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ABSTRACT

Two types of plasma density reconstruction methods for fast Li0 beam probe
diagnostics have been developed for edge profile measurements in the CHS helical device,
in which density dependence of atomic processes such as ionization, excitation/ deexcitation
and charge exchange is introduced by the use of effective rate coefficients calculated from
collisional radiative model. These methods enable us to get plasma density profile well

inside the last closed flux surface (LCFS) for various range of plasma densities with

considering attenuation of the fast Li® beam and using effective rate coefficients. A new
method (method-I) can unfold the plasma density profiles from a fractional part of emission
profile of Li I resonance line. The second method (method-II) reconstructs the density
profile from the whole range of emission profile including signal tail-off region due to the
beam attenuation. These two methods, which introduce density dependence of atomic
processes and the beam attenuation caused by ionization, noticeably improve the precision
of the measurements and extend the applicable density region of the plasma. Density
profiles reconstructed by these two different methods have shown good agreement each

other and are consistent with the result of ruby laser Thomson scattering.

Keywords: density reconstruction , fast neutral lithium beam probing, multi step atomic
processes, CHS edge plasma

a) Permanent address: Instituto Nacional de Pesquisas Espaciais, Sdo José dos Campos,
S40 Paulo, 12201, Brazil



[. INTRODUCTION

The determination of plasma parameters at the edge region of fusion devices has
deserved much attention with respect to generation and transport of impurities and to
improvement of global confinement of fusion plasmas. Beam Emission Spectroscopy
(BES) using three types of neutral lithium atomic beam, namely, thermal beam *°, laser

12 are now considered to be one of the most powerful

blow-off beam ““* and fast beam
techniques to determine the edge plasma density profile without perturbation nor
contamination to the confined plasmas. Plasma density profile is directly obtained or
reconstructed from Li T resonance line (6708A) emission signal from the injected Li®
atoms excited by electron or proton impact with the aid of atomic data of excitation,
ionization and charge exchange processes.

Three types of Li® beams have different characteristics in the velocity distribution.

How deep in the plasma the method is applicable depends on the penetration length Iy of

the beam. It is often evaluated by the product of line averaged plasma density i and lp- A

thermal beam whose mean velocity is of the order of 103 cm/s is applicable to plasmas up

to ﬁ><lP of 1012 cm-2, Hencethe penetration Iength of thermal beam is only several centimeters

even for the edge plasma with denstiy below 1012 ¢m-3. Because of slow beam velocity
and low density and temperature of tiie target plasma in this case, electron impact excitation
and ionization are dominant processes, and the electron impact processes of excited Li¥ is
negligible. Plasma density profiles have been obtained using thermal beams in TEXTOR
tokamak ', CASTOR tokamak 2 and Heliotron-E helical device >. Plasma density is
reconstructed taking the velocity distribution of the thermal beam into account in the case
of CASTOR and Heliotron-E. A laser blow-off beam whose mean velocity is of the order
of 100 cm/s is applicable to plasmas up to mx/p of 1013 cm-2. Electron impact processes
are still dominant. Because of relatively high density of the target plasma (21012 cm-3),
ionization and deexcitation processes from Li¥ excited states make an increase of ionization
probability and a decrease of emission probability. Density dependence of ionization and
emission processes is obtained using effective rate coefficients calculated from collisional
radiative model in the density profile reconstruction in the HYBTOK-II tokamak®”. Effects
of transient characteristic of the laser blow-off beam are also successfully resolved by the

use of high speed shuttering of emission profile (~10ps) and reconstruction considering
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the transport of laser blow-off Li% beamn. A monoenergetic fast Li® beam with energy

above several keV has nxl, above 101% cm? and can penetrate more than several tens

centimeters into the plasma with density above 1013 cm-3. BES using a fast LiY beam has
been applied in 2 bumpy torus NBT (4 keV) " and in tokamaks like TEXTOR
(20keV~30keV) ' and ASDEX (40~100 keV) ™. In the case of fast beam, proton impact
processes for the excitation, deexcitation, ionization and charge exchange as well as electron

impact processes must be considered.

In this paper two methods of density reconstruction using a fast Li® beam are
described for the measurements of edge density profile in CHS *. Beam energy of 8 keV
is selected to satisfy two conditions conflicting each other; penetration length and spatial

resolution. The fast Li® beam with energy of 8 keV, whose HXZP is 2.6x101% cm2, can
penetrate inside the last closed flux surface (LCFS) of the CHS plasma. Spatial resolution

of 1.3cm, which is determined by the product of the beam velocity and lifetime of LiY
excited state, is sufficient for the edge density profile measurement. To obtain edge density
profile, two problems mustbe solved; density dependence of atomic processes and attenuation
of the beam. In the past experiments of density measurements by BES in NBT %, a
calibration of beam intensity and optical system using hydrogen molecule impact excitation

was adopted and these problems, which may cause errors in high density region above

5%1012 cm-3, depending on the density profile, were neglected (simple BES measurement).
A new density reconstruction method (method-I) solves these problems by using effective
rate coefficients including the effects of proton impact and beam attenuation caused by
ionization. This new method considerably extends the accessible density range compared
to the simple BES measnrement. We also make the density reconstruction method from
the whole range of emission profile (method-II) by the use of the effective rate coefficients,
which can be applied to higher density plasmas. By selecting these two types of reconstruction

methods, density profiles under various discharge conditions can be obtained.

Il. EXPERIMENTAL APPARATUS

Experimental set up of the fast Li® beam probing system on the CHS helical device
is shown in Fig.1 ™", CHS is a heliotron/torsatron type device which has a major radius of

ooma

100cm; a minor radius of the helicai field coil of 31cm; the poie number and the toroidal
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period number of the helical field coil of =2 and m=8, respectively. A hydrogen plasma is
produced by electron cyclotron resonance (ECR) heating with the frequency of 53GHz
and the power of 150kW. A 45keV neutral beam injector with the power up to IMW is
utilized for the additional heating. A fast Li® beam for BES is supplied by a monoenergetic
and continuous neutral beam source. Li* ions extracted from the ion gun which consists of
an ion source of thermionic emission type (8-eucryptite), a Pierce extracter and cylindrical
lens are neutralized by charge exchange as they pass through a cell containing Cs vapor .
Extracted Li® beam has an equivalent beam current density of 50uA/cm? at 8keV, and a
diameter of 15-20mm in FWHM at the diagnostics position. Li I resonance line (6708A)
emitted from excited Li? atoms is detected by a photomultiplier tube through lens, fiber
optics and an interference filter with FWHM of 15A. In order to improve the signal to
noise ratio, the Li® beam is modulated at 10kHz and phase sensitive detection is used.
Since we have only a single channel detector at the moment, spatial emission profile is
obtained by changing the point of observation in a series of identical discharges. In the
present set-up, observable position is restricted to x~113-126cm in major radius, that is,
outside edge of the toroidal plasma. The detail of the experimental procedure will be

described in elsewhere .

lIl. DENSITY DEPENDENCE OF LITHIUM EMISSION
AND IONIZATION PROCESSES

Because of the finite life time of Li I excited state 22P (27ns) and relatively high
plasma density in the CHS edge region, atomic processes are not simple. In addition to the
basic transition processes connected with the ground state 22, transitions from the excited
state 22P induced by electron and proton impact should be evaluated. Then the ionization
and emission rates depend on the local plasma density. Those transition processes and
their rate coefficients among ground state, excited state and ionized state are summarized
in Fig.2. Rate coefficients are calculated assuming plasma temperature of 30 eV and the
beam energy of 8 keV. The recombination process can be neglected since the diffusion

process of Li* ion along magnetic field is much faster than that of recombination. Higher
excited states are also neglected since their population is much smaller than that of 22P
state.



Rate coefficients for each process are evaluated from the atomic data experimentally
or empirically obtained. Ionization from 228, ionization from 22P, excitation from 228 to
22p and its deexcitation in electron impact processes are expressed by <Gisve>, <CipVe>,
<OexVe> and <OgexVe>, Tespectively ****. Since electron thermal motion with temperature
of 30eV is much faster than 8 keV Li® beam, rate coefficients for electron impact processes

are calculated neglecting the velocity of Li® beam. Since these rate coefficients have so
weak dependence on electron temperature in the range of 10-100eV that they can be

treated as constants. Corresponding proton impact processes are expressed as <GigVp>,

<OjpVp>, <CexVp> and <Ggexvp>. These rate coefficients are calculated based on the data
in the reference . Charge exchange of Li0 atom with plasma proton is also important, and

its rate coefficients for 228 and 22P states are expressed as <Ogsvp> and <Ocpvp>respectively.

In this case the thermal motion of plasma proton with temperature of 30eV can be neglected.
From the same reason, rate coefficients for the proton impact processes have so weak

dependence on the plasma temperature. Since there is no data of charge exchange cross
section for excited Li’(22P) atom Op ., it is estimated from the cross section for CsP(528)

because these two states have a similar electron structure in outermost electron orbit and

similar energy difference AE before and after the charge exchange reaction as follows: '*'’

CO(5%8) + HY —> Cst+HO+AB . e (1)

Here we introduce total rate coefficient for ionization <ojgv> for 22S state as

n<OuV>DLj =0 (<OjVe>+<Oivp>+<Ceevp>)mps, oo (2)

where n and ny; is the plasma density and density of fast Li® beam, respectively, and
Zesr=1 is assumed, i.e. the proton density is equal to the electron density. In the similar
way total rate coefficients for other processes are defined. They are summerized as follows

with the values for the edge plasma parameters mentioned above.

<OjgV> = <OjgVe> + <CjgVp> + <CgVp> = 1.8x1 07 em3fs,
<GipV>= <OpVe>+ <OigVp> +<Ogpvp> = 7.3x10°7 cmdjs,,
<OpxV>=<OgxVe> +<CexVp> = 8.9x10°7 cm3Js,
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<OgexV> = <OgexVe> + <OexVp> = 28x107em3fs. e 3)

Then effective rate coefficients for ionization and emission of Li® atom are expressed
in terms of these total rate coefficients. In the collisional radiative model, rate equation

expressed as following equation is assumed to be zero.

dny :# Iy =*
dLl =11 <CexV> 1L j— N <CipV> Ny ¥ — N <Oy V> Iy j* ~ TL =0, e 4)
{ en

where ny ;, ny;* and Ty, are the density of neutral lithium atoms which is approximately

equal to that of ground state, that of excited state and the life time of Li% excited state
(27ns), respectively. Modifying eq.(4), ng ;* can be expressed as a function of ny; and n.

<0pxV>Tam I
ex¥-lem ;. e (5)

*
ny;=
Ly +(<OipV>+<OexV>) Toy 1

lonization rate is expressed by using effective ionization rate coefficient <Gyv>q4.

dné‘tﬁ =R<CV>eff 0§ . e (6)

In our case, density of neutral Emission photon flux Nyp to the detector is expressed by

using effective emission rate coefficient <Gomv>eff.

N\,p =n <GemV>effnLiVa% s )

where V and Q mean the observation volume [cm3], the solid angle of the optical
detection system [str], respectively. From egs.(5), (6) and (7), effective ionization and

emission rate coefficients are expressed as,

<Ojsv> <OjgV>(1+(<GipV>+<OgexV>) Tom 1
<Oem"eff _ 1 L )

Cex¥>  1+{<opv>+ <OgexV>)Tem 1

It is clear from eq.(8) that the effective rate coefficient is density dependent because of

finite life time T, and non-negligible effect of ionization and deexcitation from 22P state.
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The dependence is shown in Fig.3. An increase of ionization rate and decrease of emission
rate due to an increase of population of 22P state are pronounced when the plasma density
is above 1012 cm-3. As much as 75% increase of ionization rate and 29% decrease of
emission rate can be seen in Fig.3, when the plasma density reaches up to 1013 em3,

Penetration length of 8 keV Li® beam in the plasma with density of 11013 em-3 is
estimated to be 14.9 cm by using effective ionization rate coefficient. Under this condition,
as much as 29 % of the beam is lost in the path length of Scm. Both the beam attenuation
and the decrease of emission rate coefficient influence on the BES measurements.

A contribution from higher excited states of Li® atom could also exist at much
higher density region. This modeling is suitable for the density measurement below
5%10'3 cm-3. The high density effects are simply introduced by the use of effective rate
coefficients defined by egs.(8).

IV. METHOD OF DENSITY RECONSTRUCTION WITH THE AID OF GAS
CALIBRATION (METHOD-I)
A. Determination of local density by simple BES measurement

In the simple BES measurement using the fast Li® beam, determination of local
electron density is performed through calibration of beam intensity and optical detection
system by the use of gas atom impact excitation, which is similar to calibration of laser

system in Thomson scattering, Helium gas at the pressure range of the order of 104 Torr

are used as a target gas in the CHS. In this pressure range beam attenuation is negligible.
Signal output I [V] from the Li® atoms excited by the impact with calibration gas atom

can be wriften as,

Ig(x) =ng Gex-g Vi DLI(X) V*‘i%ﬂ s e )

where Iy , Gex.g » VLi» and 1 are the density of He gas [em-3], the excitation cross section

of Li0 atom by the collision with He atom [em?2], the beam velocity [cm/s] and the
sensitivity of the optical detection system [V-s/photon}, respectively. We introduce mverse

sensitivity of the beam probe system wy as



1 Mg Oexg VLi eeeene (10)

ny; V%ﬂ Iy

wWp=

which can be obtained from the measured value of ng and Ig in the calibration work. In the

present case, wg is 2.4x109 [V-1.s1],
Signal output Iy;(x) from the excited Li® atom in the plasma at the position x is

expressed as follows using effective emission rate coefficient,

Ii®) = n(X) <CpmV>efr D X) VZQEI] . e (11)

where n(x) is the local plasma density and x is the observation position in major radius

[cm]. From egs.(10) and (11) the plasma density can be determined by,

1) L) Gex-g VL
<CemV>eff Ig <CemV>eff ©

n(x)=

Since we know the value of wg, the local density is determined from the relative intensity
ratio Iy j(x)/Ig. This is correct only in the case that the beam attenuation is negligibly
small. This simple density determination method was successfully applied to a relatively
low density plasma in the CHS ” as well as NBT **"*. Plasma densities measured by the
simple BES at 60 ms in the discharge sequence when the plasma is sustained by ECR at
toroidal magnetic field of 0.89 T are shown by crossess in Fig.4. Vacuum magnetic axis
and last closed flux surface (LCFS) crossing the Li® beam path are at 92.1 cm and 119.0
cm, respectively. Electron densities measured by Thomson scattering on the same magnetic

flux surface but 67.5° separated in toroidal direction are shown by dots with error bars.

[B]Density reconstruction considering beam attenuation

In order to evaluate effects of beam attenuation and density dependence of the
emission rate coefficient, a numerical simulation is carried out. Here we assumed a parabolic
plasma density profile with the edge value of 1x10'2 ¢m-3 and central value of 3x10!3 cm-3
and the plasma radius of 20cm. In the simulation, y-coordinate means the distance from
the edge toward the center. In Fig.5(a), beam density (thick-dashed curve) s calculated by

eq.(13) shown later and the emission signal (thin-dotted one) is calculated by eq.(11)
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considering beam attenuation. The plasma density determined by simple BES simulation
from eq.(12) putting <GpmV>eff= <OpxV> is also shown (thick-solid one). It should be
noted that beam attenuation is so strong that error in density determination reaches up to
-45% at the position where emission profile has a peak (z=5.2cm). Density reconstruction
error depends on both the effects of beam attennation and the decrease of effective emission
rate coefficients in the higher density region. The accessible region for simple BES
measurement depends on the edge density profile. In CHS plasma, it was found that the
density distribution is near exponential one rather than parabolic one, which gives larger
penetration length as shown in Fig.4.

A new density reconstruction method, classified as method-1, is developed to solve

these problems. The attenuation of monoenergetic Li® beam with the velocity of vy is

expressed by,
A
D (Z) oy <UiV>effn((;)d ] . (13)
0y i(0) g ‘u J

where we introduce a new coordinate z, which means the distance from the plasma edge

toward smaller major radius. By the use of eqs.(10} and (13}, eq.(11) is modified to

Z
Iii(l)=n(z)<§r—eﬂ>eﬁ exp - MH(C) aci. e (14)
0 0 VLi

Plasma density can be calculated iteratively from the edge toward the center. The density

at the point z is determined so that the observed emission signal Ij;(z) coincides with

IL(Z) which is re-calculated by eq.(14). For the iterative calculations, plasma density
profile calculated from eq.(12) putting <G.mV>efr=<COgVv> is used as the initial plasma
density. Convergence speed and precision of the calculation can be optimized by the use

of an appropriate convergence factor f(I (z)- I{i(z)). Errors in density reconstruction depend
not only on the measurement of Iy ;(z) but also on the accuracy of the atomic data and on
the calibration procedure.

Reconstructed plasma density profile in the simolation is shown in Fig.5(). It

should be noted that accuracy of this method greatly depends on the accuracy of the

_9_



calibration for wp. Density profile reconstructed using correct wg, 1.e. the same wg used in
calculation of emission signal, is shown (thick-solid curve) in the figure. Two incorrectly
reconstructed curves are obtained assuming 10% overestimate (thick-dotted one) or 10%
underestimate (thick-dashed one) of wy. Errors in the density at the position where the
emission profile has a peak reach up to -18% and +30%, respectively.

An example of density profile measurement in the typical CHS discharge is shown
in Fig.6. The plasma is sustained by NBI at toroidal magnetic field of 1. The magnetic
axis is set at the major radius of 94.9 cm and the position of the last closed flux surface
(LCFS) is 122.5 cm. Emission signal at 80 ms in the discharge sequence (thin-dotted
curve) is spline interpolated since this method needs emission profile to calculate the beam
attenuation. By the use of this reconstruction method-I, we can obtain the density profile
(thick-solid curve) with the help of the simple BES measurement putting <GemV>eff =<CexV>
as shown in thin-solid one. Effects for uncertainty of atomic data are relatively small
compared with the reconstruction method-II which will be described in the next section,
because the plasma density near the edge where the beam attenuation and the density
dependence of atomic processes are neglected is almost determined by simple BES
measurement. The fact that density profile can be reconstructed from the fractional part of

the emission profile near the edge is an advantage of this method-L

V. METHOD OF DENSITY RECONSTRUCTION FROM THE
WHOLE EMISSION PROFILE (METHOD-II)
The second density reconstruction method, classified as method-I, requires the
whole region of the emission profile from the edge of the plasma to the region where the

emission signal is totally attenuated. Since the ratio of probability of ionization to that of

emission is proportional to <G{v>efr/ <Cevesf» the Li® beam density can be calculated

from following equation®,

X
<OiV>eff 1.
Z&;ﬁlh@) dE.;
nLi(X) = Q L e, (I 5)
vy Vv el
T

Note that ny j(x) is integrated from the position of interior plasma where the beam is totally




attenuated to outward direction from which Li® beam is coming. Theoretically the range
of integration must be from -s» to X in eq.(15), however, the starting point of integration is
limited in practice by spatial coverage of optical system. Therefore error in ny ; is greater
as x is smaller, Eliminating nj ; from eq.(11) by using eq.(15), plasma density is expressed

56,7
as—,

Ipi(®) vii 1 (16)

X
<OiV>,
<CemV>eff [ 2%?% I15(&)dg
0

n(x) =

This method has a great advantage of no need for calibration of beam intensity and optical
system as long as the sensitivity of each channel seeing a different position is the same.
Since eq.(16) contains effective rate coefficients which are functions of plasma density,

the last must be iteratively calculated. Initial profile for iterative calculation is expressed

by
n(x) = I (%) Vi , o 17

X
<0isv>f I14&) 48
0

where <Gv>er and <Cpmv>eff are replaced by the constant value of <ojv> and <Gexv>,
respectively. Note that underestimation of ionization rate coefficient in eq.(17) make the
approximately reconstructed density greater than the real one. Only several times iterative
calculation using eq.(16) can converge the plasma density profile consistently with the
obtained emission signal. It has been shown in the practice that the density profile is
accurately reconstructed from the edge to the interior of the plasma at the position where
the emission signal decreases down to 50~80% of that of the peak .

Density profile reconstructed by this method-II is shown in Fig.7. The same emission
signal as shown in Fig.6 is employed (thin-dotted curve). Density profile reconstructed by
this method-II after ten times iteration is shown in thin-solid curve. The small hump in the
profile is not real one. It comes from that data point is discrete and taken in shot by shot
base. The result from the method-1 is also shown by thick solid curve. Method-II can

reconstruct the plasma density beyond the peak position of the emission profile. The



results from the two different methods agree well cutside the peak position of the emission
signal. Those results are compared with the electron density obtained by ruby laser Thomson
scattering, which is shown by a dot with an error bar. Good agreement was obtained
although more strict point-to-point correspondence is necessary for the observation points

between two diagnostics taking a finite beta shift of the plasma column into account .

VI. SELECTION OF DENSITY RECONSTRUCTION METHOD AND
EDGE DENSITY PROFILES IN THE CHS

A temporal evolution of plasma density profile in an identical discharge is shown in
Fig.8(a) and (b). Vacuum magnetic axis and last closed flux surface are at 94.9cm and
122.5cm, respectively. Plasma is produced by electron cyclotron resonance and heated by
neutral beam injection with a duration from 28ms to 128ms of the discharge sequence.
The data at 80 ms in the discharge sequence are the same as shown in Fig.6 and 7. Both
reconstruction methods are available when the emission signal is attenuated enough in the
observation region. In this case reconstruction from the whole region of emission profile
{method-1I) is applied since the coverage of reconstruction is larger. Density profiles
reconstructed by method-II are plotted by solid curves in the both figures. On the other
hand, in case that the emission signal is not attenuated enough, only reconstruction from
the fractional part of the emission with calibration (method-I) is available. Density profiles
reconstructed by method-T are shown in dotted curves in the figures. Coverage of
reconstruction is enough wide since peak of emission signal is at a deep position in the
plasma. In this way, suitable reconstruction method is selected whether whole emission
profile is obtained or not for each datum in Fig.8(a). In Fig.8(b), the method-1 or method-II
are selected for the region outside or inside the LCFS. By selecting these two types of
reconstruction methods, edge plasma density profile in the CHS for various condition of

discharge can be obtained. The details of experimental results obtained by this fast Li°
beam probe system with these density reconstruction algorithms will be discussed in

elsewhere B,

Vii. SUMMARY
Two types of density reconstruction methods successfully unfold the edge density

profiles in the CHS helical device. Plasma density dependences of ionization and emission



rates are solved by using effective rate coefficients calculated from collisional radiative
model. Each method uses the different way to take the effects of beam attenuation into
accounnt. The underestimation of ionization rate and overestimation of emission rate, which
are caused by neglecting the high density effects of atomic processes, make the reconstructed
density smaller than the real one when the reconstruction from the fractional part of
emission profile with calibration (method-I) is applied. On the other hand, these mis-
estimation can cause larger reconstructed density than the real one when reconstruction
from the whole emission profile (method-II) is applied. The plasma density profiles in the
edge region for many kinds of discharge are successfully unfolded by choosing one of the
available algorithms depending whether the over-all emission profile is obtained or only a
part of it is available. The fast Li® beam probing system with the new density reconstruction
algorithms is established as a powerful tool to investigate edge plasma phenomena in the

fusion device.
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