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Satoru

    The  ratio  of  population densities of C]' excited  lcvcls, C3'(3p2P3n), C3'(n =  6), and  C3'(n =  7), indicates that

C3'(n =  7) is predominantly excited  by electron collision with  the ground state  of  C3' in attached  plasmas. Hence,

Doppler broadening of  the C IV  (n =  6 
-

 7) spectraHine  provides C3' temperature.  Regression  analysis  of  the spectrum

results in two  C3' temperature  components.  The higher C3' temperature  ranges  from 50 eV  to 150 eY  the lower

around  20 eV. From the results  of  the ana]yses  with  plasma and  impurity transport codes  and  a  collisional-radiative

model,  the higher and  the lower C3' temperature  correspond  to thc C3' temperature  of  the common  flux (divertor)
plasma and  of  the private plasma, respectively.  In the inner divertor, C3' temperature  is close  to D'  temperature,  and

the C  IV  spectra}  line is predominantly emitted  around  the inner divertor ]eg. Therefore, it is concluded  that D'

temperature  around  the inner divertor ]eg can  be measured  frorn the  C  IV  spectral  line. On  the contrary,  it is found

dirncult to measure  the D' temperature  in the outer  divertor.
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1. Introduction

   In tokamak  divertors, hydrogen ion temperature  in the

peripheral region  is one  of  the key parameters to understand

plasma  and  impurity behaviors, and,  consequently,  is

information essential  to  controlling  divertor plasmas.
However. because the ion has no  line emission,  it is dicacult

to measure  the  ion ternperature  directly by spectroscopy.

Plasma and  impurity behaviors have often  been discussed

without  inclusion of  measured  ion temperature.  Relative to

advanced  studies  of  the ptasma  and  impurity behaviors, the

importance of  ion temperature  measurernent  is increasing,

   The heat and  the particles exhausted  from a main  plasma
are  generally transported  along  magnetic  field lines. The

particle flow direction is determined by the  pressure balance

[1], and  it is usually  from the edge  region  of  the main  plasma
toward  the  divertor because the divertor works  as  a  particle
sink.  The ion transported to  the divertor col]ides  with  its target

plates, resu]ting  in impurity generation. Both the physical L2J
and  thc chemical  [31 sputtering  yields increase with  increasing

impact energy.  Some  of  the sputtered  impurities are  shielded

by the divertor plasmu while  others  are  transported upstrearn

to the main  plasma by thermal  ferce [4], During the  transport,

these impurities obtain kinetic energy  by ion collision.  This

is also  the case  for a fusion byproduct, helium atom.  The

elastic  collision  with  ion scatters  helium  atorn,  and  enhances

penetration of  helium atom  to the  main  plasma as  well  as

exhaust  through  the pumping  s]ots r51. Hence, the  ion
behavior in the divertor plasmas is of  signitlcant  importance

to  determine  the  divertor performance, that is, the

controllability  of  heat, particles and  impurity. However, the

ion behaviors have often  been discussed with  the  ion

temperature  under  the assumption  of  an  ion temperature  equal

to the electron  temperature  or  invoked from the  pressure
balance  [6]. The  ion temperature  should  be verified  by

experimentalmeasurements.

   Dircct panicle measurement  such  as  ion-sensitive probc
measurement  [7,81 is one  method  by which  to measure  the

ion temperature.  But the ion temperature  profile only  along

the probe chord  is obtained,  and  it is difficult to measure  the

time  evolution  of  the  ion temperature  because the

measurement  duration is often limited by the heat and  panicle
fluxes of  the plasma. In addition,  in some  cases,  the change

of  the  plasma  caused  by the  probe insertion cannot  be

neglected.  Although direct and  local measurement  is diencu]t,
therc are  advantages  in optical  spectroscopy,  In particular,
visible  spectroscopy  has advantages  in spatial-resolved  and

absolute-intensity  measurements.  In the case  that optical  fibers

are  used  as  object  optics,  viewing  chords  can  be se]ected  by

changing  the  arrangement  of  the optical  fibers guided to a

spectrometer.  The  absolute-intensity  measurement  providcs

quantitative analysis,  that is, absolute  (line-integral) density

comparison  with  analytic  code  predictions, led to a
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comprchcnsivc  understanding  of  the plasma and  impurity

bchaviors.

    For measuring  the ion temperature  from a  carbon  spcctral

line, a  highly charged  carbon  ion is preferred because the

temperature  relaxation  timc  is inversely proportional to the

square  ot' the carbon  ion charge.  From  this point of  view,  there

are  preferred spectral  lines, i.e.. C  VI (n =  7 - 8 : ft - 529.I
nm)  [9] and  C  V  (2st'S - 2p3P : Z - 227.2 ntn).  However,

both lines arc  not  available  in JTL60U  divertor plasmus, The

intensity of  the C  VI spectral  line is too weak,  and  the

wavelength  of  the C  V  spectral  line is below the  wavelcngth

cutoff  (-- 350 nm  in JT-60U} due to low transmission of  the

[ong optical  fiber between JIL6()U and  the diagnostie room.

0n  thc contrary,  the in:ensity ot' C  IV (n =  6 
-

 7 / Z 
-
 772.6

nm)  is sufficienL  tn addition,  this spectral  line has another

advantage  in the ion temperature  measurement.  If ncutral

hydrogen density is high as it is in detached divertor plasmas,
the  dominant  process to poputate the  n  =  7 level of  Ci'

changcs  from the  electron  impact excitation  of  the  ground-
statc  of  C3' to the charge  exchange  recombination  between

Di)(n =  2) and  C4'. In this case.  this spectral  ]inc reflccts  the

C4" temperature,  For Lhese reasons,  thc C IV (n =  6 - 7)
spectra]  ]inc was  chosen  in the present work.  The ana]ysis

was  done  with  attention  to  the  tempcrature  relaxation  time

between ion and  carbon  ions as  we]1  as  to the elementary

processes of  C]' and  C4', The present work  is focused on  an

attached  divertor plasma. Brief deseription ef  a detached

p]asma is included.

diamctcr : 10e mm)  is used  lbr suppressien  of  asti.e.matic

images of  the optical  fibers. the echelle  grating (79 grooves 1
mm,  height  : 102  mm,  width  / 254  mm,  b[azing anglc  : 740)

for high wavelength  resolution  at high spectral  orders,  The C

IV (n =  6 
-
 7) spectral  tines are  observed  at the 32nd spectra]

order  in the case  that thc  ang]e  of  the  echelle  grating is set  at

the highest dii'1'raction efficiency,  The dispersed light is

detected with  a charge  coupled  device {CCD) camera  havjng

an  image-intensifier (quantum efliciency  / - 40%). which  has

512 ×  512 pixels with  an  eft'ective  size o[' 24 ×  24 pm, The
dispersion and  the  ubsolute  wavelength  werc  determined  t'rom

two Ar ] lines (wavelength : 772.37600 and  772.42066 nm  ±

O.OOO053 nm  L1 1)  by  means  ol'  a  spectra[  caiibration  lamp,

The measured  dispersion is O.OO182 nm  1 pixcl with  an

cstimated  error  of  O,OOOOI nm.  and  the constant  dispersion is

assumed  to deterrnine the ahso]utc  wavelength.  The

instrumental function was  measured  by means  of  a He-Ne

]aser. Thc full width  at hall' muximum  {FWHM)  of  the

tncasurcd  instrumental function is -- O.O062 nm  (- 3.4 pixcl)
at a slit width  of  80 gm, while  the FWHM  of  the Doppler

broadening ranges  between O,06 and  O.2 nm.  Because  of  the

high wavelength  reselution,  this spectrometer  can  provide
spcctra  for Doppler profile ana]ysis.  In addition,  thc [inc-

integrut population density ef  thc n =  7 ]evel is derived i'rom

the rneasured  brightness, which  is prepertiona} to the product
of  spontaneous  transition probability and  population density

of  thc  upper  level ot' the  transition.

2, Experimental

    Figure  1 (a) shows  a schematic  view  of  the  poloidal
cross-section  of  JT-60U and a spectroscopic diagnostic system

for a  divertor plasma. A  w-shaped  divertor, composed  ot'

buffles, divertor ptates, and  a  dome. is positioned at the

bottom of  the vacuum  vessel.  Carbon fiber composite  (CFC)

materials  are  used  E'or thc divertor plates and  some  of  the

dome  plates, and  isotropic graphite materials  are  used  for the

othcr  doine plates and  plates for the main  chamber.

   The spectrescepic  diagnostic system  consists  of  an  ob.]'ect

optics,  two  parallel arrays  of  sixty  optical  fibers. and  three

spectrometers.  The  object  optics  covcrs  the divertor region

with  a  spatial  resolution  of  
-
 1.2 cm  with  the sixty  optical

fibers. as  shown  in Fig. t (bl}. Emission from the divertor

plasma  is collimated  with  two  lenscs. The ff light of  lhe

emission,  a  polarization component  parallel to the  toroida]

magnetic  iield, is transmitted through  a  iinear polarizer placed
between the lenses and  lbcused  onto  the arrays  of  the optical

fibers. Then  the light is transmitted  to a diagnostic room

through  the optical  fibers Ccore diameter : 2eO pm). In the

diagnostic room,  ten. sixteen.  and  sixty  optical  fibers arc

guided to a  high resolution  spcctromctcr,  a low reselution

spectromcter,  and  an  interference filter optics,  respectivety.

   The  high resolution  spectrometer  [10] observes  ten

speetra  of  C  IV (n =  6 
-

 7 : 1 
-

 77?.6 nm)  simultaneousty.

This spcctrometer  is built in the Littrow mounting  with  an

echel]e  grating. The  Littrow lens (focal length : 1.2 m,
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Fig. 1 (a) Schematic view  of  the  poloidal cross-section  of  JT-

     60U  and  spectroscopic  diagnostic systems.  {b)
     Expanded  view  around  the w-shaped  divertor, Plasma
     configuration,  viewing  chords  for spectroscopic

     measurements,  a  reciprocating  probe  chord,  and

     locations of  Langmuir  probes  are  shown.
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   Figure 2 (a) shows  a  spectrum  of  C  IV (n =  6 - 7)

observed  with  the high resolution  spectrometer.  The spectrum

is composed  of  three spectral  lines, of- 7g, 6g - 7h, and  6h
-

 7i. For these levels, the energy  difference due to the fine-

structure  splitting  is so  small  that each  of  these lines cannot

be resolved  to spectral  lines corresponding  to transitions

between total anguiar  momentum  quantum  numbers.  The

removal  of the ocomponents,  split due to the Zeeman effect,
contributes  to  reducing  errors of  regression  analysis  on  the

spectral  profile. A  Gaussian function may  be applicable  to

the regression  analysis  becausc  the Dopplcr  broadcning is

considered  to deterrnine the spectral  profile. Actually, as

shown  in Fig. 2 (a), two  Gaussians for each  line, six

Gaussians in total, were  necessary  to reproduce  the tails of

the spectrum.  This double spectral  profile suggests  that both

cold  plasma and  hot plasma, investigated later, exist  along

the viewing  chord.  It should  be noted  that three Gaussians do

not  significantly  reduce  the residual  of  the spectral  profile and

the regression  curve, and  that the instrumental width  is too

narrow  to affect  the speetral  profile.

   The wavelengths  of  the three spectral  ]ines determined

in the  present work  are  shown  in Tlable 1. Because  the viewing

chord  is almost  perpendicular to thc magnetic  field line, the

plasma flow across  the magnetic  filed line could  cause  the

Doppler shift  of  the  spectral  lines. In fact, the wavelengths

determined from all the ten spectra  agree  within  the  estimated

error.  This  result  supports  that  the  plasma flow  across  the

magnetic  filed line is not  very  significant  anywhere  in the

divertor. On the  assumption  that  the  Doppler shift  is

negligible,  the wavelengths  calculated  from the energy  levels

given in [12] are  in agreement  within  the estimated  error

(- O.06 nm).  But the wavelengths  are systematically  longer

by - O,O1 nm  than those determined in the present work.  In

contrast.  thc wavelength  calculated  by the polarization
formula [13] are  systematically  shorter  by 

-
 O.O05 nm.  The

agreement  with  the  present work  is better, though  the

difference remains  larger than  the estimated  error.

    As  shown  in Fig. 2 (a), the intensities of  the three

spectral  lines appear  proportional to gA, where  g is a

statistical  weight  of  the upper  leve] of  the transition, and  A is

a  spontaneous  transition probability. In fact, the population
densities of  the n  =  7 level are  distributed among  azimuthal

quantum  numbers  (l-levels) having  the ratio  of  the  statistical

weight,  From  the result  of  simple  calculation,  which  considers

spontaneous  transition from l-levels of  n  =  7 to l-levels of

n  S  7, electron  and  deuteron impact excitationlde-excitation

between  l-levels of  n  =  7, it is concluded  that this statistical

population-distribution is ascribcd  to the deuteron impact on

C3'(n =  7). The result  calculated  at  an  e]ectron  temperature

and  an  electron  density of  50 eV  and  1.0 x  1e]Y m'3  indicates
that more  than 98%  of  the  population  fiows between high

l-levels, i.e., nyl 7g, 7h and  7i, is due to the  deuteron impact

excitationlde-excitation,  and  that the populating flow to an

l-level is equal  to the de-populating flow from the l-level by

the principle of  detailed balance. As  a  result,  the population
densities of  these  i-levels distribute along  the ratio  of  the
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Observed spectra  Cx component}  of  {a) C IV {n =  6-  7),

<b) C IV {n = 5 - 6) and  (c) C  IV (3s'Sv2 - 3p'P3n, x,!),
shown  by open  circles.  The  location and  the length of
the  vertical  lines show,  respectively,  the  wavelength

celculated  by  the  polarization formula  [13] and

normalized  gA  ln (aL the solid  thin curve  shows  the

regression  curve,  which  is resolved  into two  curves.  a

high temperature  (T8iP(High)) and  a lew temperature

{Tgl.PCLow)) component.  shown  by the  deshed  and  the

dotted curve,  respectively.  The solid  thick cu  rve  shows

the spectrum  calculeted  by the transport codes  and  the
collisional-radiative  model,  In (b), the  dotted and  the

solid  thin curve  show  the  instrumental function and  the
regression  curve,  re$pectively.  The  baseline shown  by

the  dashed curve  is used  as  the  tail of  an  adiecent
spectral  line, C 111 (3s3S - 3p3P  : A-  464.7 nm},  ln {c), the
relative  trensmission  of  the  interference filter is shown

by the  dotted  curve.
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Table  1 Waveiengths  of  C  IV (n = 6 
-
 7) and  C  IV (n = 5 

-
 6) determined  in the present  work,  deduced  from the  experimental  energy

     levels [12] and  calculated  by the  polarization formule [131. Estimated experimental  errors  are  also  shown.

Transition Presentwork

6f-7g6g-7g6g-7i5f-6g5g-6g772.438  nm

772.595  nm

772.626nm

465.775nm

465.862  nm

estimated  error

 -  O.OOI nm

Experiment  [12]estimated  eFrorCalculation  [13]

- O.O02 nm

772,45 nm
772,60 nm
772.64 nm
465,71 nm
465,89 nm

- O,06 nm

- O.02 nm

772.430 nm
772.591 nm
772.621 nm
465.751 nm

465.846 nm

statistical  weight.

   The low rcsolution  spectrome{er  [14] observes  sixteen

spectra  of  C  IV  (n =  5 - 6) around  465.8  nm,  simu]taneously.

This  spectrometer  has a  O.5 m  Czerny-Turner-type optics  with

a  24eO  grooves/mm  grating, and  an  image-intcnsificd CCD

camera  having 512 × 512 pixe]s covers  a  spectral  band  ot'

-
 7,2 nm,  Figure 2 (b) shows  the observed  spectru  m,  which

is compesed  of  two  spectral  lines correspending  to the flt'-

6g and  5g 
-

 6h transitions, respectively.  The FWHM  ef  the

instrumental function at an  entrance  slit width  ot' 30 um  is
-
 O.03 nm,  and  this value.  conipared  with  the FWHM  oi' the

Doppter broadening ?  O.06 nm).  is not  narrow  cnough  to

analyzc  the spcctrat  prof'ile. The  observed  spectrum  is not

used  for the ternperature measurement  but for the brightncss

measurement  of  the spectral  line, whieh  is converted  to the

line-integra] population density ef  the n  =  6 level, As  shown

in Table 1. the  wavelengths  dctcrmlncd in the present work

are  in better agreement  with  those  calculated  by thc

polarization formula [13] than with  those deduced from the
energy  ]eve]s L121, The wavelength  differcnccs betwcen the

present work  and  the previous reports  are  larger than those of

C IV  (n =  6 - 7). This  larger difference  is not  due  to  the

Doppler  shift, considering  that the Depp]er shii't ot' C  IV {n =

5 - 6) cannot  be different from that of  C  IV (n =  6 
-
 7). The

ratio  of  population densities of  the  6g  and  6h  levels is close

to the ratio  of  the statistica]  weight,  similar  to the case  t'or

the ratio  ef  7g, 7h, and  7i levels, due to the principle of

detailed balance. described above  for the n  =  7 leve]s.

   The interferencc filter optics with  a  photo diode array

L15] measurcs  the  brightness of  the C IV (3s2Sw2 - 3p2P3,e}

spectra]  ]ine at a  wave]ength  of  580.1 nm.  As  shown  in Fig. 2

<c), the center  wavelength  of  thc transmission  band and  the

FWHM  of  the interference t'ilter are  - 580,O nm  and  
-

 1.0

nm.  respectively.  The measured  brightness is converted  to the
                               ,

line-integral population density of  thc  3p'Py! ]evel.

   For the present measurement.  discharge conditions  were

as  foliows: a  plasma current of  1.S MA.  a  toroidat field of

3.5 T, a  neutra[  beam  heating power of  4.3 MW,  and  a  linc-

averaged  electron  density of  the core  p]asma ef  1.8 × ](]iV

m'j,  This discharge was  an  L-mode  plasma with  both the
inner and  the  outer  divertor attached  to the divcrtor platcs.
E]ectron temperature  and  density measured  by Langmuir

probes on  the divertor plates are shown  in Fig. 3, Around  the

strike  point  on  the  inner  divertor  plate. the  electron

temperature  and  density were  15 eV  and  2,3 × 10i9 m'j,

respectively.  Around  thc strikc  point on  the outer  divertor

100

80

.s
 60iVoe

 4o

20

Fig.3

Common  Flux

o-300
 -200

PrivateCommon  Flux
           5

noo  e o loo  2oo
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4

3)
 

eA

  l
  de2v

1

 o300

Etectron  temperature  CTL) and  density  {n.) on  the

divertor plates measured  by Langmuir  probes, Closed
and  open  circles  show  the  electron  tempereture  end

density, respective)y,

p]ate, the  eleetron  temperature  and  density  wcre  80 cV  and

O.5 ×  IOi') m'i,  respective]y.  From  the above  divertor plasma,
the three spectral  lincs, C  IV {3s!SLn - 3p2P3n). C IV (n =  5
- 6), and  C IV (n =  6 - 7) were  observed  simu[taneous[y.

The  spectroscopic  signals  were  integrttted tbr O,3 s in order

to reduce  statistical  errors.  The reciprecating  probe, whose

chord  is shown  in Fig. 1 (b) [16], fneasured  the  clcctron

temperature  and  density,

3. Analysis Method

    In order  to analyze  the spectroscopic  data, the fol]owing

steps  are  takcn. First, a  plasma  transport code  determincs  the

two-dimensional  distribution  of  plasma  and  neutra]

paramelers, i.e., the temperatures  and  densitieh oi' e]eetren,

ion, and  neutral  deuterium, Second, for the  buckground

plasma ca]culated  in the first stcp,  an  impurity transport code

determiiies the two-dimensional  distribution of  thc impLLrity

parameters, i.e., the temperatures  and  dcnsitics of  ncutra[

carbon  and  carbon  ions. Third, in cach  cell  used  in the  above

calcu]ations.  population densities of the excited levels ot' C'i'

are  determined by a collisional-radiativc  mode].  Fourth. the

spectrum  in thc ¢ ell is synlhesized  using  emission  intcnsity

and  spectral  width.  Finally, lhe observed  spectrum  is

compared  with  the synthesized  spectrum  summed  up  along

the  viewing  chord.  In this section,  descriptions on  the two

transport codes  and  the collisiona]-radiative  mode]  are  given.
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3.1 Plasma and  impurity transport codes

   Two-dimensional distribution of  plasma, neutrals,  and

impurity pararneters is determined by two transport codes,  i.e.,
the  Simple Diverter code  [17] and  the IMPMC  code  [4].
Figure 4 shows  the mesh  used  for the present simulation.

Hereafter, the plasma region  is defined  as  shown  in Fig. 4;

the peripheral plasma is divided into two  regions,  the common

t]ux p]asma and  the private plasma, Further, the common  flux

plasma is divided into the scrape-offilayer  (SOL) plasma and
thedivertorplasma.

   The  Simple  Divertor  code  determines  the  spatial

distribution of  the temperatures  and  densities of  electron,  ion,

and  neutral  deuterium. This code  needs,  as  boundary
conditions,  electron  tempcraturc,  electron  density, and  ion

temperature  on  the divertor plates. For the present study,  the

electron  temperature  and  density measured  by Langmuir

probes, shown  in Fig. 3, were  used  as  the  boundary

conditions,  and  the ion temperature  was  assurned  to be equal

to  the electron  temperature.  Next,  this code  solves  fluid

equations  numerically  along  magnetic  field lines from the

divertor plasma to the SOL  plasma for the common  flux

plasma.  This  code  cannot  solve  fluid equations  for the  private

plasma. In the calculation, the cross field transport of plasma
is neglcctcd.  This code  also  simulates  neutral  particLe
transport two-dimensionally  using  Monte  Carlo techniques.

The  interaction between the plasma and  the neutrals  is solved

se]f-consistently  and  iteratively until  the plasma parameters
converge,  resulting  in steady-state  solution.

   Next, the IMPMC  code  determines the  ternperatures and

densities of  neutral  earbon  and  carbon  ions. This code

simulates  carbon  generation, ionizationlrecombination,  and

transpert two-dimensionally  using  Monte  Carlo techniques.
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The  mesh  used  for the  present simulation.  Thick solid

line shows  plasma separatrix.  Dashed  lines show

spectroscopic  viewing  chords  for the inner divertor. the

X-point. and  the  outer  divertor. For these  viewing

chords.  detailed comparison  of  the $imulation  and  the

measurement  is given.  The  common  flux plasma
(denoted by Com.} consists  of  scrape-off-layer  plasma
(denoted by SOL) and  divertor plasma  {shaded area

and  denoted by Div.}. The private pla$ma  {denoted by
Prv.) i$ a plasma  between the separatrix  and  the dome.

Carbon  atom  and  methane  are  generated by physical and

chemical  sputtering,  respectively.  The carbon  atom,  the

methane  and  its radicals  travel at  constant  velocities  until  thcy
ionize. Parallel motion  of  the ions along  magnetic  field lines

by Coulomb  scattering  and  cross-field  ditTtision are  simulated.

Atomic  processes of  ionization, rccombination,  and  charge

exchange  recombination  are  considercd.

3.2 Collisional-radiative model

   A  collisional-radiative  model  has been developed to

deterrnine the population density of  the excited  level of  C".

and  then  to predict the  emission  intensityof the C  IV  spectral

lines.3.2.1

 Rate equation  and  solution

   The temporal  development of  the population density of

C3', nc]+{p),  is expressed  as  the differential equation,

dfiJt
 
nc3+[p).

-
 (,]P, A(p,q)+  ,Z., 

C(p,q)n,+s(p)n,)n(p)

+(,Z.,ACq,p)+,Z.,C(q,p)n.)n(q)

+ (a(p)n,+ fi(p)+ 7(p)) nc4+  n,

+Z  qCN(n,p)nDo(.)nc4+, (1)
 n=L2

which  is coupled  with  similar  equations  for other  levels. Here

p and  q stand  for the level that  is determined by a  principal

quantum  number  n  or  combination  of  n  and  an azimuthal

quantum  number  l. In eq.(1),  q <  p means  that level q lies

energetically  lower than level p. The spontaneous  transition

probabi]ity from leve] p  to level q is denoted by A(p, q). The
rate  coefficients for electron  impact excitation  ifp <  q (de-
excitation  ifp >  q) and  ionization are  denoted by C(p, q) and

S(p), respectively.  The  rate coefficients for three-body,

radiative  and  di-electronic recombination  are  denoted by

a(p),  P(p), and  7(p), respectively.  These rate  coefficients

arc  a  function of  electron  temperature  71, In eq.(1),  n.  and

nc4+  denote electron  density and  C4' density, respectively,

    Wc  have extendcd  the collisional-radiative  model  so  that

it can  handle charge  exchange  recombination  processes from

DO  to C"', which  play an  important role  to determine the ratio

of  C3' to C4' [4,18,191. Not on]y  the ground-state deuterium,
DU(n =  1), but also  the excited-state  deuterium, DO(n =  2).

reacts  with  C4', resulting  in a predominant increase of  the

population densities of C3'(n =  3) and  C3'(n =  6), respectively.

This  is because the level energies  of  C]'(n =  3) and  C]'(n =

6) from the ionization potential are  close  to those of  DU(n =

1) and  DO(n =  2), respectively.  The  charge  exchange

recombination  cross-section  from DO(n =  2) to C4' is larger

than that from DO(n =  1) to C4' by a  factor of  >  1O. Here,  the

charge  exchange  recombination  processes frorn DO<n )  3) to

C4' are  ignored in our  collisional-radiative  model  because
they do not  significantly  affect  the population densities of

C3'(n ) 7).
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    On  thc  right  side  ol' eq,(1),  the term  qCX(n, p) tir)t}c.)nc4+

(n =  1. 2), whcrc  qCX(n, p) is the rate  coetllcient for the charge
exchangc  recombination  frem DO(n} to C4', which  populates
Ci'{p).  is added.  Here,  nDoc.]  is the population density of

D"{n). The population density of  D"(n =  2) is determlned by
a co]lisional-radialive  model  for hydrogen atom  L20].

   On  the assumption  that the quasi-steady-statc sc)lution is
va]id,  the time  dcrivative of  eg.(t)  can  bc sct ut O. Then  the

set  of  coupled  differcntial equutions  reduces  to the set  of

coupled  linear equations. The  steady-state  solulion  for the

population density oi' C]' is obtained  as

llc."{p]=Ron,tlcu+Riil.nc4++RcxnD-ilc-4+ (2)

 where  nc.,+ denotes the ground-state density  ef  C3'. Here,  Rc)
and  RT are population coeflleients  as  functions of' TL and  n,.

 whi[e  Rcx is a popu]ution coeflricient  as  fumctions of  Tl,, n,,

and  the impact energy  between Df) and  C4'. The  first term  of

eq.(2)  is referred  to as  the ioniLing plasma component  becausc

it is proportional to  C]' dcnsity. The  second  term  is rel'erred

to as  the recombining  plasma component  because it is

proportienal  to C4' density. The third term  is ret'erred  to  as

the charge  exchange  (CX) recombining  plasma component.

    Figures  5 (a) and  (b) show  the  first, second,  und  third

terms  of  eq,(2)  divided by the statistical  weight  as. a  function

of  principal quantum number.  Calculation cenditions for Figs.
5(a) and  (b) are  assumed  to be, respectively,  high tcmperature

and  low density plasma  such  as  those of  an  attached  divertor

plasma, and  low tcmpcrature  and  high density plasmu such
as thosc of  a  detached  divcrtor plasma. 1n eq.C]  ), the differcnt

l-lcvcls with  n  g 5 are  trcated individuatly, whereas  the ]cvels

with  n ) 6. are  treuted as  hydrogenic and  assumed  to bc

popu]ated along  the ratio  ot' the statistical  weight.  As  Fig. S
(a) shows,  the ionizing plasma component  is dominant for

the n  =  7 levels in the high temperaturc  and  low density
plasma. Thus,  the  population  density of  Ci'(n =  7) can  be

approximated  to be the ionizing plasma eomponent.  On the

other  hand, in the case  of  low temperature  and  high density

p]asma shown  in Fig.5 (b). thc ionizing p]asma component  is

the jargest t'or thc n  g 4 levels, and  the charge  exchange

rccombining  ptasma component  is dominant t'or the n  )  6

lcvels, Hence, the population density of  C3'(n =  7) is

approxirnuted  to be the  charge  exchange  recombining  p]asma
component

3,2.2 Atomic  data

    Spontaneous tt'ansition probabilities A(p. q) and  ratc

coet'ficients  for electron  impact excitation/de-excitation  C{p,

q) are  takcn t'rom a data package called  ADAS  (Atvmic Data
and  Analysis Structure) [211 for transitions from the n  g 5

level. For trunsitions from the n  ) 6 level, A(p.  q) and  C(p,

q) are  calculated  with  a  hydrogcnic approximation  [22].
   Ienization rate  ceefficients  S(p) are  culculated  with  the

ECIP  (Exchange Ciassical Impact Parameter) approximation
[231, Three-body recombination  rate  coeft'icients  a(p)  are

inl'erred from thc ionizaLion rate  coeencients  with  the principle
of  detai]ed balance, given  that three-body  recombination  is
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Fig. 5 Populetion densities of  excited  levels as  a  function of  a

     principal quantum  number.  Open  circles,  closed  circles,

     and  closed  diamonds  show  the  ionizing. the  recom-

     bining, and  the  charge  exchange  recombining  plasme

     component,  respectively.  Calculation conditions  are  as

     fellows :

       (a) L =  100 eV, IEq- =  80 eV,  7bo =  30 eV,  n. =  1.0 × 10i9

         m'3,  nDo =  6.0 x  10i6 m'i.  and  ncr- f nca, = 1O.
       (b) n. = 20 eV,  ft4･ =  35 eV,  TL,o =  20 eV,  n. =  1.7 × 10'O

         m'3,  nDc = 1,7 × 1OiS m'3,  and  ncfl. 1 n[3- =  10.

     Paramerers  of  {a) ettached  divertor plasma  and  {b)
     detached  divertor plasma are  assumed.

an  inverse process oi' ioniLation.

    Radiative  P(p) and  di-e]ectronic 7(p) recornbination  rate

coeencients  are  taken  from the data calculated  by S.N. Nahar

[241 for transitions  to the n  S  10 level. For transitions to the

H  ) 1 1 levcl, radiative  reeombination  rate  coetl'icients  are

calculated  with  a  hydrogcnic approximatien,  and  di-electronic

recombination  ratc  cocMcients  are  assutned  to be equal  to O.

    Rate coeencients  for the charge  exchange  reconibination

qL'X(n. p) are  ca]cu]ated  with  cross-scctions  taken from ADAS

[21L3.3
 Estimated error  of  the  code  analysis

    As shown  ]ater in Figs. 6 (a) and  (b), the dit't'erence in
thc clcctron  temperuture  aitd  density between  ealcu]ution  and

measurement  is - [O%. Thus, ien temperature,  ca]culated  by

the  Simple Divertor  code,  is considered  to havc an  error

comparable  to this dit't'erence. The  slatistical error  for
tempcrature  and  density of  neutrals  and  impurities, which

arises  from the Monte  Carlo calculation,  is estimated  to be
-
 5%  in the divertor region.  In the SOL  region.  howcver, the

statistica[  error becomes  larger (- 10 - 20%)  because the

particle number  is not  as  largc as  that in the  divertor.ln

addition,  uncertainty  of  the atomic  data (typically 
--
 30%)

must  bc considercd,  particular]y. for the population densities

calculated  by the co]lisional-radiative  model.  The  error  that
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Fig.6(a}  Electron temperature  and  tb) electron  density measured  by the reciprocating  probe  <T:XP and  n:XP) and  calculated  by  the

Simple  Divertor code  {Tg"i and  n:eb). The electron  temperature  and  density determined from the reciproceting  probe
measurement  at the private region  ( TlrP"` and  nL"PU') ere  used  es  input for the  IMPMC  code  calculation.

(c} Electron temperature  {TL), electFon  density (n.), {d) ion (deuteron} temperature  (I}, C3' temperature  {7}3.), and  C3' density
(nc3.) along  the  flux tube  closest  to  the  separatrix  in the  common  flux Fegion.  The electron  temperature,  the electron  density,
and  the  ion temperature  were  calculated  by the  Simple  Divertor code,  and  the  C3' temperature  and  density by the IMPMC
code.  

'

(e) Electron temperature.  electron  density, (f} ion (deuteron) temperature.  C3' temperature.  and  C3' density along  the  flux tube

in a private region,  The electron  temperature,  the  electron  density, and  the  ion temperature  were  assumption  based on  the
e)ectron  tempereture  and  density  measured  by the  reciprocating  probe at - 10 m  from  the  outer  divertor plates. The  C3'
temperature  and  density were  calculeted  by the IMPMC  code.

arises  from the assumption  that l-levels of  n  ) 6 are  treated

as  hydrogenic and  populated along  the statistical  population-
distribution is less than - 20%  L2Sl, ln the present work,  this

error  can  be neglected  based on  the fact that  the population-
distribution of t-levels of  n  =  6 and  7 is found to be close  to

the ratio  of  the statistical  weight,  as described above.

4. Results

   In Figs. 6 (a) and  (b), respectively,  the electron

temperature  and  density along  the reciprocating  probe chord

are shown.  For the  common  flux region,  both the electron

temperature  and  density calculated  by the  Simple  Divertor

code  are  in reasonable  agreement  with  those measured.  This

resu]t  does not  only  confirm  the validity  of  the calculated

electron  temperature  and  density but also  supports  the

separatrix  location. This  result  supports  that the cold  and

dense plasma observed  near  the  separatrix  is located in the

private region.  This density peak in the private region  was

also  observed  in ASDEX-Upgrade  [261 and  DIII-D [27], In
JT60U,  it was  found to appear  and  disappear with  the ion

VB  drift-direction downward  and  upward,  respectively  [281.

   Figure 6 (c) shows  electron  temperature  and  density, and

Figure 6 (d) shows  bulk ion (deuteron, D') temperature,  C3'

temperature,  and  C3" density along  the flux tube  closest  to

the separatrix  as  a  function of  field line length from the outer

divertor plate to the inner divertor plate. The  outer  divertor

plasma is hot and  is not  dense, resulting  in almost  constant

electron  temperature  and  density along  the flux tube. In such

a plasma, the temperature  relaxation time between C3' and
D'  is too long for D'  to heat C3' up  to the D' ternperature.
Thus,  in the region  from  O m  to 13 m,  the C3' temperature  is

lower than the D'  temperature. In the SOL  plasma, for reasons

similar  to those  for the  outer  divertor  plasma, the  C'i'

ternperature  is not  equal  to the D'  temperature.  However,

because C]' transported  from the core  plasma, whose

temperature  is higher than the D' temperature,  is dominant,

the C3' temperature  is higher  than  the D'  ternperature.  In

contrast  to the  outer  divertor and  the SOL  plasma, the  inner

divertor plasma is so  co]d  and  dense that the gradients of  the

electron  temperature  and  density are generatcd. In particular,
at  the plasma close  to the inner divertor plates, the region

from 115 rn  to 120 m,  the C3' temperature  is close  to the D'

temperature  because  the  rclaxation  time  between C]' and  D'

is surnciently  short.

   Figures 6 (e) and  (O show  parameters simi]ar  to those

shown  in Figs. 6 (c) and  (d), respectively,  alonga  fiux tube
of  the  private region.  The electron  tcmperature  and  density

between the inner and  the outer  diyertor plates are assumed

as  shown  in Fig. 6 (e) in consideration  of  the electron

temperature and  density measured  by the reciprocating  probe
shown  in Figs, 6 (a) and  (b). Thc D'  temperature  is assumed

to be equal  to the electron  temperature.  The result  from the

IMPMC  code  indicates that  the C3' temperature  is close  to

the D' temperature  as  Fig. 6 (b shows.

   Figure 7 shows  measured  C3' ternperature, ca]culated

C3' temperature,  and  D'  temperature  as  a function of

spectroscopic  viewing  chord  number.  As  already  described,

two  C3' temperatures  were  inferred from the observed  C IV

(n =  6 - 7) spectral  line. The  higher C3' temperature,

T181e(High), is in the range  frorn 50 eV  to 150 eY  the lower,

ng}e(Low), around  20 eV  The calculated  C3' temperature  and

D'  temperature  were  weight-averaged  along  a  viewing  chord.
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Fig. 7 Comparison of  measured  C3" temperature,  calculated

     C3' temperature,  and  D' temperature,  Tg3X.P(High} and

     T8!".P(Low) indicate the measured  C3' temperature  of  the

     high and  the low temperature  component,  respectively.

     TEgltCom) and  TBe,i(Prv) {Tfei(Com} and  Tf"tPrv)) indicate
     the calculated  C3'{D') temperatures  of  the common  flux

     region  and  ofthe  private region.  respectively.  Sb", )(b,

     and  S,O,"` indicate the  inner strike  point, the  X-point, and
     the outer  strike  point, respectively.
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Fig. 8 Comparison of  measured  and  calculated  line-integral
     population  densities. Closed circles.  open  circles.  and

     closed  diemonds  show  the  measured  line-integral

     populetion  densities of  C3'(3p2P,,･,), C3'tn =  6}, and  C3'Cn
     =  7). respectively,  Solid, dashed, and  dotted lines show
     the  calculated  line-integral population  densities of

     C3'(3p2P3.), C3'(n =  6), and  C3'(n =  7), respectively.

Here,  thc intensity of  the C  IV (n =  6 
-

 7) spectral  line was

used  as the weight.  Because the temperature of the common

flux plasma was  substantially  differenl from that of  the private

plasma, the  weight-average  operation  was  performed
separateLy  for the common  flux plasma  and  for the private

plasma. Thus, two  calculated  C3' temperatures  are  shown  in

Fig. 7: 7E,?,L(Com) for thc common  flux plasma and  T?'.ol(Prv)

for the private plasma. Similarly, two  D'  temperatures,

T,C"i(Com)  and  TiCa](Prv), are  shown.  As  the  figure shows.

comparison  of  measured  and  ca]culatcd  C]' temperaturcs

suggests  that T,C.)t'(High) and  T,eJ,e(Low) correspond  to

TelL(Com)  and  Teeii.(Prv). respectively.  In the inner diverter,
7}iRL(Com) and  71Sgi.(Prv) are  in agreement  with  TiCai(Com) and

T//"i(Prv). But this agrcemcnt  is not  obtained  in the ou{er

divertor. The  reason  is discussed in the  next  section.

    Figure g shows  the ]ine-integra] population densities of

C3'(3p2P3n), C3'(n =  6), and  C3'(n =  7). The measured  and

ca]cu]uted  ]ine-integral populatien density of  Cj'(n =  7)

inc]udes, respeetively.  those  of  both the high and  the  ]ow

tcmperature  component,  and  those  of  both the common  flux

pLasma and  the private plasma. The measured  line-integral

population densities are  in reasonable  agrcement  with  the

calculated  ones,  excepting  those around  45 ch.  Around  45 ch,

there  is a factor of  - 2 di[ference  between  the  measurement

and  the calculation.  Given that about  90%  of  the C3'(n =  7)

population density is the ionizing plasma component.  which

is proportienal to the ground-state C]' density, this difference
is ascribed  to  overestimation  ef  the  ground-state C]' density

in the impurity transport calculation  b.y the IMPMC  code.  The

peak of  the  C'i'(3p]P.im) poputation density  around  52 ch,

which  views  the outer  divertor plates, is considered  to  be due

to emission  t'rom D! melecules.  Becausc the brightness of  the

C iV (3s2Sim - 3p2P3m) spectral  line was  measured  by the

interference filter optics. continuum  lines such  as moiecular

emission  were  included simultaneously.

   From  the above  ana]yses,  the spectrum  suTnmed  a]ong  a

viewing  chord  was  calculated.  Figure 2 shows  comparison  of

the  measured  and  the  calcutated  spectrum  ofC  IV (n =  6 - 7)
along  the viewing  chord  34 ch,  which  views  the X-point, The

measured  spectrum  is in reasonable  agreement  with  the

calculated  spectrum.  This  agreement  rcsu]ts  from  agreement

of  both the temperature  and  the population density. In more

detail, TEiXe(High) and  71i},e(Low) agree  with  T8`,l'.(Com) and

718su(Prv), rcspectivcly,  and  a similar  correspondence  holds for
the population density: n(C.,E]9(High) and  n,e.liP.(Low) agree  with

ne'IL(Com)  and  nEt/i,(Prv). respectively.  The  slight  difference

around  the  tails of  the  spectrurn  is due to  overestirnation  of

T81Ai.(Com),

5. Discussion

   In order  to measure  the D'  temperature  from the Doppler

broadening of  the C IV spectral  line. the following conditions

have to be satisfied;  the ionization time  (T2S}".'') and  the parallel
transport time  (TU'rUl'") of  C3' havc to  be longer than  the

temperature  relaxation  time  between C3' and  D'(Tee{'.'lJ.

Here.  Tt'31"' is calculated  from  a thermal  velocity  of  C3'. In

the present study,  because TgeS'jZ is longer (> 100 us) than
Tt'7P.S'" in most  cases.  the time  scale  of  TtFsuS" and  Tee.k:.X. i, is

compared.

   In Fig. 9 (a), the  C]'  temperature  and  the  D'  temperature

determined by the transport codes  are shown  as a function of

distance along  the viewing  chord  25 ch,  In most  cells,  the

C]'  temperature  is close  to the D'  temperature,  This

agreement  is explained  in terms  of  the time  scale  of  TeA'IY(
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and  Tte.i'a.i. 
,.
 As  Figure  9 (b) shows,  TFSt".,is  shorter  than  or

comparable  to Tt'ri".-,'C, . The temperature  relaxation  between C3'

and  D' occurs  in most  cells.  As a  result,  the agreement

between the weight-averaged  C3' temperature  and  the weight-

averaged  D' temperature is obtained,  as  already  shown  in Fig.

7. The weight-averaged  C3' temperature  is affected  most  by

the  C3' temperature  at the divertor leg, because the population
density of  C3'(n =  7) at  the cell  closest  to the divertor leg is
dominant, as  shown  in Fig. 9 (a). This  is the  case  for the

viewing  chords  between 24 ch  and  32 ch,  which  view  the

inner divertor plasma. Therefore, it is concluded  that the D'

temperature  around  the inner divertor teg can  be measured

by the C  IV (n =  6 
-

 7) spectral  line.

   In the  outer  divertor, on  the  other  hand, it can  be
understood  from similar  discussion that the D' temperature

cannot  be measured  by the C  IV spectral  line; as  shown  in

Fig. 9 (c), the C3' temperature  differs from the D' temperature

in all the cel]s. This  difference is ascribed  to insufficient

temperature  relaxation  due to longer Tcnv/? , than  T:f,'.'ll . This is

the reason  the weight-averaged  C3' temperature is different
from the weight-averaged  D'  temperature  shown  in Fig. 7,

As  Figure 9 (c) shows,  the population density of  C3'(n =  7)

is the largest at the cell  around  the divertor leg. Notably.  the

contribution from the other cells, corresponding  to the divertor

region  as  well  as  the SOL  region,  to the  line-integral

population density is also  significant.  This widespread

distribution of the  emission  zone  is one  of  the reasons  it is

difficult to predict the  position of  the  plasma  whose

temperature  is measured  by the C IV spectral  line.

    Discussien ef  a  problem  that  arose  from the assumption

of the plasma parameters in the private plasma is given. As

can  be understood  from  Fig. 2, the  agreement  between the

measured  C3'(n =  7) population density of  the  low

temperature  component,  n8"]P.c..7)(Low).  and  the calculated  one

in the private plasma, ne"Gi.{..n(Prv),  was  obtained  along  the

viewing  chord  34 ch. This agreement  results  from appropriate

plasma parameters, TL, n,,  and  T;, whjch  were  determined

from  the  reciprocating  probe measuremcnt.  However,  the

agreement  between n:}ec..7}(Low)  and  neli.c.=7)(Prv)  becomes

worse  along  the viewing  chords  away  from the 34 ch.  In most

of  the viewing  chords,  n:re. {..b(Low)  is larger than

nt"/i.{.=7)(Prv).  This underestimation  of  nt"/i.c,,.7)(Prv) is

ascribed  rnainly  to inappropriate input  of  the plasma
parameters, in particular n..  Because  diffusion and  radial

drifts across  the separatrix  to the private region  are  considered

to determine the plasma parameters, it is difficult to assume

appropriate  TL, n, and  Z in a]1 the cells.lt is expected  that a

two-dimensionaL  transport code  such  as  SONIC  [29] or spatial

resolution  measurernent  such  as  Thomson  scattering  [271
could  help to solve  this problem.

    The  above  results  and  discussion have been described

for the attached  divertor plasma. For detachcd plasmas, since

the  Simple Divertor code  cannot  determine the p]asma

parameters, TL and  n.  measured  by the reciprocating  probe

(7L =  20 eY  n,  =  1.7 ×  1020 m'])  were  used  fbr the analysis

of  the collisional-radiatiye  model.  As  shown  in Fig. 5 (b), the

calculated  ratio  of  the population density of  C]+(n =  7) to

C3'(3p2P]n) is about  O.1. This ratio  is in good agreement  with

the ratio  measured  in the detached plasma. This agreement
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ta) C3' temperature  {dashed line) . D' temperature
Cdetted line}, population density of  C3'Cn =  7) (solid line),

(b} temperature  relaxation  time  {TEe"EV between C3' and
D' tsolid line), and  parallel transport time  (Tts'e."st) (dotted
line} along  the  viewing  chord  25ch. The  distance is
measured  from the  focel point en  the  edge  of  the

optical  fiber array  at  the  upper  side  of  the vacuum

vessel  shown  in Fig. 1 (a). The viewing  chord

penetrates  the core  pla$ma  (denoted by 
'Core'),

 the

SOL  plasma  ('SOV). the  divertor plasma ('Div.'), and

the private plasma  ('Prv.') before  it reaches  the divertor

structure.  Comparison similar  to  ta} and  (b) is shown  in
(c) and  (d) for46  ch,  respectively.
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suggests  that the charge  exchange  recombinatien  from DO{tt
=  2) to C4' is a  dominant process to populate the n=  7 level

of  C3'. Thus, the temperature inferred from the C IV {n =  6 -

7) spectra[  ]ine rcflccts  the C4' temperature.  Given that the

temperuture  relaxation  time  of  deuteron with  carbon  ion is

inversely proportional te the square  of  the  carbon  ion charge,

the tcmperature  rclaxation  time  with  C4' is shorter  than that

with  C3'. Therefore,  detached  plasmas are  preferred for the

ion temperature  mcasurement  using  the C  IV (n =  6 
-
 7)

spectral  [ine, This result  also  indicates that the neutra]

deuterium  pcnetrates morc  deeply  in dctached  plasmas than

in attached  p]asmas. The charge  exchange  recombination

proccss becomes dominant in cases  in whieh  a large amount

of  neutral  deuteriuin, i'or example,  1 q･ of  n,,  as  shown  in Fig.

5, reaches  relativc]y  hot plasrnas in which  C4' exists.  This

situation  was  not  observcd  in the  attached  plasma analyzed

above,  Neutral deuterium generated  by reeombination

between e  and  D'  as well  as  that  recycled  from the  divertor

plates is believed to play a  role  in the longer penetration
depth,

6. Conclusions

    We  havc investigated the spatia[  distribution of  C'"'

temperature  and  C3' density in divertor plasmas in order  to

understand  the transpc)rt of  carbon  ions, aiming  particularly
at ion (deuteron) temperature  measurcmcnt.  Simultancous

measurement  of  threc spectral  Iines. C  IV (3siSim - 3p2P.im),

C IV  Cn =5-  6), and  C tV (n =6-  7), provided the

population densities, C]'(3piPy2), Ct"CH =  6). and  C]'{" =  7).

respectively,  whose  ralio  fcveals  the cxcilatien  proccsses of

Ci', From  the results  of  ana]yses  using  two-dimensional

transport  codes  L4.17] and  a collisional-radiative  model.  it is

conc]uded  that Ci'(n =  7) is prcdominantly cxcited  from thc

ground-state of  C3' by electron  collision  in all the regions  ef

the divertor piasma under  the attached  condition.  Hence. it is

ibund thttt the tcmperuture  inferred t'rom the Doppler

broadening  of  the  C  IV  (n =  6 - 7) spectral  line reilects  C3'

temperature,  and  that C3' density can  be measured  from the

brightness of  the speetral  line,

    A  high wavelength  resolution  spectrometer  L1O] enabled
us  to measurc  a detailcd profile of  thc C IV (n =  6 

-
 7)

spectral  line. Regression  analysis  of  the spectrum  rcsulted  in

two  C'i' temperature  ccmiponents.  
'I'he

 higher C3' temperature

runged  from 50 cV  to l50 eVl  the lower areund  20 eV.  From

the results  of  the  code  anulyses,  it is concluded  that  thc  higher

and  the lower C3' temperature  correspond  to the C]'

teniperature of  the cemmon  flux p]asma and  of  the private

plasma, respectively.  Further, the code  analyscs  indicate that

C3' tcmperature  is close  to  D' temperature  in the inner

divcrtor, and  that the  C  IV spectral  line is prcdominantly
emitted  around  the inner divertor leg. Therefore, it is

concluded  that D' temperature  around  the inner divertor leg

can  bc measured  from the C IV spectral  line. In contrast,  in

the  outer  divertor, similar  analyses  indicate that it is dirncult

to measured  the D' temperature.

    In the  private plasma, the  code  analyses  underestimated
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the population  density ot' C'i'(n =  7) except  for that be]ow the

X-point. This is due to di[Ticulty in cstimating  the p]asma

parameters, The privale plasma is often  regarded  as  trivial,

und  has not  been aliocated  sufficient  attention.  However. it is

reported  that a  significttnt  number  ot'  particles flow  through

the private region  frorn the outer  to the inner divertor [301.
This particle fiux might  expiain  the asynimetry  betwcen the

inner and  the  outer  divertor plasrna. Further  studies  en  the

private plasma are  requircd  to  understand  the transpert of  thc

divertor plasmas.

    In detached  plasmas, comparison  of  the  population
densities between measurement  and  calculation  indicates that

C"(n  
=
 7) is predominantly popu[uted by the charge  exchange

recombinatien  between  D-(it =2)  and  C4'. In this  ease.  the

temperatuve  ini'erred from the Dopplcr breadening of  the

C IV  (n =  6 - 7} spectral  linc rcflccts  the C4' temperaturc.

Because the C4' lemperature  tends te be closer  to the D'

temperature  than  the  C"  temperature  is in terms  oi'  the

temperature  re]axation  time. the detached plasma is prei'erred
to the attachcd  p]asma for the purposc ef  ien tempcrature

measurcment.  Thc  rcsult  also  indica{es that the neutra]

deuterium can  penetrate deeply enough  to reach  C4". The

neutral  deutcrium behaviors in detachcd JT-60U  divcrter

plasmas have not  yet been investigated by transport codes.

We  are  planning te conduct  such  invcstigation usLng  a

transpert  code  catled  SONtC  i291. which  can  calcu]ate  the

tw'o-dimcnsiena[  distribution oi' plasma  purainetcrs in

detachedptasmas.

    Finally, it shou]d  be noted  in tertns or  atomic  physics
that the suax･clength  of  the C  IV Cn =  6 

-
 7) spectrul  lines

have been  dctcrmined N-'ith  significantly  improvcd aceuracy.

The  agreement  between  experimentally-determined

wavelength  and  ca[culated  wavelength  Lt3] has bcen

improved significantly.  Comparison oi' the wavelength  with

high accurucy  contributes  to an  understanding  ot' the utomic

structure  such  as  energy  levels.
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