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With consideration of the effects of the atomic process and the sight line direction on the charge exchange re-

combination spectroscopy (CXRS), a code used to modify the poloidal CXRS measurement on Tokamak-60 Upgrade

(JT-60U) in Japan Atomic Energy Research Institute is developed, offering an effective tool to modify the measurement

and analyse experimental results further. The results show that the poloidal velocity of ion is overestimated but the ion

temperature is underestimated by the poloidal CXRS measurement, and they also indicate that the effect of observation

angle on rotation velocity is a dominant one in a core region (r/a < 0.65), whereas in an edge region where the sight line

is nearly normal to the neutral beam, the observation angle effect is very small. The difference between the modified

velocity and the neoclassical velocity is not larger than the error in measurement. The difference inside the internal

transport barrier (ITB) region is 2–3 times larger than that outside the ITB region, and it increases when the effect

of excited components in neutral beam is taken into account. The radial electric field profile is affected greatly by the

poloidal rotation term, which possibly indicates the correlation between the poloidal rotation and the transport barrier

formation.

Keywords: atomic process, charge exchange recombination spectroscopy (CXRS), modification,

plasma
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1. Introduction

The shear of radial electric field has been consid-

ered to have an important effect on confinement and

anomalous transport in plasmas.[1−8] The poloidal

plasma rotation velocity is a key ingredient deter-

mining a radial electric field. In order to analyse

the plasma confinement, it is, of course, very im-

portant to acquire an accurate plasma rotation ve-

locity. In JT-60U,[9] this rotation velocity is diag-

nosed by charge exchange recombination spectroscopy

(CXRS)[10] through analysing the impurity ion (C5+)

line emission profile. However, the line emission

measured by charge exchange reaction (CXR)[11]

(C6++D0 → C5++D+) cannot reflect the real veloc-

ity distribution function of the fully ionized ion (C6+)

because of the following effects:[12,13] finite lifetime

of the excited states, charge exchange cross section,

variation of the ion gyro frequency with charge state

(Z → Z − 1), neutral beam non-uniformity and its

observation direction. As a consequence, the pseudo

velocity is not associated with the real plasma rotation

velocity. Just because of the pseudo shift coming from

the effects of atomic process and observation angle, in

JT-60U tokamak, not the measured poloidal velocity

is used to calculate the radial electric field, but the

neoclassical velocity. In fact, this is questionable be-

cause the difference between the real poloidal velocity

and the neoclassical velocity is unknown. Therefore,

it is necessary to evaluate the measured line emission

with taking into account the above effects, so as to

modify the plasma rotation velocity, as well as the ion

temperature and the impurity density, and to calcu-

late the radial electric field on the basis of the mea-

sured poloidal velocity further.

The effects of gyro motion and finite lifetime

on velocity measurements have been considered in

Ref.[14], in which a pseudo velocity is produced by the

spatial variation of excitations. With the gyro-orbit

and the finite lifetime effects on the line shape taken

into consideration, the distribution function of ions af-

ter undergoing charge exchange has been derived.[12]

By integrating the distribution function over the ve-

locity components perpendicular to the sight line, a

∗Project supported by the Core University Program between Japan and China and the Scientist Exchange Program in the field of

Nuclear Energy Research organized by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.
http://www.iop.org/journals/cp http://cp.iphy.ac.cn



No. 11 Modification to poloidal charge exchange recombination spectroscopy measurement in · · · 3435

line profile in a particular observation direction can

also be obtained.

A corrected velocity can be estimated by using

two sets of measurement systems (upper and lower

sight lines in a the poloidal plane), such as on Toka-

mak Fusion Test Reactor (TFTR).[13,15] Such a con-

dition of two-set system is somewhat critical because

not all machines can meet this demand. For example,

the JT-60U cannot satisfy the condition.

Correction of measured poloidal velocity shift can

be made by integrating the distribution function of ex-

cited ions described in Ref.[12], in which only a pseudo

shifted velocity can be estimated but a modified inten-

sity profile cannot be directly obtained. According to

the theory in Ref.[12], in the present work, we develop

a modification code to modify the intensity profile,

from which the modified plasma poloidal velocity, ion

temperature, and the impurity density can be induced.

The remainder of this paper is organized as fol-

lows. Derivation of the modified intensity profile is

described in Section 2. In Section 3, the modifica-

tion results and analysis are discussed, including the

cross-check of the modification, comparisons of veloc-

ities and radial electric fields, and correlation between

poloidal rotation velocity and transport barrier. The

effect of excited components of neutral beam on the

modification is briefly discussed in Section 4. Finally,

some conclusions are drawn from the present study in

Section 5.

2. Derivation of modified inten-

sity profile

2.1. Line profile determined by the

ground ions

We define an orthogonal coordinates of x, y and z,

such that υx, υy, υz are along the radial direction, the

sight line direction and the magnetic field direction,

respectively. The distribution function of ground ions

(C6+), F , is assumed to have the Fourier expansion in

ψ,

F =

+∞
∑

n=−∞

Fne
inψ, (1)

where ψ is the angle measured from the x-axis, so

that υx = υ⊥cosψ and υy = υ⊥sinψ, with υ⊥ being

the gyro-velocity in the x–y plane.

After integrating F over the velocity components

perpendicular to the sight line (dσ = dυxdυz), the line

intensity profile C6+ along the sight line direction (υy)

is as follows:[14,16]

Iy(C
6+) ∝

∫

F (υ)dυxdυz

∝ exp

{

−
M [υy − (υE×B + υdia + υT )]2

2T

}

,

(2)

where υE×B is the magnitude of drift velocity caused

by E×B, υdia is the diamagnetic drift velocity caused

by a pressure gradient, and υT is the velocity caused

by a temperature gradient. Expressions of υdia and

υT are written as

υdia = −
1

Ω
×
T

M

(

1

n

∂n

∂x
+

1

T

∂T

∂x

)

, (3)

υT = −
1

MΩ

(

M

2T
υ2
y −

3

2

)

∂T

∂x
, (4)

where Ω is the gyrofrequency of the ground ions.

In a tokamak geometry, there is a tilted angle

π/2 − θ between the poloidal direction and the above

sight line direction (υy), where θ is the angle between

the poloidal direction and z-axis (magnetic field di-

rection), so we have sin θ = Btor/Btotal. The intensity

profile along the poloidal direction (υp = υysinθ) is

approximately

Ip(C
6+) ∝ exp

{

−
M [υp − (υE×B + υdia + υT ) sin θ]2

2T

}

. (5)

Equation (5) can be expanded into

Ip(C
6+) ∝ exp

{

−
M(υp − υ0)

2 − 2M × υT sin θ(υp − υ0) +M(υT sin θ)2

2T

}

∝ exp

{

−
M(υp − υ0)

2

2T

}

× exp

{

MυT (υp − υ0)

T

}

× exp

{

M(υT sin θ)2

2T

}

, (6)
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from which a shifted velocity along the poloidal di-

rection can be obtained by fitting the line profile

exp

{

−
M(υp − υ0)

2

2T

}

, where υ0 = (υE×B+υdia) sin θ

represents the drifting velocity along the poloidal di-

rection.

2.2.Measured emission profile

With considering the CXRS process, the emission

from a unit volume of plasma is proportional to the

product of the beam neutral density, the impurity ion

density, and the charge exchange rate coefficient

E ∝< συ >, (7)

< συ >=

∫

dυ3σ(|υ − υbeam|) |υ − υbeam|F (υ).(8)

The measured intensity profile is dependent on the

emission rate

Q(υcol) = σ(|υ − υbeam|) |υ − υbeam| , (9)

where υ and υbeam are the ion velocity and the beam

velocity, respectively.

With considering the following effects:

(1) the finite lifetime of the excited states, (2) ve-

locity dependence of charge exchange reactivity,(3)

variation of the ion gryofrequency with charge state

(Z → Z − 1), and (4) the direction of observed sight

line, the distribution function (f) of the excited ions

(C5+), determined by the kinetic equation for the ex-

cited ions which are formed by CXR, has the following

form:[12]

f =
F0

ν

[

νCX + ν̃CX
υz cos θH − u sin θH sinψH

υH

]

+
1

ω2 + ν2

{

−
∂F0

∂x

∂νCX

∂x

[

ν (Ω − ω) υx +
(

ωΩ + ν2
)

υy

]

+
F0ν̃CX

υH
sin θH

[

(ν cosψH − ω sinψH) υx + (ν sinψH + ω cosψH)υy

]}

, (10)

where u is the magnitude of the drift velocity caused

by E × B; νCX and ν̃CX, defined in Ref.[12], are the

constants of the dimension of frequency characteriz-

ing the charge exchange rate; θH is the polar angle of

the neutral beam measured from the z-axis; ψH is the

azimuthal angle of the neutral beam measured from

the x-axis; υH is the mean-square velocity of the neu-

tral beam; ω is the gyrofrequency of the excited ions;

ν = 1/τ .

We characterize the direction of the sight line by

the polar coordinate (θ0, ψ0), with the polar angle θ0

measured from the z-axis and the azimuthal angle ψ0

measured from the x-axis. In the CXRS measurement,

the sight line is usually in the poloidal plane. Since

the poloidal magnetic field (Bpol) is much smaller than

the toroidal magnetic field (Btor) in JT-60U (usually,

Bpol/Btor < 0.1), the magnetic field is nearly per-

pendicular to the poloidal plane. Therefore, we have

approximately θ0 ∼ θ, which is the angle between the

poloidal direction and the magnetic field direction. In

addition, the presence of ψ0 suggests that the sight

line is not along the poloidal direction, but in the di-

rection of υobs which is indicated in Fig.1 showing the

poloidal plane (υobs = υp sinψ0 + υx cosψ0, where ψ0

is also called the observation angle measured from the

radial x-axis). As a result, the measured shift is not

Fig.1. Sight line in the poloidal plane.
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a pure poloidal rotation velocity. A line profile in the

observation direction, obtained by integrating f over

the velocity components particular to the of sight line,

is

I(obs) ∝

∫

Q(υcol)f(υ)dσ, (11)

i.e.

I(obs) ∝

∫

f(υ)dσ

∝ exp

{

−
M(υobs − υE×B sin θ0 sinψ0 − u1 − u2 − u3 − u4)

2

2T

}

∝ exp

{

−
M(υobs − υmeasure)

2

2T

}

∝ exp

{

−
M(υp sinψ0 − υx cosψ0 − υmeasure)

2

2T

}

∝ exp

{

−
M [(υp sinψ0 − υmeasure)

2 + υ2
x cos2 ψ0 − 2 × υx cosψ0 × (υp sinψ0 − υmeasure)]

2T

}

∝ A exp

{

−
M(υp sinψ0 − υmeasure)

2

2T

}

, (12)

(

A = exp

{

−
M(υ2

x cos2 ψ0 − 2 × υx cosψ0 × (υp sinψ0 − υmeasure))

2T

}

)

, (13)

where υmeasure is the raw shifted velocity measured by CXRS, u1, u2, u3, and u4 are defined as those in Ref.[12].

2.3.Modification of the measured intensity profile

Equation (12) can be written in the following form:

I(obs) ∝ A exp



















−

M

[

υp − υE×B sin θ0 −
(u1 + u2 + u3 + u4)

sinψ0

]2

sin2 ψ0

2T



















,

I(obs) ∝ A exp



















−

M

[

υp − (υE×B + υdia) sin θ0 −
(u′1 + u2 + u3 + u4)

sinψ0

]2

2T sin2 ψ0



















, (14)

where u′1 = u1 − υdia sin θ0 sinψ0. Since θ0 ∼ θ, we have υ0 = (υE×B + υdia) sin θ0. Taking υ1 = (u′1 + u2 + u3 +

u4)/ sinψ0, we have

I(obs) ∝ exp

{

−
M [(υp − υ0) − υ1]

2

2T/ sin2 ψ0

}

A = A exp

{

−
M [(υp − υ0)

2 + υ2
1 − 2(υp − υ0)υ1]

2T/ sin2 ψ0

}

, (15)

where υ0 and υ1 are small shift values compared with the ion thermal velocity (< 10% in JT-60U), so
Mυ2

1

2T

and
Mυ0υ1

2T
are the terms of the second-order smallness and can be neglected. Thus, Eq.(15) is expressed as

I(obs) ∝ A exp

{

−
M(υp − υ0)

2

2T/ sin2 ψ0

}

exp

{

Mυpυ1

T/ sin2 ψ0

}

. (16)

Integrating the above equation over the observation direction yields
∫

I(obs)dvobs ∝ exp

{

−
M(υp − υ0)

2

2T/ sin2 ψ0

}

exp

{

Mυpυ1

T/ sin2 ψ0

}
∫

Advobs, (17)

exp

{

−
M(υp − υ0)

2

2T/ sin2 ψ0

}

∝

∫

I(obs)dvobs)/ exp

{

Mυpυ1

T/ sin2 ψ0

}

/

(
∫

Advobs

)

. (18)
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Note that the term on the left-hand side in

Eq.(18) is just corresponding to the impurity ion

(C6+) line profile obtained from Eq.(6) expressed as

exp

{

−
M(υp − υ0)

2

2T ′

}

, where T ′ is the modified ion

temperature. By modifying the measurement by us-

ing Eq.(18), a shifted velocity and temperature can be

induced.

3. Modification results and anal-

ysis

In the poloidal CXRS measurement on JT-60U,

the neutral beam is injected in a direction opposite

to the radial direction (see Fig.1). In the modifica-

tion, the C VI (n = 8 →7) transition is used and

the corresponding wavelength is λ = 529.05nm, which

is used in the CXRS measurement in JT-60U. Also,

three components of neutral beam at the full (85 keV),

half and third energies account for 50%, 27%, and 23%

of components of the beam, respectively. The energy-

dependent emission rate is cited from Ref.[17] and the

lifetime is taken as 1.1ns obtained in experiments.[13]

The computed line profiles include summations over

the three components.

3.1.Cross-check for the modifications

With the modification expressed by Eq.(18), as-

suming a JT-60U plasma (shot 36479 (t = 6.0 s)),[10]

to have a Maxwellian velocity distribution with Ti =

7.601keV and υmeasure = −40206m/s (here, the sign

‘–’ means the diamagnetic drift direction of ion) mea-

sured by the poloidal CXRS at an observation an-

gle ψ0 = 115◦, the relative intensity profiles with and

without taking into account the effect of sight line are

displayed in Fig.2. The figure shows that the spectrum

changes very little without considering the observation

angle effect (i.e. ψ0 = 90◦), and that the spectrum,

the resulting ion temperature, and rotation velocity

are modified greatly when the observation angle effect

is taken into account (at the point, ψ0 = 115◦). It is

clearly seen that in the case of considering the observa-

tion angle effect, the absolute value of modified veloc-

ity is much smaller than the original measurement and

the ion temperature is higher than the measurement,

indicating that the poloidal velocity is overestimated

and ion temperature is underestimated by the poloidal

CXRS measurement. When the observation angle ef-

fect is ignored, i.e. the sight line is normal to the

neutral beam, the velocity difference becomes small

and little change in ion temperature occurs within the

error bar. The modification has a similar change ten-

dency to the result (shown in Fig.3) obtained by the

simulation introduced in Ref.[18], indicating the reli-

ability of the modification results. The poloidal rota-

tion velocity profiles with and without modifications

are shown in Fig.4, separately indicating that the ef-

fect of observation angle on rotation velocity is much

larger than the other effects (e.g. emission rate and life

time) in a region of r/a < 0.65, whereas outside this

region where the sight line is nearly normal to neutral

beam, the observation angle effect is very small.

Fig.2. Relative intensity profiles before and after mod-

ifications. correction 1 — with effects of lifetime and

observation angle. correction 2 — with lifetime effect

but without observation angle effect. a before correc-

tion (V peak = −40246 m/s, Ti = 7.601 keV); b correction

1 (V peak = −372 m/s, Ti = 9.256 keV); c correction 2

(V peak = −30577 m/s, Ti = 7.59 keV).

Fig.3. Simulated relative intensity profiles before and af-

ter CXRS processes. a with observation angle (V peak =

−45093 m/s, Ti = 8.91 keV); b without observation angle

(V peak = −12014 m/s, Ti = 9.23 keV); c assumed profile

(V peak = 0, Ti = 9.25 keV).
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Fig.4. Poloidal rotation velocity profiles before and after

modifications. a before correction; b correction 1 (with ef-

fect of lifetime and observation angle); c correction 2 (with

lifetime effect but without observation angle effect).

For the JT-60U plasma profile (shot 36479 (t =

6.0 s)), the profiles of pseudo velocity, defined as the

difference between original measurement and modified

result (∆υ = υmeasure−υcorrection), are compared with

the simulated velocity shifts[18] that are not associated

with the poloidal rotation, as shown in Fig.5. It is seen

that within the measurement error (∼ 104 m/s),[10]

the two results are almost in agreement with each

other no matter whether the observation angle is taken

into account or not.

Fig.5. Comparison between modified and simulated ve-

locity profiles (The shift corrected from the measurement

is defined as ∆υ = υmeasure −υcorrection) (a) with lifetime

effect but without observation angle effect (b) with effects

of lifetime and observation angle.

The comparisons all show that the modified re-

sults are almost reliable, so that it could be used to

modify the poloidal rotation velocity, hence to evalu-

ate the radial electric field (Er) and analyse the im-

provement on plasma parameters.

Though, for the ion temperature case, there exist

some quantitative differences between the modifica-

tion (Fig.2) and the simulation (Fig.3), the compar-

isons between experimental data support the valida-

tion of modification in some degree. The ion temper-

ature profiles (shot 36479 (t = 6.0 s)), diagnosed by

the poloidal CXRS, before and after modifications are

shown in Fig.6, in which the ion temperature profile

measured by the toroidal CXRS is also displayed. It

is observed that the modified ion temperature from

the poloidal CXRS measurement is nearly equal to

the toroidal measurement within the error-bar, which

possibly suggests the reliability of the modification ex-

perimentally.

Fig.6. Comparison between ion temperatures from

poloidal and toroidal CXRS measurements. a toroidal

measurement; b poloidal measurement; c correction with-

out observation angle effect; d correction with observation

angle effect.

In addition, as is in agreement with the simula-

tion results shown in Ref.[18], it is seen from Fig.4 that

in an edge region there is little difference between the

measurement and the modification, which is because

in that region the ion temperature is low and the sight

line is nearly perpendicular to the neutral beam. The

result indicates that the measured spectrum in this

region can be directly used to calculate the radial elec-

tric field and no correction is needed on the condition

of the reliability of the measurement system.

3.2. Poloidal rotation velocities and ra-

dial electric fields

For a discharge of 36486 (t = 5.9 s)[19] with

ITB, a modified velocity profile evaluated according

to the measurement is displayed in Fig.7, in which

also shown are profiles including the original mea-

surement and the neoclassical poloidal velocity. It
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is shown that though the modified result is a little

larger than the neoclassical value and the difference

(∼3000m/s) is much smaller than the measurement

error (∼104m/s)[10] outside the ITB region, the ve-

locity discrepancy increases and the difference is of al-

most the same order of magnitude as the measurement

error inside the ITB region. The difference inside the

ITB region is 2 ∼ 3 times larger than that outside the

ITB region. The radial electric field profile could be

different due to the discrepancy in the velocity profile

inside the ITB region.

Fig.7. Comparison among originally measured, modified

and neoclassical velocity (the dots denote the measure-

ments and modifications, the ‘smoothed’ means averaging

the dots into a smoothed line). Modification 1: without

considering the charge exchange cross section in excited

state. Modification 2: considering the charge exchange

cross section in excited state. a original measurement;

b smoothed measurement; c modification 1; d smoothed

modification 1; e modification 2; f smoothed modification

2; g neoclassical velocity.

By using the balance in radial force, a radial elec-

tric field (Er) can be calculated from the equation

Er =
1

eZn

∂p

∂r
+ υϕBθ − υθBϕ, (19)

where e, Z, n, p are the electric charge, nuclear charge

of impurity ion, ion density, and ion pressure, re-

spectively, and υϕ is the impurity ion toroidal rota-

tion velocity, υθ the poloidal rotation velocity, Bϕ the

toroidal magnetic field, and Bθ the poloidal magnetic

field. By substituting υθ in Eq.(19) with the modi-

fied velocity and the neoclassical value, the Er pro-

files, together with different Er components of pres-

sure gradient

(

1

eZn

∂p

∂r

)

, poloidal rotation (−υθBϕ),

and toroidal rotation (υϕBθ) are displayed in Fig.8.

Though the differences between the modified and

the neoclassical velocities is within the measurement

error-bar, the radial electric fields, particularly Er

shear, evaluated with the modified velocity are af-

fected by the poloidal rotation term. No matter

whether the modified velocity or the neoclassical value

is used, the peak positions of Er are almost consistent.

It seems that the modification increases the shear of

Er because the maximum of poloidal rotation term is

close to the ITB foot, thus deepening the Er well rel-

atively. Whether it results in or from the formation of

ITB is not very clear, which needs further studying.

Fig.8. Radial electric field (Er) profiles, calculated using

modified and neoclassical velocity, together with differ-

ent Er components of pressure gradient

„

1

eZn

∂p

∂r

«

, and

poloidal rotation (−υθBϕ), and toroidal rotation (υϕBθ).

a pressure gradient term; b poloidal rotation term; c

toroidal rotation term; d Er with modified velocity; e Er

with neoclassical velocity.

The electric fields calculated from Eq.(19), sep-

arately, with the originally measured, modified, and

neoclassical poloidal velocity are compared in Fig.9.

It is obvious that the electric field calculated by using

the original measurement is far different from those

obtained by using the modified velocity and neoclas-

sical value. At the same time, another radial electric

field profile calculated by using modified velocity at

τ = 0.59 ns is also shown in Fig.9, indicating that

the radial electric field is affected somewhat by the τ

value, especially in the core region where the ion tem-

perature and the observation angle are large. This in-

dicates that a reliable lifetime is necessary to acquire

a reliable calibration.

For the edge transport barrier (ETB) case, a

high confinement (H-mode) plasma (shot 24573 t =

6.35 s)[20] is analysed as follows. Figure 10 (a) shows

the edge pressure (neTi) profile, indicating the ex-

istence of H-mode pedestal near r/a ∼0.9. Figure

10(b) shows the corresponding poloidal velocity pro-

file. Shown in Fig.11 are three radial electric field com-
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ponents, i.e. poloidal rotation term (−υθBϕ), summa-

tion of pressure gradient and toroidal rotation term
(

1

eZn

∂p

∂r
+ υϕBθ

)

, and summation of pressure gra-

dient term, toroidal rotation term and poloidal rota-

tion term

(

1

eZn

∂p

∂r
+ υϕBθ − υθBϕ

)

, i.e. total Er.

This figure indicates that the radial electric field pro-

file is greatly modified by the poloidal rotation term,

especially in a transport barrier region the shear of

Er is increased dramatically due to the poloidal ro-

tation at a larger poloidal velocity localized near the

ETB shoulder, which possibly indicates the correla-

tion between the poloidal rotation and the pedestal

structure.

Of course, the obtained relationship between the

poloidal rotation velocity and the transport barrier is

preliminary only, for the data is not enough. Further

study is under way in detail, especially on the anal-

ysis of the influence of poloidal rotation on the edge

transport. Because the above results indicate that the

modification to measurement is not necessary in the

edge region, the uncertainty of lifetime can be avoided.

Fig.9. Comparisons among the radial electric field ob-

tained with originally measured, modified, and neoclassi-

cal poloidal velocity. a with modified velocity (τ = 1.1 ns);

b with modified velocity (τ = 0.59 ns); c with unmodified

velocity; d with neoclassical velocity.

Fig.10. (a) Edge pressure (ne ×Ti) profile for an H-mode

plasma (24573); (b) Poloidal velocity profile (24573).

Fig.11. Three component of radial electric field: poloidal

rotation term (−υθBϕ), summation of pressure gradient

and toroidal rotation term

„

1

eZn

∂p

∂r
+ υϕBθ

«

, and total

radial electric field

„

Er =
1

eZn

∂p

∂r
+ υϕBθ − υθBϕ

«

.

4. Discussion

Here we discuss the effect of excited components

of neutral beam on the modification. No error anal-

ysis is made in the above modification, for it is very

difficult to make the error analysis in such a modifica-

tion, especially due to the uncertainties in the atomic

physics cross section. In the above modification, the

effect of excited components of neutral beam is not

taken into account in considering the charge exchange

emission rate and observation angle effects. The re-

sults show that there is no obvious difference between

the inferred poloidal velocity (modification 1 in Fig.7)

and the neoclassical velocity, especially outside the

ITB region. In fact, the cross section for the n = 2 ex-

cited neutrals in the beam is two orders of magnitude

larger than that for the neutrals in a ground state at

lower energies, i.e. half and third energies.[21,22] Previ-

ous result[23] shows that although the fraction of neu-

trals in an excited state is typically less than 1%, the

overall effect on the apparent velocity is significant due

to the large cross section. Using the charge exchange

cross section, interpolated from the Atomic Data and

Analysis Structure (ADAS) database, with consider-

ing the effect of excited beam neutrals whose compo-

nent fraction is 0.3%, the modified poloidal velocity

profile (modification 2) is also displayed in Fig.7. It is

seen that the modified velocity increases, as a result,

the difference between the inferred poloidal velocity

and the neoclassical velocity increases. The difference

between the modified and the neoclassical velocities

is greatly affected by the excited components of the
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neutral beam, especially in the core region where the

temperature is high. Therefore, it is necessary to ob-

tain an accurate component of the n = 2 excited neu-

trals of the beam so as to obtain a reliable poloidal

rotation velocity.

5. Conclusions

With taking into account the effects of the atomic

process and the sight line direction in the CXRS pro-

cess, a code used to modify poloidal CXRS measure-

ment on JT-60U is developed, offering an effective tool

to modify the measurement and to analyse experimen-

tal results further. After making the modification,

the results indicate that poloidal velocity is overesti-

mated but the ion temperature is underestimated by

the poloidal CXRS measurement. The effect of obser-

vation angle on rotation velocity is much larger than

the other effects (e.g. emission rate and life time) in

the core region, whereas in the edge region where the

sight line is nearly normal to neutral beam, the obser-

vation angle effect is very small. All of these results

are nearly in agreement with the simulated results,

indicating the reliability of the modification. The dif-

ference between the modified velocity and the neo-

classical velocity is not larger than the measurement

error. The difference inside the ITB region is 2 ∼ 3

times larger than that outside the ITB region. Such a

difference increases when the effect of excited neutrals

of the beam is taken into account.

It seems that there exists a correlation between

poloidal velocity and transport barrier. The radial

electric field profile is greatly modified by the poloidal

rotation term, which possibly indicates the correlation

between the poloidal rotation and the pedestal struc-

ture.
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