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Strong turbulent waves (dn/n ~0.5, f ~5-40 kHz) are observed in the upgraded Large Plasma
Device [W. Gekelman, H. Pfister, Z. Lucky, J. Bamber, D. Leneman, and J. Maggs, Rev. Sci.
Instrum. 62, 2875 (1991)] on density gradients produced by an annular obstacle. Energetic lithium
ions (Efus/ T > 300, pfm/ ps ~ 10) orbit through the turbulent region. Scans with a collimated
analyzer and with probes give detailed profiles of the fast ion spatial distribution and of the
fluctuating wave fields. The characteristics of the fluctuations are modified by changing the plasma
species from helium to neon and by modifying the bias on the obstacle. Different spatial structure
sizes (Ly) and correlation lengths (L.,,,) of the wave potential fields alter the fast ion transport. The
effects of electrostatic fluctuations are reduced due to gyro-averaging, which explains the
difference in the fast-ion transport. A transition from super-diffusive to sub-diffusive transport is
observed when the fast ion interacts with the waves for most of a wave period, which agrees with

theoretical predictions. © 2011 American Institute of Physics. [doi:10.1063/1.3622203]

I. INTRODUCTION

The transport of fast ions in electrostatic microturbu-
lence is important in natural and laboratory plasmas. Fast
ions are ions with much larger energy than typical thermal
plasma ions. In magnetically confined plasmas, fast ions can
be generated by fusion reactions and by auxiliary heating.
The confinement of fast ions is critical in fusion experiments
approaching ignition. The question of whether and to what
extent these fast ions are affected by electrostatic microtur-
bulence has attracted growing interest in recent years. While
a number of simulations'™ reported fast ion transport in slab
or toroidal geometry, the experimental study on this topic is
very challenging because of the difficulty in diagnosing the
fast ion population and turbulent wave fields accurately. Ex-
perimental results reported in tokamaks confirms that, in the
high energy regime (the ratio of fast ion energy to thermal
ion energy Ej,/T; >> 10), ions are well confined in electro-
static microturbulence (see, e.g., Ref. 5 and references
therein). But anomalous transport at small Ez,,/T; has been
reported.>'® However, quantitative comparison between
tokamak experiments and simulations is difficult due to the
indirect and limited fast ion diagnostic abilities in hot plas-
mas. Several experimental works'' ™ in a basic linear device
reported that ion heating and transport is enhanced under
large electrostatic fluctuations. Measurement of energetic
particles in a toroidal magnetized basic plasma device (TOR-
PEX) has also begun.'*'”

The fast ion campaign at the upgraded Large Plasma
Device!® (LAPD) at the University of California, Los
Angeles has been focused on understanding fast ion transport
mechanisms in various background waves in a basic linear
device. Several experiments has been conducted and re-
ported, including study of fast ion classical transport'’ and
study of Doppler-shifted resonance of fast ions with linearly'®
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or circularlyl() polarized shear Alfvén waves (SAW). LAPD
provides a probe-accessible plasma with direct and accurate
diagnostic tools. Its large dimensions, which are comparable
to magnetic fusion research devices, accommodate long-
wavelength modes and large fast-ion gyro-orbits.

In this paper, we report the direct measurements of fast-
ion transport in the presence of electrostatic waves with vari-
ous characteristics in the LAPD. An earlier work®° reported
the energy scaling of fast-ion transport in drift-wave turbu-
lence induced by a half-plate obstacle. However, the fast-ion
orbits were only partially immersed in waves due to the
geometry of the obstacle, and the wave characteristics were
not modified. In the current experimental setup, the gyro-ra-
dius is kept constant, and the dependence of the fast-ion
transport on the background turbulent wave characteristics,
such as correlation length and perpendicular wavelength, are
studied. An annular obstacle is placed in the LAPD chamber
to block primary electrons from the cathode-anode source.
The obstacle induces large density gradients with cylindrical
geometry downstream and destabilizes the waves. Modifica-
tion of wave characteristics is done by changing the plasma
species and by biasing the obstacle at different voltages.
Coherent and turbulent waves with various mode numbers
are observed in helium and neon plasmas. The approach to
study the fast ion transport in these waves is to launch a test-
particle fast ion beam with narrow initial radial width. The
trajectories of the fast ions orbit through the potential struc-
tures of the turbulent waves. A collimated fast ion collector
is inserted into the chamber at various distances away from
the ion source to collect fast ion signals.

Here we summarize the primary results reported in this
paper. The fast ion beam cross-field transport measured for
coherent waves (with long azimuthal correlation length and
coherent mode structures) is at the classical level, indicating
that wave-induced transport is small due to the large gyro-orbit

© 2011 American Institute of Physics
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FIG. 1. (Color online) Schematic of
LAPD including the annular obstacle,
the lithium ion gun, and the ion collec-
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tor. The ion collector is inserted at vari-
ous axial locations to study the spatial
dependence of the beam transport. The
ion gun and collector are axially aligned
and operated at the same pitch angle.
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Fast ion beam orbits are helical and fully
overlapped with the steep gradient
region.

of fast ions. Fast-ion transport increases in waves that have a
larger scale size. Turbulent waves (with short azimuthal cor-
relation) induce more fast-ion transport than coherent waves
when the wave scale sizes are about the same. The time vari-
ation of fast-ion beam diffusivity indicates that a transition
from super-diffusive to sub-diffusive transport occurs when
the fast ion interacts with the waves for most of a wave pe-
riod. The observed experimental results are explained well
both by gyro-averaging theory and by a Monte-Carlo test
particle following code. This paper mainly describes the
fast-ion beam behavior in various electrostatic wave fields,
while a companion paper will present detailed analysis on
the wave instability and associated thermal transport modi-
fied by the bias-induced edge shear flow and the strength of
the axial magnetic field.

The organization of this paper is as follows: The experi-
mental setup and basic plasma parameters are introduced in
Sec. II. Major experimental results including measurement
of fast ion transport in background waves with various corre-
lation lengths (L.,,,) and structure sizes (L) are reported in
Sec. III. In Sec. IV, the time dependence of the observed fast
ion beam diffusivity is discussed. Conclusions are drawn in
Sec. V.

Il. EXPERIMENTAL SETUP
A. Overview

The experiment is performed in the upgraded Large
Plasma Device (LAPD) at UCLA. LAPD is an 18-m-long,
1-m-diameter cylindrical vacuum chamber, coaxial with 56
solenoid magnetic field coils. The axial magnetic field in this
experiment is uniform with B, ~ 1200 Gauss. Pulsed plas-
mas with ~10 ms duration are created using a barium oxide
coated cathode source at 1 Hz repetition rate. During the
pulse time, a 40-60 V bias is applied between the cathode
and anode, resulting in ~4 kA of discharge current. Primary
electrons with energy comparable to the cathode-anode bias
voltage are generated during the discharge. These primary
electrons flow downstream along the axial magnetic field
lines and lead to ionization in the main chamber. The plasma
column has a diameter of <70cm. The working gases used
in this experiment are helium and neon. Typical parameters

during the active discharge in a helium plasma (at a fill
pressure of ~2 x 107*Torr) are n, ~ 2.5 x 102cm™3,
T,~5¢eV, T; ~1eV. Measurements of plasma density,
floating potential, temperature, and their fluctuations are
made using Langmuir probes.”' The experimental setup is
shown schematically in Fig. 1. A copper, annular obstacle
with inner radius of 6 cm and outer radius of 10 cm is
inserted upstream (port 29), concentrically with the plasma
column. When placed, the obstacle blocks the plasma-form-
ing primary electrons parallel to the magnetic field, and sig-
nificantly decreases the downstream plasma density. A steep
density gradient, along with large density fluctuations, is
observed on the inner edge region of the annular depletion.
Figure 2 shows a typical radial profile of the plasma density
n, and root-mean-square (rms) of ion saturation current /g,
fluctuation amplitude measured 0.3 m downstream from the
annulus during the ~10 ms plasma discharge. The annular
obstacle is either floating or positively biased relative to the
LAPD anode using a dc biasing power supply.

The lithium ion gunzz’23 is inserted into the LAPD
plasma at port 35 with variable pitch angle to the axial mag-
netic field. The initial width of the lithium ion beam is lim-
ited by the exit aperture of the gun (~5 mm), while the beam
energy is set by the biasing voltage between the lithium
emitter and the molybdenum grid on the aperture. The fast
ion energy in this experiment ranges from 300 eV up to 600
eV. The angular divergence of the beam is ~=*5° with
energy divergence ~5 eV. The ion beam trajectories are heli-
cal: parallel motion along the magnetic field with constant
velocity v,, and gyro motion perpendicular to the magnetic
field. The gyro-radius of the beam perpendicular motion is
set to be 5.7 cm, which is slightly smaller than the inner ra-
dius (6 cm) of the annular obstacle (red dashed line in Fig.
2(a)). Thus the beam trajectories fully overlap with large
plasma density and potential fluctuations. A collimated fast
ion collector is inserted at three axial locations (port 31-33,
with axial distance of 64-128 cm from the source) to measure
the beam spreading as a function of its time-of-flight in
waves. The fast-ion orbit is carefully designed so that the
fast ions finish integer number of orbits before they are col-
lected. In this way, the initial slightly divergent beam is refo-
cused at each observation point. The lithium ion source and
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FIG. 2. (Color online) (a) Schematic of the LAPD end-view. Fast ion gyro-
orbit (dashed line) overlaps with the steep gradient region. The copper obsta-
cle can be biased positively related to the LAPD anode by an external power
supply. (b) Typical plasma density profile. (c) Typical root-mean-square
(RMS) fluctuation of the ion saturation current.

collector were tested and successfully used in several previ-
ous experiments.'®°

B. Waves associated with an annular obstacle

124 125,26

Several theoretical™ and experimenta works in
LAPD are focused on characterizing the so-called drift-
Alfvén waves associated with steep density gradient. In the
current experiment, the observed plasma density gradient
0.3 m downstream from the inner edge (x = = 6 cm) of the
obstacle has a transverse scale length L, = |VInn|™'
~ 2cm (the background ion sound gyroradius in helium
plasma is p,=0.6cm, and the ion gyro-radius
p; ~ 0.24 cm). The typical plasma density and potential
fluctuations observed have similar amplitude
(0n/n ~ e¢p/kT, ~ 0.5). The parallel wavelength 7 of the
fluctuation is measured by two Langmuir probes aligned axi-
ally and separated by 2.2 m. A phase difference of 50° is
observed between the I, signals of the two probes, indicat-
ing that A4 ~ 15 m, which is comparable to the LAPD
machine length. The long and finite parallel wavelength is
expected in a drift-wave like turbulence. Measurements with
a B-dot probe indicate that the fluctuation in ambient mag-
netic fields is 6B/B ~ 0.2%.

Phys. Plasmas 18, 082104 (2011)

Several means are employed to change the wave charac-
teristics such as mode numbers (m) and spatial correlation
length (L.yy). Driving azimuthal E x B flow has been
reported as an effective way to modify the LAPD edge turbu-
lence in a wall-biasing experiment.” A similar setup is used
here to bias the annular obstacle positively relative to the
LAPD anode. With the obstacle biased, a plasma potential
gradient is observed downstream and large E x B drift in the
azimuthal direction is driven (vgxp /vy ~ 0.5, where v, is the
ion sound velocity, measured using a Mach probe). Other
ways to modify the wave scale size are to use different
plasma species and to modify the amplitude of the axial
magnetic field. Density and potential fluctuations under a
broad range of the obstacle biasing voltage, plasma species,
and axial magnetic field strength have been documented, and
several typical cases with varied scale lengths are selected
for the fast-ion transport study. A detailed discussion on the
wave instabilities and the associated thermal transport is
reported elsewhere,”® so only a brief summary is given here.
In cases with low obstacle-bias voltage (V},,s) and large axial
magnetic fields (B;), improved thermal plasma confinement
is observed, along with steeper edge density gradients. The
radially sheared flow induced by E x B drift dramatically
changes the cross-phase between density and potential fluc-
tuations, which causes the wave-induced particle flux to
reverse its direction across the shear layer and forms a trans-
port barrier. In cases with higher V., or smaller B., large ra-
dial transport and rapid depletion of the central plasma
density are observed. Two-dimensional cross-correlation
measurements show that a mode with azimuthal mode num-
ber m = 1 and large radial correlation length dominates the
outward transport in these cases.

Three typical wave conditions with different azimuthal
correlation length L., and potential structure scale length L
(parameters listed as cases (A)-(C) in Table I) are chosen for
the fast-ion transport study: (A) in helium plasma with the
annulus floating; (B) in helium plasma with the annulus bi-
ased at 100 V relative to LAPD anode; and (C) in Neon
plasma with annulus biased at 75 V. Figure 3(a) shows a
two-dimensional (2D) cross-field correlation function for /g,
fluctuations in case (A), measured using two triple probes
separated along the magnetic field by 0.3m. L, is defined
as the azimuthal scale length of the wave cross-correlation
function, and L; ~ mp,/m is the scale size of a wave density/
potential structure, with 7 the average mode number and py
is the fast-ion gyroradius. In fully turbulent fluctuations,
Leorr ~ Lg (case (B)), while in coherent waves L, can be
much longer than L; (case (A)). It is assumed here that
density and potential fluctuations have similar scale size in

TABLE 1. Wave characteristics for the four cases with complete fast-ion
data.

Case # Plasma Vupuies (V) 10(x102em™) dn/n ep/kT, m Lg(cm) Ly, (cm)

A Helium Floating 22 055 046 7 26 23
B Helium 100 2.0 053 048 7 26 6
C Neon 75 1.4 035 047 2 63 19
D Helium Floating 2.0 030 030 7 26 7
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drift-wave like turbulence. The power spectrum contours and
2D correlation functions of Iy, in all three cases are com-
pared. In helium plasmas, when the annulus is floating (Fig. 3),
the observed waves are very coherent, with mode number
dominated by m = 6 — 8 (L; ~ 2.6 cm), and have relatively
long azimuthal correlation length (L., ~ 23 cm). When the
annulus is biased to 100 V, the waves (Fig. 4) are more tur-
bulent. The azimuthal correlation length is changed signifi-
cantly (L., ~ 6.cm), and the I, power spectrum is closer to
broadband. L; in this case is similar to case (A). In neon plas-
mas with 75 V bias on annulus, waves with mode number
m=1-3(L; ~63cm) and long azimuthal correlation
(Leorr ~ 19 cm) are observed (Fig. 5).

lll. FAST-ION TRANSPORT IN VARIOUS
BACKGROUND WAVES

A. Observed beam broadening in waves

A "Li ion beam with energy E = 575 eV and pitch angle
Opiren = 48° is launched and collected at several positions
(64 cm, 96 cm, 128 cm away from the source) to obtain the
beam transport due to the background waves that were
described in the previous section. Beam 2D profiles are
obtained by time-averaging over the collector signal taken at a
selected spatial grid. The broadening of the beam profiles in
the radial (along the gyro-radius) direction indicates cross-
field transport. The spatial-averaged radial profile is fitted into
a Gaussian function to quantify the beam full-width at half-

maximum (FWHM). The beam broadening in the azimuthal
direction (along the gyro-orbit) is not accurately measured,
due to the limited angular acceptance of the collimated collec-
tor.”® Thus only the radial profiles of the beams are analyzed.
To quantify the fast ion transport due to interaction with
drift-wave turbulence, the classical transport by Coulomb
collisions with the background plasmas (dominated by ion-
ion pitch angle scattering) is estimated and subtracted. The
classical diffusion of fast ion beams in LAPD is well under-
stood!” and a Monte-Carlo (MC) code simulates the beam
broadening due to classical effects. Another indicator of the
classical diffusion effect is the beam FWHMs in early after-
glow plasmas (<10ms after the discharge ends). When
LAPD discharge is terminated, the electron temperature (7,)
decays rapidly, while the plasma density (n,) drops on
a much slower timescale. In the early afterglow (n, drops by
<20%, T, < 1eV), the ambient plasma is quiescent relative
to the active discharge, and fast-ion cross-field transport is
mainly due to classical Coulomb collisions. The beam
FWHM measured in the early afterglow is compared with
the simulation result obtained by the MC code and shows
good agreement in both helium and neon plasmas (Fig. 6).
Fast ion beam profiles in LAPD active discharges
(e ~ 2.5 x 10”2 cm™3, T, ~ 5eV) indicate both classical
transport and transport due to interaction with low-frequency
wave potential fields. Beam profiles in various background
waves (cases (A)-(C)) are compared (Fig. 7). When the back-
ground waves are azimuthally coherent and with a large
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0.08 FIG. 5. (Color online) (a) Two-dimensional cross-field
correlation function for /g, in case (C). (b) Contour of

0.06 the spatially resolved wave spectrum for this case. The
dominant modes are m=1/-3.
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mode number (case (A), red triangles), the beam radial
FWHMs are comparable to the classical transport level, indi-
cating that the wave induced transport is very small. In con-
trast, when in waves with small mode number and large
structure size (case (C), blue diamonds), beam radial
FWHMs greatly exceed the classical diffusion level, indicat-
ing that wave-particle interaction dominates the beam broad-
ening. Two cases with similar averaged mode number, but
very different correlation length L., (cases (A) and (B))
also have different levels of transport. A more broadband
wave with shorter L., (case (B), red circles) induces larger
beam broadening.
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FIG. 6. (Color online) Spatial-temporal evolution of the fast-ion beam full-
width at half-maximum (FWHM) in LAPD afterglow in Helium (square)
and Neon (diamond) plasmas. Classical diffusion levels in these cases
(dashed lines) are simulated by a Monte-Carlo code and agrees well with the
experimental data.
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B. Reduced fast ion cross-field transport
by gyro-averaging

The difference of beam broadening in various back-
ground waves can be explained by the gyro-averaging effect.
It is predicted'? that fast ion transport in electrostatic waves
is much smaller than that of thermal ions because the large
orbit size phase-averages over turbulent potential structure
which typically has a scale length comparable to the thermal
ion gyro radii.*” The gyro-averaged electrostatic potential is

o(x) = Z dre™ o (kpy), ey
k

where ¢, is the potential in k space, p; is the fast ion gyro ra-
dius, and ¢ is the potential that is reduced by averaging over
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FIG. 7. (Color online) Spatial-temporal evolution of the fast-ion beam
FWHM during LAPD discharge when the fast ions overlap with the waves
described in cases (A)-(C). The simulated classical diffusion (dashed lines)
is also plotted.
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the gyro-orbit. The equation shows that the gyro-averaged
potential depends on the amplitude and spatial spectrum of
fluctuating potential (¢,), and the ratio of fast-ion orbit size
(py) to wave potential structure size (k~1). In this paper, ex-
perimental results regarding the dependence of fast-ion
transport on these parameters are discussed.

In the previous shear-Alfvén-resonance experiment, it
was reported that the fast ion beam is weakly affected by
magnetic fluctuations with 6B/B ~ 1% unless the Doppler-
shifted cyclotron resonance condition is satisfied." There-
fore, in this investigation, the beam broadening due to
magnetic fluctuation can be neglected, and the ambient wave
can be treated as electrostatic. Two effects could induce fast
ion cross-field transport in low-frequency electrostatic
waves: the change of fast ion gyro-radius due to energy
exchange with waves, and the gyro-center (GC) drifts due to
turbulent electric fields. One may estimate the energy
exchange between fast ions and the wave potential during
one gyro orbit by

OE, ~ ed¢p ~ kT, - on/n ~ 0.5kT,,
and the resulting change in gyro-radius is

5o L PE+OE)  E.
b Q My My

e

K
~ by~ 0.0035p; ~ 0.02¢m.

And the gyro-center £ x B drift during one gyro-period is

ol ~ V_&(}S2_7r ~ 0.2cm.
By Qf

So the fast ion beam broadening is mainly the result of the
gyro-center drifts in the electrostatic wave potential.

The predicted effect of the gyro-averaged fast ion gyro-
center drifts are illustrated by plotting a test particle GC tra-
jectory (Fig. 8) in an experimentally measured coherent
wave field (waves in case (A)). Due to the time scale separa-
tion between the fast ion cyclotron frequency and the charac-
teristic frequency of the waves (€ >> wpw), the fast-ion
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FIG. 8. (Color online) The trajectory of a test particle gyro-center (GC) in
coherent wave potential fields. The potential structure is inferred from the
cross-correlation function of /,,, for case (A).
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samples nearly static azimuthal potential structures during
each gyro-orbit. The scale length of the test particle GC drift
through one potential structure is ~ 0.2 cm. In waves with
long L.y, the E x B drifts cancels each other when the
beam orbit passes through the coherent potential structures.
So the total drift averaged over the gyro-orbit is greatly
reduced compared to that in a stochastic potential field.

An estimate of the gyro-averaging effect in different
observed background wave fields is illustrated in Fig. 9. The
wave potential structures for cases (A)-(C) are modeled by

(r—ro)’

o(r,0,1) = Z ¢, - sin(mb + wt + 0y)e “ 2)

with m = 6 — 8 for case (A) and m = 1 — 3 for case (C).
Nonlinear simulation is required to model the fully turbulent
potential fields in case (B). However, the effect of the turbu-
lent waves to the fast-ion transport can be demonstrated
roughly by waves with more modes (m =5 — 9). The aver-
aged potential ¢(r,0,1) over a gyro-orbit is obtained using
Eq. (1). The wave amplitudes in all cases are kept the same.
The ratios of fluctuating amplitude after gyro-averaging to
the original amplitude (|¢ an.cl/|®ol) indicate the effective-
ness of the gyro-averaging for different wave characteristics.
For case (A), |¢p4l/|¢ol <0.1%, indicating a large
reduction of fast-ion-sampled wave amplitude due to the
coherency and small scale size of the waves. For case (C),
||/ |bo| ~ 5%, which shows that waves with larger scale
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FIG. 9. (Color online) (Left) Wave potential fields with characteristics simi-
lar to the experimental cases (A)-(C), modeled by Eq. (2). (Right) Original
potential fluctuation (black dashed line) and fluctuation after orbit-averaging
(red solid line) over the indicated gyro-orbit.
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size contribute more to the fast-ion transport. The fast-ion
transport in fully turbulent waves (case (B)) is expected to be
enhanced compared to that in coherent waves with the same
scale size. Because of the short decorrelation length of the
turbulent structure, fast-ion guiding-center £ X B drift in tur-
bulent waves is more stochastic. A rough estimate by calcu-
lating the averaged |¢j| in potential fields with m =5 —9
shows that |dp|/|¢o| ~ 0.2%, which is larger than [¢, /||
and is consistent to our expectation. The analysis above indi-
cates that the scale size (or average mode number 72) of the
waves is the major influence factor on the gyro-averaging
effect, while turbulent waves induces more fast-ion transport
than coherent waves when 7 is about the same for the two
cases. This agrees well with the experimental results.

IV. TIME DEPENDENCE OF FAST ION DIFFUSIVITY
IN WAVES

A. Observed transition from super-diffusive
to sub-diffusive transport

The perpendicular diffusivity (D) of the fast-ion beam
in background electrostatic wave fields is generally space
and time dependent. In our analysis, the spatial dependence
of D, is neglected because the turbulent wave structures
observed in this experiment have a parallel wavelength
much longer than the axial distance travelled by a fast-ion
(/l” ~ 15m, while the maximum axial distance a fast-ion
travels is ~1.27 m). Thus the background wave structure is
approximately flute-like, and D, only depends on the fast-
ion time-of-flight in waves. The time-dependence of the fast
ion beam diffusivity can be generally written as D o /. In
diffusive transport, D, is independent of time and y=0.
Transport with 7> 0 is described as super-diffusive, while
transport with 7 <0 is sub-diffusive. In the current experi-
ment, the modification of the fast-ion gyro-radius due to its
energy change can be neglected, as discussed above. Thus
the time variation of the collected beam FWHMs directly
reflects the transport of the fast-ion gyro-centers. Two impor-
tant characteristic time scales®® decide the nature of the fast
ion diffusivity in low-frequency electrostatic waves: the
wave-particle decorrelation time (z.), and the time scale for
the waves to change their phase (1,,). Here, 1), ~ L, [Var is
defined as the phase changing scale time of the wave struc-
tures, where L, is the averaged azimuthal potential scale
length and v, is the wave azimuthal phase velocity. In
coherent waves, 1, is comparable to half of the wave period
(/). Since the fast ion cyclotron frequency is much larger
than any of the wave timescales, 1, is also the amount of
time that a fast ion samples the same phase of the wave.
When the fast ion time-of-flight in the waves is short
(Ty << 1), the background wave can be treated as a static
potential field, and the fast ions sample the same wave fields
during every gyro-orbit. The collective beam transport is
then super-diffusive, with diffusivity linearly growing with
time (D, oct). When Ty ~ 1,,, sub-diffusive transport is
expected: The fast ion starts to sample different phases of the
wave potential, and D | decreases with time. Diffusive trans-
port (D, = const) only happens when the fast ion orbit is
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fully decorrelated with the initial wave field (Ty > t.) and its
motion in the waves becomes stochastic.

The time dependence of the fast-ion transport in drift
waves associated with a plate obstacle was discussed in an
earlier publication.?® Super-diffusive (ballistic) transport was
observed, since the fast-ion time-of-flight in wave was much
shorter than any of the wave time scales. In other words,
long-time wave-particle interaction was not achieved. In the
present experiment, the ion gun and collector are operated in
a slightly different manner so that the fast ion beam samples
the waves for a longer time. The axial distance of fast ion
travelling in the waves is limited by the distance between the
ion gun and the obstacle (~1.5 m). However, the wave-parti-
cle interaction time can be varied by increasing the pitch
angle of the ion beam while keeping p; a constant (Fig. 10).
Since the fast ion cyclotron frequency (£) is constant, the
time-of-flight of the fast ion before it is collected is

L L
7}:—:

————1a
Vz '\/ZEL/MLI"F

where L is the total axial distance between the ion gun and
collector and 0., is the pitch angle of the fast ion beam.
The fast ion perpendicular energy is kept constant at
E| =320eV, (with p; = 5.7cm) so that the beam trajecto-
ries always overlap with the same wave field. By operating
the gun at higher pitch angles (up to ~ 80°), the fast ion
time-of-flight in the waves is greatly extended.

Fast ion beam profiles with the averaged number of
gyro-orbits gy, = 4 ~ 22 are obtained in helium plasmas
with the annular obstacle floating. The fast-ion gun is located
at port 35, while the collector is at port 31. The axial distance
between the gun and the collector is fixed at 128 cm. wave
parameters in this data set are listed in Table I (case (D)).
Notice that with the same experimental setup as case (A), the
drift waves have the same azimuthal scale length, but are
more broadband in this case (Fig. 11). This is possibly due to
varied plasma conditions at different experimental run times,
since a newly conditioned cathode was installed in the
LAPD before this run. Beam FWHMs both in the active dis-
charge and in the afterglow are obtained. In addition, beam
profiles with no obstacle in the plasma are also measured, for

n(gpitch) )
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FIG. 10. (Color online) Schematic of the ion source and collector setup for
two cases with different fast-ion time in the waves. (a) Ty = 41, (b)
Tf' = 8‘5“‘.
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which the classical transport dominates. Both the beam Ty
. . W —W? =2 Dydt 3)
FWHMs in the afterglow plasma and with no obstacle agree FWHM classical 0 W

well with the simulated classical prediction of the MC code.
However, in active-phase plasmas with large fluctuations,
the beam FWHMs exceed classical levels (Fig. 12). To quan-
tify the fast-ion diffusivity, the beam FWHM? is plotted
against Ty, with the classical transport effect subtracted (tri-
angles in Fig. 13). Since the fast ion gyro-period t; is a con-
stant, the fast-ion time-of-flight in the waves is also

proportional to the number of gyrations it travels
(Ty = ngyro - 7). The beam widths satisfy
Time of Flight (us)
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FIG. 12. (Color online) Fast-ion beam FWHM versus number of gyro-orbits
in active discharge (diamonds), afterglow (triangles) and with the obstacle
removed (squares). Beam FWHMs both in afterglow plasma and with obsta-
cle removed indicate classical transport effect, and agree well with the
Monte-Carlo simulation result. Beam FWHMs in active discharge reflect
both classical and wave-induced transport.

where Wrwmy is the beam FWHM in waves, W ugsicar 1S the
beam FWHM due to classical transport, and Dy is the fast-
ion perpendicular diffusivity in waves. When plotted versus
time, the slope of (W2 — W) indicates the ampli-
tude of Dy due to wave-particle interaction. A clear flatten-
ing in the data occurs for a gyration number of 6-8 and
Ty ~ 25ms. This indicates that Dy (7) has a significant drop
(in Fig. 13, Dy (t) ~ 0 at ~25 pus) with time and the transi-
tion from super-diffusive to sub-diffusive transport occurs.
The time scale for transport to be sub-diffusive is estimated
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FIG. 13. (Color online) Spatial-temporal evolution of the fast-ion beam
FWHM? — FWHM?,;..s Versus number of gyro-orbits for case (D). Data
are collected with the collector at port 31 (triangles). A test-particle simula-

tion result (red dash-dotted line) agrees well with the data.
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as  Tpp ~ Ly/va4 ~ 26 us, which agrees well with the
observed sub-diffusive time scale.

B. Test particle simulation results

Monte Carlo test-particle simulation results clearly pre-
dict that the sub-diffusive transport due to wave phase varia-
tions should be observable. First, a single particle GC
position is followed in measured wave fields for 12 gyro
periods (Fig. 14). The time-dependent wave structures used
in this simulation is inferred by the measured cross-field cor-
relation function of the Iy, signal, and normalized to the
maximum potential fluctuation amplitude. GC motion is ini-
tially ballistic (for n,y.,, < 4), drifting in the same direction
with nearly constant step length during each gyro-orbit. This
indicates that when the fast ion orbit samples approximately
the same wave phase, the corresponding beam transport is
super-diffusive. At ngy,, > 4, phase changes of the back-
ground potential due to the diamagnetic and E x B drifts
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FIG. 14. (Color online) Simulation of the gyro-center drifts of a single parti-
cle during 12 gyro-periods in experimentally obtained wave structures.
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start to affect the particle trajectory, induces a backward GC
drift, and the corresponding beam transport becomes sub-dif-
fusive. A full simulation of the same effect is performed by
following 50 000 test particles with random initial wave
phases. The simulated beam FWHMs (dash-dotted line in
Fig. 13) are normalized (to the maximum FWHM observed
in experiment) and compared with experimental data. Flat-
tening of (Wayum — Wassicas) 18 @ls0 seen in the simulation,
at the same time scale as the experimental result. This result
agrees well with the theoretical explanation for sub-diffusive
transport.

V. CONCLUSIONS

In this experimental work, turbulent waves associated
with large density gradients and drift flow shear is observed.
Direct measurement of fast ion non-classical spreading in the
background waves quantifies the fast-ion cross-field trans-
port due to interaction with low-frequency electrostatic wave
potential fields. The background wave characteristics are
modified by switching the working gas from helium to neon,
and by altering the biasing voltage on the annular obstacle.
Fast ion beam spreading in several typical cases shows that
waves with larger spatial scale size (smaller mode number)
cause more fast-ion transport; and with similar potential
scale size, the coherent waves cause less fast-ion transport
than turbulent waves. The difference in fast-ion transport is
well explained by gyro-averaging effect: The averaged wave
potential fluctuation amplitude is reduced due to the large
fast-ion orbits, and the averaging effect depends on the
coherency and structure scale sizes of the waves. When the
fast ion interacts with the wave for most of a wave period, a
transition from super-diffusive to sub-diffusive transport is
observed, as predicted by diffusion theory. Simulation results
of a Monte-Carlo particle following code show good agree-
ment with the experimental data.

Several extensions of this experimental study are possi-
ble. Experimental study of fast-ion transport in waves with
larger magnetic fluctuations (e.g., drift-Alfvén waves) is of
great interest and predicted® to have different scaling to that
in electrostatic waves. If the fast-ion collector is replaced
with a diagnostic with excellent energy resolution, fast ion
stochastic heating in turbulence also could be observed.
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