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Measurements of classical transport of fast ions
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To study the fast-ion transport in a well controlled background plasma, a 3-cm diameter rf ion gun
launches a pulsed; 300 eV ribbon shaped argon ion beam parallel to or at 15° to the magnetic field
in the Large Plasma Devidé APD) [W. Gekelman, H. Pfister, Z. Lucky, J. Bamber, D. Leneman,
and J. Maggs, Rev. Sci. Instrung2, 2875(1991)] at UCLA. The parallel energy of the beam is
measured by a two-grid energy analyzer at two axial locatiofz=0.32 m and

z=6.4 m) from the ion gun in LAPD. The calculated ion beam slowing-down time is consistent to
within 10% with the prediction of classical Coulomb collision theory using the LAPD plasma
parameters measured by a Langmuir probe. To measure cross-field transport, the beam is launched
at 15° to the magnetic field. The beam then is focused periodically by the magnetic field to avoid
geometrical spreading. The radial beam profile measurements are performed at different axial
locations where the ion beam is periodically focused. The measured cross-field transport is in
agreement to within 15% with the analytical classical collision theory and the solution to the
Fokker—Planck kinetic equation. Collisions with neutrals have a negligible effect on the beam
transport measurement but do attenuate the beam curre2®0® American Institute of Physics

[DOI: 10.1063/1.1905863

I. INTRODUCTION small-angle scattering. The Coulomb logarithm is predicted
to decrease by a factor of 2. The modified classical theory

than the thermal velocity of the background plasma iens predicts reduced deceleration rates and cross-field transport.

but much less than the thermal velocity of the background kThIe decelera(t;on of fast _|t<;ntshhast b%en dmeiasu_rec: ::n fkka-
plasma electrongy, i.e., v <y,<v. In many natural and mak plasmas and agrees wi € standard classical Fokker—=

- —14 .
laboratory plasmas, the fast-ion densityis much less than Elanck t_heoLy to W'th'rr: 10%. A(\)Iscict)he\flowmg-down 0:;6?
the background plasma density, i.B,<n.. Thus, the fast- arium lon beam with energy 0-40 eV was measured in a

ion beam acts as a test beam that is decelerated and deflecfgfm"’mhine in Wh_iCh the quies:ceptfglasma% 0.2 e\() is
due to multiple Coulomb collisions with the background ionsc0nfined by a uniform magnetic fiefd.The changes in ve-

and electrons. In a uniform plasma, this process is describd@City (due to beam slowing-dowragree with the predic-
by classical transport theo}y.e tions of the Fokker—Planck equation within error bars for

Collisional transport of the energetic ions is a fundamen-different ions at different densitie&pean Te is up t0 ~200
tal topic of plasma theory and experiments. In fusion deviced0r the experiments in Ref. 15, D&hean( Te for the experi-
and space plasmas, the deceleration rate of the fast-ion bedRfNtS that will be discussed in this article+s.000-3000.
determines the heating rate and the energy transferred to ions 1he Vvelocity-space transport of test ions with velocity
or electrons from the beam. The collisional scattering im-tesf unl <2 (un is the thermal velocity of the background
pacts the flow driven by a beam, the particle transport to th@lasma ions was measured in a fully ionized Q-machine
loss cone, and the duration of resonant wave-particle intePlasma. The velocity-space convection coefficiestowing-
action. down) and parallel diffusion coefficierd,, , were found to

In classical Coulomb scattering theory, the impact pa-have the correct magnitude, and dependence on test-ion ve-
rameterb is defined as the closest distance between twdocity and plasma densitgwhich was varied by an order of
charged particles in the absence of Coulomb forces. For magnitude¢ when compared to classical theory. Also the clas-
test particle in a plasma, the cumulative impact parameter dfical theory could predict the diffusion of the test particles
many small-angle deflections has a cutoffbat,=\p (De-  distribution for up to 20% of the 90°-collision time in the
bye length. The Coulomb logarithm is defined as An  long-time experiments
=In(\p/by), where by is 90°-scattering impact parameter. In classical transport theory, cross-field diffusion is
The formulas of I\ (\p and b, are different for different caused by pitch-angle scattering in velocity space. Experi-
ions and electronsare given in Ref. 2. Theoretically, the mentally, accurate measurements of the spatial diffusion of
classical transport rates are proportional to the Coulombhe fast ions are rareThe pitch-angle scattering rate in mir-
logarithm. Recent theoretical papers have argued that modier machines can be of the same order of magnitude as clas-
fications to classical Coulomb theory are required. A newsical predictions” The result of an experiment measuring
cutoff’ or the concept of collision strengﬁ‘th; introduced for  the cross-field transport of test ions with velocity< 2 in a

Fast ions may have velocitieg, that are much larger
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FIG. 1. (Color online. Schematic of the experimental setup. Plasma in the LAPD is generated by the cathode-anode discharge. A 3 cm rf ion gun is inserted
from the top of the LAPD vessel. The 300 eV ion beam follows a helical orbit along the uniform magnetic field line. A Langmuir probe and an interferometer
are used to measure the parameters of the background plasma. The energy analyzer can be placed at severglgrb8ifiBn<C and D in the graph
downstream of the ion beam through radial, rotary ports built on the LAPD. The energy and spatial distribution are measured by the energy analyzer.

Q-machine agrees with the prediction of the modified Langeplasma are measured by a Langmuir probe and an interfer-
vin equationl.8 Numerous measurements of the pitch-angleometer, which measures the integrated density along a line
scattering rate in the tokamaks show rough agreement withcross the magnetic field.
the neoclassical theofy’”?°but the uncertainties can be of A 3-cm diameter rf ion beam souffeis modified to
order unity and lack quantitative comparisons. A more accuproduce a pulsed ribbon shapé&slcmx 0.5 cm argon ion
rate measurement confirms the classical theory within uncebeam in the parallel direction or with 15° to the magnetic
tainties of <15%2" In magnetosphere plasmas, pitch-anglefield in the LAPD. The energy of the beam is the sum of the
diffusion is important for driving trapped energetic particlesscreen grid bias, the plasma potential of background plasma,
into the atmospheric loss cone. Satellite observations in thand the plasma potential of the plasma inside the ion source,
outer magnetosphere find that the fluxes of energetic protonghich is dependent on the rf power and the gas flow rate.
(energy ~5-70 Me\) rise and decay on time scales The density of the ion beam is about XA0® cm™3, which
~15 min due to the particle pitch-angle diffusith. is only 1% of the background plasma density. The beam

This article describes experiments that measure acclgurrent is large enough for the detection by an energy ana-
rately the deceleration and spatial diffusion of fast ions in ayzer as far as 6.4 m away from the ion gun. Typical beam
quiescent laboratory plasma, which is generated in the Largeurrent density is about43 mA/cn?. Also the beam has
Plasma DevicéLAPD) (Ref. 23 at UCLA. The large size of  small divergence and small energy spread, as required for the
the LAPD and the excellent computer characterization abilityspatial diffusion measurements. A detailed description of the
are well suited for laboratory studies of fast-ion transport..f jon source can be found in Ref. 24.
The test-ion beam is an argon beam with energy 300-400 eV. The two-grid energy ana|yzer is installed in different
A two-grid energy analyzer is the main diagnostic for thisports (A, B, C, andD in Fig. 1) on the LAPD vessel to
experiment (Sec. 1). The measurements of the fast-ion measure the beam energy or scan over a plane to measure the
slowing-down time and cross-field transport are discusse@eam width. Its small siz€0.46 cm diametérand good en-
separately(Secs. Ill and 1V. The comparison of the results ergy resolution make accurate measurements of the beam
with the classical Coulomb collision theory and the uncer-siowing down and diffusion possiblsee Fig. 2 The reso-
tainties of the experiments are also included in these seqgtion of the energy analyzer is calibrated by laser-induced
tions. The collisions between the fast-ions and neutral parﬂuorescencéLlF).24 The first(outen grid of the energy ana-
ticles only attenyate the beam current withput affecting tthzer is grounded to the vessel potential. The second grid is
transport of the ion beartSec. V). The experimental results pizsed 60 V negatively to the vessel. A variable dc bias box
agree with classical transport thedi§ec. V). is connected to the collector and the data acquisition system.
It not only provides the programable sweeping voltage to the
collector but also measures the voltage and current signals
using isolation amplifiers.

The diagram of the experiment is shown in Fig. 1. The  The LAPD afterglow plasma becomes relatively quies-
plasma in the LAPD is generated by a negative dc dischargeent (density fluctuationsn/n<1%) 5-10 ms after the dis-
of the barium oxide coated cathode with respect to a meshharge is terminated. During the afterglow the plasma tem-
anode 60 cm from the cathode. The 5-10 ms discharge pulgeerature falls rapidly while the density continues to decay
is repeated at 1 Hz. The plasma column is 17 min length andlowly [Fig. 3@]. The parameters of the plasma were deter-
50 cm in diameter. The argon gas is fed through the ion gunnined by Langmuir probe measurements in the afterglow
so the background plasma is an argon plasma and the begshase. To get a full-V trace, the voltage of the Langmuir
is a fast argon ion beam. The parameters of the LAPDprobe ramps from -25 to 10 V in about 0.2 ms. Electron

Il. EXPERIMENTAL SETUP

Downloaded 04 Sep 2007 to 128.200.29.106. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



052108-3 Fast ion transport
I 0.75" |
I
1 f
1 | ]
| 1 Collector
1 |
I |
| ——
j-:Vgrid dc Bias
=2
L L —H— Daq
Vcollector J:_

FIG. 2. Diagram of a two-grid energy analyzer. The diameter of the collec-
tor is 0.46 cm. The outer grid is connected to the metal housing, which is

Phys. Plasmas 12, 052108 (2005)

Beam Energy

.25

00004 | Measured I-V points

Tanh fitting /
— — -Energy distribution

L -025 m
£ 53
€ ]
: E
5 | =
: -.050 108
w \ g
=

o e .3 \ 05 S

075 v s "-'L"f"i-";\""*-ﬁ' Y \
Y I N

T T
220 280 300 320

Energy analyzer bias (V)

grounded at the LAPD vessel. The inner grid is biased at —60 V to the outer
grid to repel the plasma electrons. The collector is connected to a variable de|G. 4. (Color onling. Hyperbolic tanh curve fitting of the'V trace to find

power supply which can sweep from 0 to 1000 V.

temperaturel, [Fig. 3(c)] is derived by fitting the transition
region of thel-V trace using ex@V/T,). The plasma density

beam energy. The dots are the measur¥dcharacteristic points. The solid
curve(the energy distributionis thel-V trace fitted by tanh function. In the
shaded area, the fit is not very good but hardly affects the energy distribu-
tion. The differential of thel-V trace, the dashed line, is the measured
energy distribution. The beam energy is defined as the peak of the distribu-
tion; the error bar represents the sensitivity of the beam energy to variations
in fitting parameters.

is calculated from the ion saturation current. The absolute

calibration is obtained by calculating the line integral of the

probe data and normalizing to the more accurate interferom- By modulating the amplitude of the rf power, the ion
eter measurements. The plasma temperature and density haysurce was turned on for 50 ms during each LAPD pulse.
<30% variation in the region where the ion beam propa-Figure 3b) shows the typical current signal measured by the

gates. The centrdl, andn,

of the background plasmgine

averaged over 40 chis used in the theoretical predictions of

the fast-ion transport.
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FIG. 3. (Color onling. Time evolution of the LAPD plasma and the current
measured by the energy analyz@). Plasma line density measured by the > W h :
interferometer(b) Beam current signals measured by the energy analyzethe energy distribution is broader for the energy analyzer due

when rf is on or off. The collector is biased at +60 V to the LAPD vessel. tg instrumental effect®® The beam energy is defined as the

Between 0 and 20 ms, a large

electron current is induced by the acti

discharge into the energy analyzer system which has a time constant of ; . . .
about 2 ms(c) The electron temperature of the LAPD plasma measured byWith @ hyperbolic tanh function accurately determines the

Langmuir probe. The solid line is the smoothed temperature.

energy analyzer when the rf power of the ion source is on

and off. The fast-ion transport is measured during 20—70 ms
to avoid the active discharge phase. The net beam current is
the difference between the two signals.

[ll. SLOWING-DOWN OF THE FAST-ION BEAM
A. Description of the experiment

In experiments measuring the beam slowing-down, the
ion beam is launched parallel to the magnetic field in the
LAPD. The screen grid of the rf ion beam source is biased at
150 V dc. The beam energy at this bias is about 300 eV due
to the source plasma potential, as mentioned above.

The energy analyzer is first used to find the beam center,
the point of highest beam density. At that point, the beam
energy distribution is determined. The bias control box con-
nected to the collector of the energy analyi@se Fig. 2 can
provide 0-1000 V variable dc bias but with a slow time
response of about 1 s. During the energy scan, the collector
bias is varied from 250 to 350 V over many plasma pulses at
a different frequency to avoid possible systematic errors.
Here we assume the bias voltage is constant in each 80-ms
data collecting window, which is much shorter than its re-
sponse time. The input dc bias voltage and the output current
are digitized simultaneously in order to get a fliV trace.

The validl-V points25 are shown as the dots in Fig. 4.

The derivative of thd-V trace is related to the energy
distribution of the ion bearf® The peak of the energy distri-
bution agrees well with independent LIF measurements, but

"Qeak of the energy distributiofirig. 4). Fitting thel-V trace

peak energy with minimal sensitivity to errors in the data.
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FIG. 5. Measured beam energy vs time at two different axial locations. The Time in afterglow (ms)

density of the LAPD plasma is also plottéthe solid dots and the dashed

smooth curvg Some error bars are smaller than the symbol size. ChambefG. 6. (Color onling. Fast-ion beam slowing-down time. The dots are
pressureP=2.3x 10" Torr, argon gas flow is 1.3 SCCNBCCM denotes  cajculated from the experimental results. The smooth line is the prediction
cubic centimeter per minute at Sfthe screen grid bias of the ion gun py the classical Coulomb collision theory. The large error bars in the late
Vsereer 150 V, magnetic fiel®=1.0 kG, and ion gun is parallel to the field  4fterglow phase are mainly due to the uncertainty in the electron density
line. measurements.

(Due to neutral collisions, the beam contains a small, lowyefined as theritical energy B .oi”’ Since the fast-ion en-
energy component that causes deviation from the tanh fit &trgy is much larger than the critical enerBy ., Which is
low energy) about 5T for a singly ionized argon beam in a singly ion-
The energy scans are conducted at two axial locationszed argon plasma, theoretically the collisions with electrons
z=0.3 m(at pointA in Fig. 1) andz=6.4 m(point D) from  dominate the slowing-down process of the test-ion beam. But
the beam. The measured beam energy is lower far from thgiectron collisions barely deflect the fast ions from their
source than near the source because the fast ions decelergfgyinal direction of motion. According to the conventional
as they traverse the plasniéig. 5. When the energy ana- Coulomb collision theory, ifu,< v, the beam ion slowing-
lyzer is atz;=0.3 m, the energy is nearly a constant becaus@own ratev, can be calculated By
the slowing-down effect is small in such a small distance.
But when the energy analyzer is at=6.4 m, the beam is V= 2<1 +%>\I’(X)v0% 4x 1017520, In A, (5)
decelerated mordower beam energyin the early afterglow Me

time when the LAPD plasma has higher density. wherevy=(4me'n, In A)/Mﬁuﬁ, x:(mevﬁ)IZkTe, W(x) is the

error function, and In\;; is Coulomb logarithm. In\;;=23
B. Beam energy loss time ~In(n¥2T_®?) for T,<10 eV, T, is in eV and all other units
are CGS.
. . _ The theoretical slowing-down time=1/v, is a func-
~(/7g) orin the integral form,= o exp—t/7y), wherew, ;o0 of 1o background plasma paramet&sand n,, which
represe_nts th_e velocity of the fast ions angis a cpnstanp_ have been measured with a microwave-interferometer cali-
AssumingE; is the b_eam energy measured at axial p03|t|_orbra,[ed Langmuir probe. Using Eq@) and (5), the theoret-
4 Whent:tl and_Ez is the beam energy measured at aX'alical and experimental slowing-down time is computed and
positionz; whent=t,, we have shown in Fig. 6. The measured experimental slowing-down
E; = Mt = 2Myef expl- 2t/ 7)), (1) time is in agreement with the theoretical prediction within
the error bardwhich are large in the late afterglow phase
Ez:%Mbé:%Mbng exp(— 2t,/7y), (2) Where the plasma density measurement ha_s. larger uncer-
tainty). Since the plasma temperaturgdrops quickly and is
and nearly a constant after 20 ms in the afterglow, the slowing-
t2 t2 down time is a linear function of the inverse mf [Eq. (5)].
Az:zz—zlzf vbdtzf
t t

The beam slowing-down time; is derived bydw,/dt=

vpoe st As is shown in Fig. 6, the slowing-down time is shorter in
the early afterglow than in the late afterglow. In other words,
= 1€ s — y e %), (3)  the fast-ion beam decelerates more when the plasma density
. . . is higher in the early afterglow.
Therefore, the experimental slowing-down time can be  The random error associated with the tanh fitting in the
solved from Eq(1)~(3), energy measureme(fig. 4) is less than 5%. The theoretical
AzMg’Z predictions have larger uncertainti€%-30% associated
Ts= m (4) with the errors in the Langmuir probe measurementd of
T2 andn.. In the late afterglow phase, the plasma density mea-
When the fast ion is slowed down equally due to elec-surements could have uncertainty of 408ée Fig. 6 due to
tron collisions and ion collisions, the energy of the fast ion isthe difficulty of measuring such low density. There are also

1 1
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several possible systematic errors. It has been mentioned that (a)
the absolute plasma density is calibrated by the line inte- 0.4
grated density measured by an interferometer. Langmuir
probe measurement is performed along a 50-cm horizontal
line in the middle of the plasma column, but the interferom-
eter measures the line integrated plasma density over the 9
whole diameter of the plasma column. By ignoring the edge
of the plasma, the calibratedq could be 10% larger than the
actual plasma density. Also, the interferometer measurement 0
is closer to the cathode than the region where the fast ions
are measured. To calculate the slowing-down, Thand n, 5 L"rgitbeam 2=29m
data are averaged over a 40-cm line across the center of the
LAPD plasma. The spatial averaging ©f and n, could be
different from what the actual ion beam sees in the plasma. 4
The interpretation of Langmuir probe data also has possible
systematic errors. Finally, if the source is not perfectly par- -8 -6 i 2
allel to the magnetic field, the ion beam path is longer. Esti- beam spot
mates indicate that these systematic errors are smaller than () 12
the random uncertainty of the theoretical prediction.

To quantify the uncertainties in the beam slowing-down 10
measurement, lek;=experimentalrs/theoreticalrs and its

N

Y (cm)

error o1/ xi=\(Texpd s expd >+ (0 7e1n)? @t each measured 8-
point. The weighted average ig=2;wx;/Z;w;, where

Wi:1/a'i2. Calculated over all the points measured in the ex-
periment,x=94.4% +7.4%. This shows the classical theory
accurately describes the fast-ion beam deceleration process. 4
The modified theory,which doubles the theoretical slowing-
down time and yieldg=47.2% +3.7%, does not fit the ex-

Y (cm)

2
perimental results.
IV. FAST-ION CLASSICAL DIFFUSION 04
In the plasma physics literature, cross-field diffusion 2 . . . . .
usually refers to radial transport of guiding centers. In our -10 -8 -6 -4 -2 0 2
experiment, the fast ions only execute a few Larmor orbits X(cm)

prior to measurement, so it is conceptually simpler to exam-
ine the full helical Lorentz orbit than the guiding-center or- FIG. 7. (Color onling. Geometrical effects of the beam contou@. Con-
ours measured at 60 ms in the aftergléwhen collisional diffusion is

. . . . .
bit. Pitch-angle scattering events shrink or expand the dlamsmall). The initial beam spot is formed by the ion beam passing through a

eter of th_e he_lical orbit. Ra(_JIiaI spreading of the beam i_sthin slit aperture. The plasma and beam parameters of these measurements

caused primarily by perpendicular spreading of the beam imare magnetic field

velocity space. B=1kG,flow rate=1.3 SCCMgeeir250 V, and 20° beam pitch angle.
s ._(b) The beam spots predicted by the Monte Carlo ion orbit simulation pro-

A. second dlstmctlon_fror_n standqrd Franspo_rt theory ISgram on each plane under the same condition@las

that, in standard theory, ion-ion collisioffike-particle col-

lisions) do not lead to any net change in flux. However, in

this expgrlmgn.t, thg high-energy ions are test .part|cles. thaﬁ’la\gnetic field to focus the beam periodically to avoid geo-

are readily distinguished from the cold thermal ions, so ion-

. llisi b ble. Althouah th S li metrical effects due to initial beam divergence.
lon cofiisions are observavle. Athough these lon-ion cotl- If the parameters of the experiment are not carefully ar-
sions are less frequent than collisions with electrons, the

. . . - ¥anged, the geometrical effects can obscure the spatial diffu-
d(_)mmate_the p_ltch-angle scattering rate beca_use CO_"'S'OnsS.lon, which is relatively small. For example, Figayshows
with re_Iatlver l'ght electrons decelerate fast lons WIthOUttwo contours measured at different axial locations when geo-
deflecting them in angle. metrical effects are significant. The contour measured at
z=0.3 m from the source is much wider than the one mea-
sured atz=2.2 m, which is supposed to spread more due to

The experimental setup and a helical beam trajectory arthe longer scattering path.
illustrated in Fig. 1. The energy analyzer, which is biased at A Monte Carlo fast-ion orbit simulation progrémis
60 V relative to the vessel, can effectively detect the fast-iorused to explore the appropriate parameters for the fast-ion
beam and measure the beam profile by scanning over a plat@nsport experiments. In the program, a fast-ion beam is
across the field line. To make the spatial diffusion more visdaunched into a plasma at a certain angle with respect to the
ible, it is important to turn the ion source at an angle to themagnetic field. The ion gyro-orbit, which is modified by col-

A. Arrangement of the experiment
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(a) Contour plot at z=3.6 m 4 st
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L . \‘ FIG. 9. Beam width vs discharge time of the LAPD plasma. Beam widths
Radial direction & are measured by energy analyzer scanning over a plane perpendicular to the
-3 ‘\\ magnetic field at two different axial locations from the source. The LAPD
5 p 3 Bt g plasma densityn, is also plotted(the solid dots and the dashed smooth
) curve. Experimental parameters are the LAPD chamber presBz2.3
X (cm) X 10°5Torr, argon gas flow is 1.3 SCCM, magnetic fieBd0.85 kG; ion
source is at 15° to the field lin€Vy.ee220 V. Error bars for thez
(b) Beam radial profile =1.2 m are smaller than the symbol size.
0.10 s T L
0081 tour spot is shown in Fig.(@). It is in an “arc” shape because
Gaussian fit the ion beam tends to spread along the gyro-orbit due to the
0.06 i beam energy spread. When the gyrophase of the beam spot is
- close to 2, the measured beam spot should distribute
-‘é 0.04 along the bottom of the gyro-orbit.
2 To quantify the spatial spreading, a smooth arc line is fit
= FWHM to the beam spot. The perpendicular to this [@ashed line
0.02 in Fig. 8@] is defined as the radial direction. The radial
; profile along this line, plotted in Fig.(B), is very close to a
0.00 % °o° o] G_aus_sian distrib_ution. Gaussian sprea_ding is cons_istent with
: . 0000 diffusive spreading, as expected classically. The width of the

-4 2 0 2 4 beam is the weighted average full width at half maximum

Distance (cm) (FWHM) of the radial profiles along the beam arc. The

weight is the goodnesis?) of the Gaussian fitting.

FIG. 8. (Color onling. lllustration of the Gaussian radial profile) Mea- The beam width measured at two different distances

sured beam contour at=3.6 m away from the source 40 ms in the after- f h is ol . . f . f the ti

glow. The dashed line is the radial directigh) Beam radial profile and its _rom the source is plotted '_n Fig. 9 as a function o t_ e time

Gaussian fit. Beam width is defined as the FWHM of the radial profile.  in the afterglow. The fast-ion beam has a larger width far
from the source(z=3.6 m than close to the sourcé
=1.2 m) due to more collisions with the plasma. Also, since

lisions with the background plasma ions and neutrals, is folthe density of the LAPD plasma is higher at early times in

lowed and measured at several cross sections downstream thie afterglow resulting in more Coulomb collisions, the beam

we use the parameters in Fig(a¥, the same geometrical widths and beam spreading are larger at the early time than

effects will show up again in the result of the simulation at the late time in the afterglow as shown in Fig. 9.

program. Evidently the beam contour with the gyrophase

close to 2w has less orbital geometrical effedisee Figs.

7(a) and 1b) whenz=2.2 m).

Acco_rdlng to th? above dlspussmns, to minimize theB. Diffusion coefficient derived from the experiment

geometrical effects in the experimental results that follow,ggts

the beam energy, beam orientation, and magnetic field need ) ) _ o _

to be adjusted so that the gyrophase of the beam spaotris 2 The ion beam profile consists of an initial beam spot size

at the port where the energy analyzer measures the spati%(lﬁfo)2> and a diffusive spreaé(Ar)2>é Therefgre, the total

diffusion. After the adjustment of the operation parameterdadial beam spread should BhArg)%+((Ar)7], and the

(to what are used in Fig.)9the helical beam orbit finishes total beam radial distribution should be

one revolution during each four-port perigdistance is 12 P(r) = (T - 122L{(ArgA+(AnA] ©)

m) on the LAPD. The energy analyzer was put at point

C(z=1.2 m) or D(z=3.6 m) in Fig. 1 to scan the beam spot As stated beforgFig. 9), the beam widthW,e,ny, is de-

over a plane across the magnetic field. A typical beam confined as the FWHM of the beam radial profikr). Thus,
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FIG. 10. Beam angular spread in velocity spa@s.
Predicted by the analytical theorfh) Solution to the
Fokker—Planck equation.

Distribution

94 95 96 o7 98 99 .94
Vifv

Weean(t) = 8 In 2((Arg)?) + ((Ar)? # cog ¢ # cog ¢
beal ) =811 A(8r0) + (B0 (81 = e = oo e, an
=5.549((Arp)? + 2D t], (7)
. _1 .
where D, =((Ar)2)/(2t). This is very similar to the result USiNg ((cosa)?)=3 and (¢)~wpad. Here we assume the
given in Ref. 18. fast-ion energy spreading due to Coulomb collisions is small

Let W, and W, represent the beam width measured at(*”~constant compared with pitch-angle spreading. The
two axial positionsz;=1.2 m andz=3.6 m in this experi- analytical form of radial diffusion coefficierd, is

ment. According to Eq(7), b ((Ar)?>) 1 cog 0 (12)
= = i ,
W2 = 5.545(Arg)?) + 11.0D  t; Hiheor™ ot 402 PAS
and where vpag=2.85x 107 8nEX?In A;; (for y<u, in Ref. 2.

W2 = 5.545(Arg)?) + 11.
2= 5.548(Ar0)) 0D, 6, D. Solution to the Fokker—Planck kinetic

wheret=(Az)/y. Then the experimental radial diffusion co- equation

efficient Is The velocity-space transport of the energetic test beam
COWE-WE WE-WE can be accurately described by the Fokker—Planck kinetic
DL expt= 11.09t, - t,) T 11.09t° (8) equation theoretically. With the approximation of small beam

_ _ . _ deceleration|(E,—Epg)/Epg| <1 and small pitch anglgé
Since the beam widths are measured in the experiment, thel|<1(§: cos6), the distribution function of the ion beam is

spatial diffusion coefficient is decided by E®). expanded in Legendre polynomia®(¢); f,=3a(v,t)P,(&).
. . . The solution to the kinetic equation for(a,t) is given by
C. Analytical pitch-angle scattering theory Goldstorf® for an ion beam that is described by a Green’s

Consider a fast-ion beam that is launched into the LAPDfunction. Using the beam spreading measured at
plasma with an initial pitch anglé with respect to the direc- Z2=1.2 m as the initial beam, the predicted beam angular
tion of the magnetic field. Due to the Coulomb collisions, theSPreading az,=3.6 m is calculated by a computer program
ion velocity is scattered around the initial velociiyAssume ~ based on Goldston's solutiofFig. 10. Since the radial
v is the beam velocity after the collisions is the angle SPreading is linear with the angular spreadiage Eq(11)],
betweenv andv, ¢<1, a is an azimuthal angle of around the angular distribution in velocity space can be directly con-
v, 0< @< 2m. According to the classical Coulomb collision Verted to the spatial distribution with the convolution with
theory, the pitch-angle scattering ratg,s is defined a% _the initial beam distribution. The spatiql diff_usipn goeﬁicient
(Av)DP=vpad. With Av, =(v-1v),=vSing~uvp, the IS derived from the FWHM of the spatial distribution.

spread ofyp is (¢?) =~ vpad approximately. In the LAPD co- . . .
ordinates, the perpendicular velocity component is E. Comparison of theory with experiment

v, ~ vSin 6+ vp Cosa cos, (9) The measured spatial diffusion is compared with the the-
oretical prediction and the solution of the kinetic equation in
which is derived by using the coordinate conversion and thesjg 11. They are found to be consistent. Since fast-ion spa-
approximation ofp<1. _ _ _tial diffusion is approximately linearly proportional to the
Since the new gyroradius of the fast-ion beam ispjasma density; [see Eq(12)], larger beam spreading in the
r=v,/Q and the initial gyroradius is=v, /Q=(vsin0)/€),  early afterglow is seen in Figs. 9 and 11. In the early after-
where () is the gyrofrequency(2=(eB)/M], the gyro-orbit  glow, the beam width measurement far from the source

changes by (z=3.6 m) has large uncertainty because there are more off-
_ v, -vsSin®  vpCcosa cosd orbit low-energy ions due to larger deceleration.
Ar=r-r= Q = Q (10) The random uncertainty of the beam spreading measure-

ments is less than 10% except in the early afterglow phase
(using Eq.(9)]. Then the spatial spreading in radial direction between 20 and 30 nm&ig. 9). The uncertainty of the theo-
is retical prediction is mainly from the plasma density measure-
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FIG. 11. Radial diffusion coefficiend, vs discharge time of the LAPD  F|G. 12. (Color onling. Fast-ion beam attenuation. The dots are total beam
plasma. The solid line is predicted by analytical classic collision thés®g  current measured at different distances from the ion source, which is at 15°
Sec. IV D). The dashed line is computed based on Goldston’s solution to theg the magnetic field. The solid line is predicted byloexp=z/\pg),
Fokker—Planck kinetic equation. The triangle dots are derived from theyhere the mean free path of charge exchange for argon ion with argon
beam widths measured from two different distances from the source. neutral

Amip=5.3 m(whenP=2.3X 107° Torr and beam energy is about 300)eV

ment which is discussed in Sec. lll B. The solution to thecomes a slow iorfenergy less than 60 gVNeither the fast
kinetic equation is sensitive to the divergence of the beamneutral nor the slow ion is collected by the energy analyzer.
To match the beam spot measuredzat 1.2 m, the source Thus, the fast beam ion is “lost” in these inelastic charge-
divergence is approximately set as 3°, which is much smalleexchange collisions. The measurements of the beam energy
than the common rf ion source divergene&0°_29 The sys- and spreading are unaffected, but the beam current attenuates
tematic errors come from several places. The angle of the io@s | =1 ex—(z/\ngy)] (Fig. 12, wherez is the travel dis-
beam source to the magnetic field could deviate 1° or 2tance of the fast ion from the ion source ang, is the mean
from the expected 15°. The gyrophases of the ion beam coriree path for charge exchange with neutral argon. In this
tours are not exactly the same as the initial beam spot. As @xperiment\,,~5.3 m whenP=2.3x 10" Torr and beam
result, the geometrical effect could produce some systematignergy is about 300 ¥
uncertainties. The magnetic field measurement has 3% un- During the time that argon fast ions move 2.5 m, only
certainty. Overall, the systematic uncertainty should be com=-0.1% of the fast ions are lost due to radiative
parable to the random uncertainty. recombinatiort: This neutralization effect is negligible in

To quantify the results, we use the same method as foihe transport experiments or the beam attenuation experi-

the beam deceleration measurement. Herements.
xi=(experimentaD ) /theoreticaD, and its error Another collisional process is the elastic scattering of the

a-i/Xi:\’/(O'expt/Diexpt)2+(0'th/DJ_th)2 at each point. The fastions by the neutral particles. The mean free path of ion-
weighted average is calculated to be 89% +15%. If the neutral collision is about 8.0 m in this experiment, more than
modified theory is applied,y would be 175% +30%. Obvi- three times of the distand@.4 m) a fast ion travels. When
ously, the standard classical transport theory is a better deglastic scattering happens, the fast-ion velocity drops to
scription of the spatial spreading caused by pitch-angle scat,~ u, COS6g, Wheref, is the deflection angle. For collisions
tering of the fast ions. of argon ions with argon neutrals, small-angle elastic scatter-
Coulomb collisions not only decelerate and deflect theéng has the largest cross sectirzor example, the differen-
beam, but also cause a spread in beam energy. Energy difftial cross section for deflection anglesl.0° is at least an
sion in this experiment will cause additional spreading of theorder of magnitude higher than the differential cross section
beam in gyroangléalong the arc in Fig. B Classically, en- for deflection angles>4°. Small-angle collisions can affect
ergy diffusion is very small for a fast-ion beam that slowsthe profile width but simulatiorfs indicate the effect is neg-
down primarily on electrong<0.1 eV). Changes of this ligible for the measurements shown in Fig. 8. When the de-
magnitude are much smaller than thelO eV energy flection angle is large, the fast ions cannot be dete¢ted).
spreaa4 of the source and are undetectable experimentallySimilar to inelastic collisions, large-angle elastic collisions
The experimental observations are consistent with this exattenuate the beam currefih Fig. 12, the measured beam
pectation. Experimentally, the arc length changd®9% dur- ~ currentis always slightly below the inelastic neutral collision

ing the afterglow. prediction. For both cases, the neutral elastic scattering does
not significantly change the measured transport properties of
V. COLLISIONS WITH NEUTRALS the fast-ion beam.

It is necessary to mention the effects of the collisionsV!- CONCLUSIONS
between the fast ions and the neutral particles in the LAPD. The fast-ion beam energy and its deceleration process
The fast ion becomes a fast neutral by charge exchange withave been measured in the quiescent LAPD afterglow
a background neutral particle, while the neutral particle beplasma when the ion beam source was in the direction par-
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allel with the uniform magnetic field. The ion beam decel- This experiment is a preliminary work for the planned
eration is mainly due to the Coulomb drag by the thermalstudies of fast-ion transport caused by fluctuations and wave-
electrons. The measured energy loss time is in good agregarticle interactions in the LAPD. The classical transport
ment (94.4% +£7.4% with the standard theoretical predic- theory is confirmed by the experiment and sets a basic limit
tion, but not the modified theofywhich doubles the energy for the fast-ion beam spatial diffusion.
loss time.
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