a)
=44 4

he &) b a
ot F 4

,
P

L 5

AP

E

h—Y
ES
o 1O O
Ay O
CIN I\

Iy

ads

|aéa‘
O/ IO o
gggff—

9
L

(s/wux)

20

—20 0

z (cm) z (cm)

z (cm)

Fig. 4



3T

(uro) mgwmm poczz

0c¢

667 €GT=97 -
000 1G] =51

T

& w\\%%i

Q\Q [l v

@@ £LT=91 -
obo:; =5

T

7' £61=2% -
00 16]=S7

i

2 o

p'gle=9o7 -
000 T12=5%

713
i

gﬁ:z\ ’

667 £C2=9Y -
000°1£2=5}

(Ax)dA (A)dA  (A)dA  (A)dA  (AS)dA

(wro) mngm JOUT

0c

E

M “
]
-
1

I
%mm =97 1

000 S =51 |

?\\k&@@ E11=9% 1

OP0 TT]=S%

667 651 =97 |
000" 1€ =5}

(AT)AA  (AM)dA  (A)dA  (AF)dA

(AX1)dA



1.0

o0
| i | T e 0
e 1
@~
{1
- ]
| - _ M
—{+-— .
1@ 1
—{ -
v F—{—+-—
% % b— @t ] =
. 4 4 —{ o+ .
n ﬂﬂm 1~} @+ 1
1
bt @ —{J—
¢ U M
o 19— B O
. f—e }———- — O
H—-@ [t | 0.
bt} @t
— 03— ® 1
o
| ] | ] N
% O < N <o
<o ) o <o O
1
(A L

R(m)

Fig. 6



300 keV

350 keV

450 keV

Correlation

3
<t ﬁ-v—écfé?.
LS LT
~— -

QIDOLDOLDO O I D I.D OHNON @ O © O HIN—O—0

C}
SRS

i

L

Q

3

(-wo) P (wo) 1 (. we) P (W) Pl (,. wr2) L (,- W) 1
o < 2 < O
Amvmctlwwmollmvmollvmol c‘:m—tollm
T T T 1T 1T 771 W I\\

—

DOl —Oo —N

o (, um) cll}l (,. wId) d:ﬁ (,. vI0) da« (,. wd) dy {, wDd) (53{ {,. wo) d)[l

o

<iH T L R s Bl

=

8 NN —NOoON SN A0SO = O FHON—OCINFON O FON O

gaoualaqog 20UaJI2YO) 20U3JIaY0 ) S0UIILYO) S0UsI3YL] s2UIISYOD

© gdeys cdeys  pdeys  gdeys zgdeys  1dess
(rwo) i (Lwo) ™ (wo) 1 (W) = (;- o) "L,oﬂ% m:guw

o2 O2~<H o2

,ﬁwvmollwﬁmoll-rmo I <+ © lmmaollm+@oll

i ll;fg T ’ii=§3}if£§3

% = 31{ _:’/j?\\\/é : ;ﬁx

DmO@@ﬂ‘NONﬁ'ﬂ'NON

(,. o) d}1

, T.Ua)

b S R e B AV RS N AV N e B

(,wo) df (, wo) dif

=
Q
21
©
—
<)

o

HREi

(395

1K

;.( NSHOAN~OoOWWHOON—ONFMON O IOON—ONFON O IOON—O

oaoua_xaqo;) 30UBI2YO) 20UaI2(0) 20UIIBYO) 2OUIIYO) 0UAIaYO0)
© 2deys gdeis c¢deys pdeis  gdeys  gdeys
(-wo) A (,.To) 5 (,. uro) " ;. wo) m(\pg w:gtfw (i-@wo) i
02
_— N O | +NnO | mm-qollncu-«oilc&d—toollm e
3 ‘{T T T T T F) e =31 :L
3 F _P(/” L/" g,\l:}?/ é
B R N:
b - 1 ] |
i =N
O N O N O NON GXOFNONY i O meamomo
,o W10 }(,L,,gpuxa-)\dgfg (,. o) ,. WId) d){ (,. o) d)r[l

LS

!

R

1S

s

gd=38

cdalg

ydaig

gdals

PASCEIN

1d938

OHONN—ONHION O IO =OWN FHON ORI O NN~ O
30Ua157QON 30U3ISYO) SOUIAYO) IJUSISY0,) 30UIIaY0)) adUaIsYo)

200
equency (kHz)

(

-10
Dela{ T%me Fr
us

200
Dela{ Time Frequency (kHz)
pns)

0

-10 10

200
quency (kHz)

(a)

—10 10 O

)

C

(b)

Time Fre

s)

Dela(
9

Fig. 7



200 keV

Correlation

— towwol l cowrmol I:owrcxzol lr.o—#cuc ! l:cvmo Il

—=LT T 1

3
v
N

(;- wo) RsS

(- wo) m

(5. Tm2) I}I

(.. wo) 131

(- wro) p{ (, @) 1:1

&+ 0N O I

2
(s T10)

T T T3 1T

=

OIS O W O lOD ol mmﬂmcmvwwmomﬂ' -:rmom
d}{l {,. wo) dy{ (, wo) d::{ (mo) }{ (. ma) }[

(,. o) d}{

)]}

i

)}

)

1))

L)

mwnmﬁcmﬁ-mmv—aomﬁ«mmﬂomﬂnmﬂcmvmmﬂomvmm~—|<:>

20URILAYO) S2TWIIYO) I0WIIIYO) SDOUSISBYO) I0UIIIYO) 0WIsY0))

-—-10 50 90 0
Dela(v Time Frequency (kHz)
)

200

Fig. 7

(e)

250 keV

gdeys  gdeys  pdejs gdeys gdeys  1dess

(,,wo) o (. wo) B (5- wxo) IS ;- wo) o (;- Tx2) Pl (i w2) 158
O
co—&'cxzol ifov}‘NO! |©\:FNO ilwr [V B

141‘1\%‘1{? 7]

<k 3 . _*é% ]

- P
\OOIOOLDO O 0w o lQ OD(D‘I‘NONQ‘CDQ‘ NONFEF O O N DO O 0N
(o) &y (g (0) &t (, wo) dy (, wo) df

o

r LY T
:—‘\K<< K;‘ -
IR O ION O TN OO~ IO =O ) IO — O

)
f
4
%

lmm—coll
LIRS A A B B |

|a

S(k,w

]
L4

¥/

Correlation

280UaIaY0]) S0URAIIYO) SOUAISYO) I0UIIIYO) 20ULILYO) 20UaISYO)

gdeys  c¢deyg  ydojs gdeygs gdeys  1desg

(d)

-10 10 O
Delag7 T)ime Frequency (kHz)
s



300 keV

350 keV

elation

Corr
5
4
3
2
1
0
5
4
3
2
1
0
5
4
3
2
i
0
5
4
3
2
1
0
5
4
3
2
1
0
5

(u)y A (wme) @ (.
jaVa - ] 02 =

osNol lowne | oo ||

Fig. 8

(=TI T T T T T A

-

::§3%3-<

200

(b)

OO0
it &—4
(- mmo) dy

O W O
(.. uro) dx

D HOIO N

(w0} day

1145

Ik

5

s

10

g9da3s

cdays

OGOUSJGC[O:) I2UW2I5Y0H 82U3IL8YO) 20UIYO0)H 20818 0) sdUaIayo)

A EXIN

2) 1

(.
[}
[V t

<

-10
Dela( T)ime Frequency (kHz)
S

1deys

(- 2) ffmo&o‘i‘:ﬂgf

N~ | oSS |

gdeys  gzdejgs

eI
i,
i

T T

l
Ij
200

)
I

(a)

6 H

(i w2)

NSNS TN O N 0O O

dab famaydl (L wo) df (_wo) d (_wo) do

N O N O N

|

SN

Fhae

T

(44959

N

I

gds1s

gdayg

3DUBIIYO) SDUIIIYO) 2I0UITAYO) SOUIISYO) IDUIIIYO) I0UIIYC)

ydeys

-10 10 O

4
3
2
1
0
Dela{ Time Frequency (kHz)
ps)

gdsys  gdeys  1dess



Fig. 9

(. wro) 19 (,- o) 19 (Inﬂlﬁ (- uIO)P'I

— “:3.‘0.‘:’.‘9.C3.<:>v*C"DC“"“:"::%—t o™
MmN = o |1 X o N—-—0o ! | n—w~oco |l | om
S 15 L F T N =P ey e =
= Eﬁf_%&/ g
==y = &
'M"> 4 % _if_’\o g
245 B S | 2
- — o
m__g\k _\“ __\\/:_ - o 9
!!! b :fT/ . /)/s“é._ = el O =
c:oco:rcuoc?z:lr cocovc\zoc;z\?* cozoﬁ*moo[zwﬁ:a = LO °I'~’
g (b, wo) dy  (,_wod) dy (L, wo) djy (. uwod) d}{ —
'HDQ‘W‘ Y AT 7 ] 03
-+ i —
Cﬁ' ] w
— t 1 1 4 =
OB | =
» ‘ ‘2 >,
Omwmm-—*omwmm-—qo\owﬁo‘am—eomﬂmm—aoI,ﬂ
D
O 920ULJI3YO0)) 20UDIdYO0) 30USISYO0) 20UdI2YO)H [~

ydels gdeys zdels 1d93s



Fig. 10

(- wo) Pf (. uw) P (- wR) 11 (W) i (- wo) [

o < —O20 — NPV~ o
o | Il =ol | o < I oot | oN

;//‘ li/ s IE),L_RLS\

| é 4
'ﬂ |

> I VL l.\Q, D

ﬁ‘NONﬁ@NHDTNmﬁOv—im N—O—=N N—O—N
I I} I bl bl I i

(,. wxo) df (,_wro) dx] (. wro) dx (,_wo) d (. o) dy
gde1s gde)s yd=s gdeys zda1s

Freqllg)gncgyo?kﬁ

)

(. wo) T (o wo) P (- wd) 1 (- wo) P (- wo) B

o2 o —O OO S —
I 0 © Toonw=oe | lcg——oo | |

| NIZAR= A lg%
> S
O o5

-
=

cD:i‘NOC\lITﬁ*NOC}IﬂC\I c:c?—\# N © c\lle* N o C\ll

(,. o) dx (,_wo) di (. wo) dy (,_wod) di (,_wod) dx

gdoyg gde3s ydaag gdeys 2deis




Eb Step r{cm)  tl(deg.) di{cm) dll(cm) t2(deg.)

200 1 20.76 18.65 0.56 0.47 -60.74
200 2 20.98 11.74 0.50 0.42 -55.03
200 3 21.61 5.96 0.46 0.38 -48.96
200 4 22.52 1.28 0.44 0.36 -43.71
200 5 23.64 -2.42 0.42 0.34 -37.83
200 6 24.91 -5.25 0.41 0.33 -32.711
250 1 20.44 46.99 0.94 1.82 -82.52
250 2 17.05 30.39 0.63 1.13 -74.18
250 3 16.26 14.77 0.50 0.88 -66.38
250 4 16.94 2.08 0.44 0.74 -58.28
250 5 18.46 -7.07 0.40 0.66 —49.53
250 6 20.44 -13.14 0.38 0.61 -40.17
300 1 42.33 -12.90 52.58 105.17 10.13
300 2 14.87 43.45 0.80 .73 -76.82
306 3 12.47 21.89 0.59 0.54 -69.18
300 4 12.60 1.73 0.50 0.44 -61.70
300 5 14.19 -12.59 0.44 0.39 -54.24
300 6 16.44 -21.32 0.40 0.35 —46.10
350 1 19.69 67.59 1.60 1.64 -88.59
330 2 13.57 56.48 0.92 0.8 -81.40
350 3 10.28 40.51 0.70 0.65 -75.54
350 4 8.83 19.76 0.58 0.53 -70.28
350 5 8.92 -0.84 0.50 0.47 -65.36
3350 6 10.06 -16.38 0.45 0.2 -60.86
450 1 21.00 82.91 2.55 3.03 85.67
450 2 14.19 81.66 1.26 1.32 -88.40
450 3 10.03 78.76 0.93 0.94 -84.19
450 4 6.83 72.89 0.75 0.76 -80.81
450 5 4.31 59.88 0.65 0.66 -~77.75
450 6 2.70 27.75 0.57 0.58 -74.70

Table 1.
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