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Two different electron density reconstruction methods for 8-keV neutral lithium beam probing
have been developed for the Compact Helical System (CHS). Density dependences on emission
and ionization processes are included by using effective rate coefficients obtained from the
collisional radiative model. Since the two methods differ in the way the local beam density in the
plasma is determined, the methods have different applicable electron densities. The beam
attenuation is calculated by iteration from the electron density profile in method I. In method II,
the beam remainder at the observation point z is determined by integrating the LiI emission
intensity from z toward the position of emission tail-off. At the emission tail-off, the fast lithium
beam is completely attenuated. Selecting an appropriate method enables us to obtain edge
electron density profile well inside the last closed flux surface for various ranges of plasma
densities (10'%-5% 10'* cm~3). The electron density profiles reconstructed by these two different
methods are in good agreement with each other and are consistent with results from ruby laser

Thomson scattering.

I. INTRODUCTION

The determination of plasma parameters at the edge
region is important in the recent fusion research from the
viewpoints of the generation and screening of impurities,
and the improvement of global plasma confinement. Neu-
tral lithium (Li®) beam probing is now considered as one
of the most powerful techniques for measuring the edge
plasma density without perturbation or contamination to
the plasma.! By the use of a 4-keV beam, the electron
density profile was successfully obtained with a good spa-
tial resolution (~0.8 cm) from the emission intensity of
the Li I resonance line in NBT.2 It is, however, difficult to
apply this simple method to larger plasma devices like tok-
amaks and helical devices. This is because the beam atten-
uation becomes severe and complicated atomic processes
involving plasma electrons, protons, and impurity ions
cannot be neglected. Hence, density reconstruction consid-
ering beam transport in the plasma is necessary. More en-
ergetic Li® beams have been used to get larger penetration
for higher density plasmas in TEXTOR?® (20-30 keV) and
ASDEX* (40-100 keV). In these cases, however, neglect-
ing the delay of the Li I emission due to the finite lifetime
of the lithium-excited state makes the spatial resolution
worse (24 cm). Moreover, the reconstruction procedure
is more complicated since charge transfer to plasma pro-
tons and impurity ions becomes dominant for the attenu-
ation of such high-energy beams.

A beam energy of 8 keV is selected for the fast

*Permanent address: Instituto Nacional de Pesquisas Espaciais, SZo José
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Li®beam probe system on the Compact Helical System
(CHS)® because it offers an adequate spatial resolution
(~1.3 cm) and beam penetration. The beam penetration
depth /, is expressed in terms of 7, X I,, where 7, is the
average electron density. The value of 77, X [, is evaluated as
2.6 10" cm 2 for an 8-keV beam. In this article, we show
that it is possible to measure the edge electron density
profile for a wide range of plasma densities by using two
different density reconstruction methods. In method I, the
beam attenuation due to ionization is considered. This is a
standard approach for including the beam attenuation in
Li%beam probing and in charge-exchange recombination
spectroscopy.® In CHS this method is used to measure rel-
atively low-density plasmas (7, < 3 X 10' cm™%). On the
other hand, method II is applied to relatively high-density
plasmas (7, > 3 X 10" cm™3) where the injected fast Li®
beam is completely attenuated within the observation win-
dow. The local beam density at position z is determined by
integrating the Li I emission intensity from z to the emis-
sion tail-off. In other words, the beam remainder at posi-
tion z is measured. Method II has been applied to Li’-beam
probing using thermal type™® and laser blow-off type® 2
beam sources, which have much smaller penetration
depths (7, X I, = 10'2-10"3 cm—2). In both reconstruction
methods, the density effect on emission and ionization pro-
cesses is included by using effective rate coefficients. They
are evaluated from the collisional radiative model for a
beam energy of 8 keV. The use of effective rate coefficients
simplifies the density reconstruction procedure for compli-
cated atomic processes.
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FIG. 1. Experimental setup for fast Li%beam probing on CHS.

{l. EXPERIMENTAL SETUP

An 8-keV Li%beam probing system installed on the
CHS is shown in Fig. 1. The CHS is a heliotron/torsatron
device which has a major radius of 100 ¢m and a minor
radius of 20 cm. The pole number and the toroidal period
number of the helical field coils are /=2 and m =38, respec-
tively. A hydrogen plasma is produced by electron cyclo-
tron resonance (ECR) using a 53-GHz, 150-kW micro-
- wave source. The plasma is additionally heated by 45-keV,
1-MW neutral beam injection (NBI). The fast Li’-beam
injector consists of an ion gun with a thermoionic emission
Li™ source {B-eucryptite), a Pierce extractor, a cylindrical
lens, and a neutralizing cell containing Cs vapor.>® The
equivalent neutral beam current density is 50 pA/cm?® with
a diameter of 15-20 mm at FWHM. The LiI resonance
line (6708 A) is detected by a photomultiplier tube and an
optical system consisting of lenses, fiber optics, and an in-
terference filter with a FWHM of 15 A. In order to im-
prove the signal-to-noise ratio {(8/N), the beam is modu-~
lated at 10 kHz and a lock-in amplifier is used. The Li1
emission profile is obtained by changing the point of ob-
servation shot by shot. Since the beam injection line is
tilted from the equatorial plane, we introduce two coordi-
nates. The electron density is reconstructed along the
z-coordinate which represents the distance from the wall
along the beam line, The electron densities thus obtained
are plotted as a function of major radius x. In the present
setup, the observable region is x ~ 113-126 c¢m, which cor-
responds to the edge region in CHS.

lil. LITHIUM EMISSION AND IONIZATION PROCESSES

Li® atoms are excited or ionized by various collisional
processes with plasma electrons, protons, and impurities.
In addition, ionization and de-excitation from the lithium-
excited state influences both emission and ionization pro-
cesses. These effects should be taken into account when the
target plasma has a density above 10'? cm™>. Here we
introduce effective emission and ionization rate coefficients
which are functions of plasma density and impurity con-
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FIG. 2. Atomic processes of Li® atoms in CHS edge plasma.

centration. The use of effective rate coefficients simplifies
density reconstruction algorithms even though compli-
cated atomic processes are included.

Electronic transition processes of Li atom are shown
in Fig. 2. The rate coefficients for each process and their
notations are summarized in Table 1. These rate coeffi-
cients are calculated from Refs. 13 and 14 or evaluated
from scaling models'> !’ for a beam energy of 8 keV and a
plasma temperature of 30 eV. The temperature dependence
of the rate coefficients in the range of 10-100 eV is small
enough to be neglected. Electron impact processes are most
important when evalvating both beam emission and atten-
uation. On the other hand, charge transfer processes with
plasma protons and impurities are important when evalu-
ating beam attenuation. In the case of an 8-keV Li® beam,
the rate coefficient for charge transfer to protons is about
the same order as that for electron impact ionization. Mul-
ticharged impurity ions have a more serious influence
through charge transfer. In the classical model,!” higher
charged states have greater cross sections for charge trans-
fer. The typical impurity species are oxygen ions in CHS.
Since the electron temperature is 300 eV, it is reasonable to
assume that helium-like oxygen ion O%*, with an ioniza-
tion potential of 739 eV, is the typical and most harmfui
impurity for Li%beam probing. In order to simplify the
analysis, we introduce total rate coefficients which include

TABLE 1. Rate coefficients for lithium atomic processes.

Rate coefficient {ov) [cm?/s]

Electron impact  Proton impact  O%F impact
Excitation {ouv,) {OexbLi_p) neglected
L= Lif =82x107"7 =7.1x10"%
Deexcitation (T aexle} {GaexVi—p? neglected
L= LI =2.6x107"7 =2.4x107*
Tonization {oyg,) {OubLi_p) neglected
Li'=Lit =8.0x10"% =7.6X107°
{onization {op¥.) {OipLi_p) neglected
LiP=>Lit =2.3x10"7 =2.5x10"?
Charge transfer ‘ {OasbiLip) {Caliige+)
Lif=> Li* =94x10"*  =16x10~%
Charge transfer {TeplLi—p? {OplLip6+ )
L= Lit =21x1077  =38%10"%
Lithium beam probing 1700
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electron, proton, and impurity impact processes. For ex-
ample, a total rate coefficient for ionization from the
ground state, (o,v), is expressed as follows:

1030} pis= 1,030 ) ns+ 1y ({ Ol p) + (TcslLi—p) I ALis
+ 106+ {OeglLi_ o6+ ) L
=n{(o0.) + (1—68) ({oy1i_,)
+{0VLi—p) ) +E{OcVLi 08+ ) InLis, (1

where n,, n 5 Ros+, and ny s are the electron, proton, o%+
ion, and ground state Li%atom densities, respectively. The
impurity concentration ratio £ is defined as &
= ngs+/n,. In a similar way total rate coefficients for ion-
ization from the excited state {oy,v), for excitation (o)
and for deexcitation {0y ) are defined.

In the collisional radiative model, the rate equation for
the excited state of the Li® atom is expressed as follows:

dnUp npp
— =100 nLs— {030 HLp— N Tgert) NLp——=0,

dt Tem
(2)

where n;; is the Li%-atom density in the excited state and
Tem i its lifetime (27 ns). The spatial resolution for the
density measurement is expressed as Te,Xvpj~1.3 cm.
Solving Eq. (2), npp is expressed as a function of total
Li%atom density n;; = ny;s + nyp and the electron density
n,.

I 1,0 exl) Tem .
L= 1 +ne( (aipv> + (adexv> + (Uexv> )Tcm Li-

Since the ratio of ny to ny; depends on n,, effective emis-
sion and ionization rate coefficients are functions of n,.
The effective emission rate coefficient (0 ,v) g for the Li1
resonance line is defined as follows:

(3)

AL
N Ol e ALI=" - (4)
Tem
The effective ionization rate coefficient (o) is defined as
follows:

n¢<o'iv>eﬂ'nLi=ne(o'isv>nl_i‘+ne(o'ipv)nLiP' (5)

The density dependence of {0t and (o) is
shown in Fig. 3. In low-density plasmas (n,~ 10! cm™%),
(Ol s and (o) ¢ are nearly equal to (o) and (o),
respectively. In higher density plasmas (7,>10'2 cm~3),
they start to deviate. At n,=10 cm™3, for example,
(o) decreases by 319 and {(op).x increases by 43%.
This effect greatly influences the density measurement.

The impurity effect on these effective rate coefficients is
calculated assuming Z_g=2, which is typical in the CHS
neutral beam heated plasmas. The results are shown in the
same figure. It is shown that the increase of (o). is about
20% for the 8-keV beam. On the other hand, the decrease
of (Ol e is Only 2%-3%. The impurity effect is rela-
tively small when the beam energy is low. It should be
noted, however, that if the beam energy is increased to 20
keV, the impurity effect becomes considerable.!®
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FIG. 3. Density dependence of the effective emission and ionization rate
coefficients.

IV. METHOD I: ELECTRON DENSITY
RECONSTRUCTION WiIiTH GAS CALIBRATION

Method I for electron density reconstruction is based
on a simple emission method. First we will explain the
principle of this method. The electron density #,(z) is ob-
tained directly from the LiI emission signal, Iy;(z) [V],
from the Li%-atoms injected into the plasma. The beam
density and the sensitivity of the optical system are cali-
brated by injecting the Li® beam into a target gas. Helium
gas at a pressure of around 10~* Torr is used for calibra-
tion. In this pressure range, beam attenuation can be ne-
glected. The emission signal 7,[V] from the Li® atoms in-
jected into calibration gas is written as Eq. (6) using the
He gas density, 7, [cm~3], the excitation cross section for
collision with He, 0¢x_g [cm?], and the beam velocity vy;
[cm/s].

Q
Ty=ng0ex_g01i ni(0) 7— ¥, (6)

where Q) and V are the solid angle [str] and observation
volume [cm?] of the optical detection system, and 5 [V * s]
is the sensitivity of the optical detector including the gain
of the amplifier. On the other hand, the signal output
I,(z) [V] from Li° atoms injected into the plasma is writ-
ten as

Q
I1i(2) =n,(2) (Ol e 11:(2) i Vn, N

where n.(z) is the electron density. From Egs. (6) and
(7), n.(z) can be obtained as follows:

ILi(z) Oex—gVLi n
Ig <0cmv>eﬁ‘ &

(8)

ne(z) =

The edge n, profiles for ECR sustained plasmas have
been measured by this simple emission method. A typical
example for this measurement is shown in Fig. 4. The im-
purity effect is neglected since (0.,v).r has a small Z4
dependence. The data from Thomson scattering on the
same magnetic flux surface but separated by 67.5° in the
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FIG. 4. Electron densities measured by the simple emission method in the
ECR sustained plasma. Thomson scattering data taken at a different to-
roidal position are shown for comparison.

toroidal direction is shown. This figure demonstrates that
the two n, profiles are smoothly connected. This method is
very simple and straightforward, but the application is lim-
ited to low-density plasmas in which beam attenuation is
negligible.

If we evaluate the lithfum atom density taking attenu-
ation into account, we can apply this method to higher
density plasmas. In method I, the n, profile is recon-
structed using the results from the simple emission method
as an initial condition for calculation. Beam attenuation
due to ionization is expressed as

1 dng(z) n(z){op) s

?ILi(Z) dz - Ui ) {9)

LiI emission signal can be recalculated numerically from
the n, profile using Egs. (6), (7}, and (9). The recalcu-
lated emission signal I§;(z) is expressed as

1(2) (Ol err

(U"U)eﬁ'
,(8)d
NgOex_ gULi (©)dg .

exp[—— fo o
(10)

It should be noted that (o.,v}.s and (oo} in Eq. (10)
are functions of n,(z). The n, profile is determined by it-
eration so that the observed emission signal J;(z) coin-
cides with the numerically calculated I¥,(z). Hence the ,
profile is calculated from the plasma edge toward the cen-
ter. The result from the simple emission method putting
{OemlYeir== {TexV) is used as an initial value for iteration.

An example of the n, profile for a typical discharge
with NBI heating is shown in Fig. 5. The magnetic axis is
set at the major radius x=94.9 cm and the position of the
last closed flux surface (LCFS) is at x=122.5 cm. The Iy;
profile is obtained by spline interpolation from the discrete
data, which is shown with the data points. It is obvious
that the beam attenuation and the decrease of {Temt)es
greatly influences the reconstructed density. The increase
of {op)¢r due to the impurity effect makes the obtained #,
greater. The impurity effect, however, is small for a beam
energy of 8 keV as discussed before.

The applicable spatial range of method I is limited to
the region from the plasma edge to the position where the

z)=
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FIG. 5. Results of electron density reconstruction by method 1 in the NBI
heated plasma. Initial electron density profile for the iteration is obtained
by the simple emission method.

emission signal has its peak (2<z,e, ). This is because only
a several percent experimental error or misevaluation of
the atomic data makes the reconstructed #, profile diverge.
It should be noted that the accuracy of calibration greatly
influences the reconstructed density.

¥. METHOD 1l: ELECTRON DENSITY
RECONSTRUCTION FROM THE SHAPE OF EMISSION
PROFILE

The second method, classified as method II, recon-
structs the #, profile from the shape of the emission signal
and the atomic data. In this method, 7(;(z) is determined
by integrating the LiI emission intensity from position z
toward the emission tail-off position z,. In other words, the
beam density at position z is measured from the emission
profile. By eliminating #,(z) from Egs. (7) and (9), the
local beam density n;;(z) is expressed as

% < 'v>eﬁ'
2 Cemdder

1) [ 3o

ny(z)=

(11)

z; is set at the position where the $/N of the emission
signal becomes less than unity. This method is applicable
only when position z; is within the observation window.
From Egs. {7) and (11), the parameters for the optical
system, such as {}, ¥, and 7, are canceled out and n,{(z) is
expressed as

%1 (z)eﬂ'
(O‘ U) ILi(g)dg
(12)

A great advantage of this method is that there is no need
for calibration of the optical system or the beam density.
Since (g, and {op) ey are functions of n,(z), the n,
profile is calculated by iteration. The initial », profile for
iteration is approximated by neglecting the density effect
by putting (Ot} er=1{0 ) and {op).g= (o). It must
be noted that the accuracy of the reconstructed density
strongly depends on the reliability of {op) .

Examples of #, profiles reconstructed by method I are
shown in Fig. 6, where the same emission profile in Fig. 5

n z}=I {z)vy /(aemv>cﬂ‘

Lithium beam probing 1702

Downloaded 20 Feb 2006 to 150.163.34.110. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



ECR+NBI E.CFS
o § T T 5
£  Thomson scattering 1
nu 4 + Method-] 44 E
E {' t T Ze=1 3
3T 3F
Z | MethodHl .gv
82 | —Zg=1 g 2 ¢
<]
€ | --Ze=2, 3
st} P 1 2
ﬁ oL w
20 ——— 0
W 405 110 115 120 125 130

Major radius x [cm]

FIG. 6. Results of electron density reconstruction by method II in the
NBI heated plasma. For comparison, the results obtained by method I
and Thomson scattering data on the same magnetic flux surface are
shown.

is used. Ten time iteration is carried out to obtain this #,
profile. The I; data inside the observation limit (x<113
cm) is extrapolated by an exponential curve. Position z, is
determined from this curve. The n, profile from method I
is also shown for comparison. The n, profiles obtained by
methods I and II show good agreement although these
methods determine n;;(z) in quite different ways. The im-
purity effect on method II is also small. The increase of
(o) & due to the impurity effect, however, makes the re-
constructed n, value smaller.

The accuracy of the reconstructed density becomes
worse as z becomes larger since this method includes the
integration from the emission tail-off where the accuracy of
measurement is not good. From our calculation, the reli-
able range where the error is within 20% is from the
plasma edge to the position where the I; is attenuated to
the 70% level of its peak (z<z70g, peax)- The small hump
just inside the emission peak is not considered to be real. It
occurs because the spline curve fitting is unsatisfactory due
to the rough data points. The n, profile is compared with
that from ruby laser Thomson scattering on the same mag-
netic flux surface but at a different toroidal position. A
finite beta shift of the plasma column is taken into account
for the conversion of the two coordinates.!” The two pro-
files are consistent, although stricter point-to-point corre-
spondence is necessary for a detailed comparison. The co-
incidence of the electron densities measured in three
different ways demonstrates the reliability of the diagnostic
system and the density reconstruction methods.

VI. SELECTION OF THE ELECTRON DENSITY
RECONSTRUCTION METHOD

The two n, profile reconstruction methods have differ-
ent applicable depths and average densities. By selecting
methods I or II, we can obtain #, profiles in various kinds
of discharges from low-density (10'' cm~3) to high-
density (10" cm™3) plasmas. The temporal evolution of
the n, profile in identical discharges, as shown in Fig. 7, is
obtained by selecting the appropriate reconstruction
method. The plasma is produced by ECR and additionally

— _ ECR+NBI yLCFS
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FIG. 7. Temporal evolution of electron density profile in the CHS dis-
charge. The plasma is produced by ECR and additionally heated by NBX
from 28 to 128 ms.

heated by NBI from 28 to 128 ms in the discharge se-
quence. The n, profile at 80 ms is the same as that shown
in Figs. 5 and 6. Method II is used when the emission
signal is strongly attenuated within the observation win-
dow (z>113 cm), since the applicable depth of method II
is larger than that of method I. On the other hand, method

.I is used when the beam is weakly attenuated. It can be

seen from the figure that the plasma density gradually in-
creases during NBI injection until it reaches a steady state
and then decreases afterward.

The applicable depth (z;;,,) and the applicable average
density (7,) for each n, reconstruction procedure is esti-
mated for the Li’-beam probe system on CHS where the
observation coverage is 15 cm. z;;, is the deepest point at
which the accuracy of the reconstruction is sufficient. zy;,
for each method is shown as a function of 7, in Fig. 8. For
simplicity, n, is assumed to increase linearly with respect to
z. Criteria in determining applicable z;;,, and 7%, are sum-
marized in Table II. It can be seen that method I covers a
wide range of electron densities. On the other hand,
method II has the advantage of a larger applicable depth.
The lower limit of the applicable average density for
method II can be reduced by extending the observation
coverage so that the emission tail-off is within the view of
the optical system.

15 y— p————rry
T
A
©
N0 L .
5 L3
g [ Simple Method-| S,
': [ emission method
2 L Applicable average density
o Farw Ty | P P

1012 1013 1014
Average electron density fig [cm™ ]

FIG. 8. The applicable depth (z,;) and the applicable average density
(7,) for the simple emission method, methods I and II.
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TABLE II. Criteria for determining the applicable depth (z,;) and the
applicable average density (#,) for the simple emission method, methods
I and IL

Simple emission method Method I Method 11
z milza) z24=2z, z=z
d 0 (0) =0.9 ‘ 4= Zpeak d= Z10%peak
i(15 cm)
_ (Gop? ﬁ‘l(____
e <zx3;“>0.95 2,55 em <01
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