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Arc discharge: !

!70-100V, 30-45A!

B = 0.02T !
IJKL:!

  on-->  MNOPQR!
  off -->  SNOPTU "

arc source!
source chm! target chm!



4!

Study in the Divertor Simulator MAP-II!

Objective:  Clarifying the A&M processes relevant to the plasma detachment!

MAP-II!

Ionizing Plasma!

 He EIR  Plasma @ 1st Chm.!

Source region!

 H2 MAR  Plasma @2nd Chm.! He EIR  Plasma @ 2nd Chm.!
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Dissociation limit H(1s)+H(2s,2p) 

d3!u
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!" SDN»½ê6ëì,bíî6ïðSDN¼ñi,uGòóôõ6�=b-ËöPbR÷
6�=6øù¤¼úû/ü 

!" ýnJ´µ;þ,µÿ!/�="#hØ$/Lymanr;=01H6��Õ¶%éÛ "

""d3!u¶·6v’=3i46¸,H(1s)+H(2s,2p)

y6uGòó"&/ëìbv’"4'Ê6�
=(�Ã)*+/ü 

""d3!u
+ie3"u

+6,-.{6ëì,bd3!u
+'

Ê6�=(PbR÷)lÃøù¤¼/!ü"

Fulcher-#r;=01H601i23»"

4� ---  v=0-4¼56!ÕýnJ´µÃ789+:Û 
#T;=��,&/(600-640 nm) 

#Ö×�($ 1012 cm-3)<�^,=¶·�iâ+¿/ü 
%´µ¶·À86´µÝf,Ó!/SDN�D}"+:ü 
%>J,Ë?1@AB(B.O.AB),ÉC+:ñ6"&/ü 
D )!"f"ó89/ü!!!"
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1m-Czerny-Turner (2400 G/mm), PMT(Hamamatsu R928)!

Wavelength resolution(FWHM)  < 0.03 nm @50 µm slit!

Experiments Dataset!! ÅÆ"I² Fitting parameters 



9!Gryzinski Method for spin-change excitation cross-section!
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(2) 2hïð,Ë/ÅP"

J’ v’=0 v’=1 v’=2 v’=3 v’=4 v’=5 

d3!u
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1 40 38 42 40 19 15 

d3!u
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1 39 38 38 38 

d3!u
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1 39 35 38 37 

d3!u
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2 36 28 32 40 

d3!u
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3 34 17 36 

�<OD?23,Ë/¶·ïð[ns]gh"

  * M. L. Burshtein et al., Opt. Spectros. 68, 166 (1990). 

** T. Kiyoshima and H. Sato, Phys. Rev. A 48, 4771 (1993). 
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12!Experiment:    Hollow cathode glow discharge!

®)�DN:!

.J�}¡H2:  20-3000 Pa (0.1 - 2 Torr ) :!!!³ gh:i��!

f�¡230-270 V, 70 mA, !

�<×�ne~109 cm-3, !�<��Te = 1-5 eV!
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=
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Dpre

16.7<19.0ns 
* M. L. Burshtein et al., Opt. Spectros. (USSR) 68, 166 (1990). 
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A + Dpre
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= 2.40 =

40.0ns

16.7 ± 0.8ns
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Dpre 

A h!"
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defU6âjk,¬9ël�6ïð"
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VW,Ë/F´µ"é¤o<6×�
,lp!/��ØsqO~q"�"

(1) wxuGÝfDpre6rUÕs$Dt@D��$Df�Û¢ "
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" 16.7nsÅP 
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23R"% 

Kcol¼y;Ø$/MAP-II6Öi()*+,ÅPÝf¼z{"
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s$Dt@D�23Ø
789ëR"

Tvib
X=3945[K] 

Tvib
X=2044[K] Tvib

X=1693[K] 

Tvib
X=4871[K] 

789ëÅPÝf6`a"

* D. Yamasaki, S. Kado et al., 

to be published in J. Phys. 

Soc. Jpn. 75 (2006). 
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d3!u
-/+ & X1"g
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�<\bnJ\" oR\"
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- e3"u
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Dissociation limit 

H(1s)+H(2s) 

d3!u
+ 

#"1@AB,-:^ÃP,R÷À8789/RÃm� 

!"´µ;þñoR��ñ0,v’=1Ø0ø+�w"

Tvib
X=1896±255K 

Trot
X=335±15K 

(Hollow cathode 0.11Torr) 

(2) PbR÷6øù¤¢ "
15!
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Hönl-Londonÿ<ÕXY��6lÛ"

P,R÷¼�g!9�XY���Ã

Q÷im�Õ1@ABZS[Û"

d3!u
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P,R Q 
a3"g
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P,R÷6�=(�l6øù¤Ãbd3!u
+¶·À86�="Hönl-

Londonÿ<�?,;��9^:+:�i,µÿQ^:/ü"

    * N. Ginsburg and G. H. Dieke, Phys. Rev. 59, 632 (1941). 

  ** ��Ù�b�﨑ê�¢�¡()*+�������¢80, 783 (2004). 

*** S. Kado, D. Yamasaki et al., JPFR. SERIES 7 (2006) 54-58. 

Tvib
X=1896±255K 

Trot
X=335±15K 

Tvib
X=3418±279K 

Trot
X=348±20K 

Tvib
X=2302±292K 

Trot
X=380±22K 

* 
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+6�S×�¢ " 16!
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B
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d

is not sufficient for 

the precise analysis!

Commonly used equation!

P,R branches exhibit anomaly.!

Trot(P) should be equal to Trot(R).!

Tvib(X)=2301.7±292K!

Trot(X)=380.47±21.7K!Best-fit:!

Trot(d,+/-) vs. Trot(X) !
110 Pa" 110 Pa"

<v¶·6oR��Trot(x)i´µ¶·6oR��Trot(d)6ÓÝ"
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•" C&'ö÷5«&'ö÷ld\]y]hTe5neim¬2F 

•" neÒ[þ/Uh¿®¯KRadiation Trapping[ó°±x2{|i}2F!

C&'ö÷UTeVÒøùúiC;F!

Fig. n3DÒ&'3jÒ·PD¸øùú!

p-LTEó²Z�³/rs´µ!

«&'ö÷UneVÒøùúiC;F!

Fig. n3DÒ&'3jÒ·P¹¸øùú!

ÂÃÄEFGH¶·¸¿7¤G9¹¬�ÒK4¶!

�QbXY��0¤�!!
2.5 cm³  1.3e+12 cm-3  (õ�)!

0 cm ³    1.7e+12 cm-3!

25 cm ³  9.0e+11 cm -3!
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Pneutral=82 mtorr Pneutral=108 mtorr Pneutral=130 mtorr Pneutral=140 mtorr 

Since the position of the laser is fixed, the gas pressure can be interpreted 

as the spatial position along the plasma column. 

Discharge conditions: V=65 V, I=30 A. Recombination front was moved 

without changing its shape, by controlling the gas pressure (80-145 mTorr) 

Electron collisions determine the shape of the recombining front: 

-"Ioninzing plasma (e-n and e-i) // Recombining plasma (e-i) 

-"Increasing the neutral pressure affects mainly the ionizing plasma region. 

-Energy relaxation length (elastic) ~ 15 cm. --> determines the Te profile. 

���()*+6���[��=À8789/�<��(0.05eV)Ã�Ø$/ÀÁ!
!!!!!!³CDED!#?@"ABHØ`a¼câë"



®¯°¢�¨±¢²³°¢«´«¤�¦«¢¡¨¢µ¶·E¸ "̧
22 

- A second harmonic Nd:YAG Laser (# 

400-500 mJ / pulse @532 nm, 7 ns, 10 Hz) is 

used as the probe beam.!

-"An object lens with a 150-mm focal length 

and a 100-mm in diameter is used to image 

the 12 mm vertical scattering region onto an 

optical fiber array with a magnification of 2/3.!

-" Viewing optics are also used for the optical 

emission spectroscopy (OES) for the 

comparison with LTS. !

Low resolution 

spectrometer!
($% ~ 0.5 nm, !

190-850 nm)!
Linear CCD!

(2048 pix,12bits)!

For OES!



°¤�¹�«¢¡£¢¤��¢±���º¡»¦�¨¤¢¡£¢Double Monochromator (DM)  
23 

System-I  !

  0.07  - 0.13  # Te #  40 eV   ( 2006 )  !

  F. Scotti, S. Kado, et al.,Plasma Fusion Res. 1 (2006) 054 .!

System-II  : Development of  Hetero-Tamdem DM!

  0.03  - 0.048  # Te #  40 eV     (2007, still in progress)!

 F. Scotti,, Master Thesis: The University of Tokyo (2007.8 ) .!

System-0  : Conventional  DM (= Homo-Tandem type)!

  0.2  - 0.3  # Te #  40 eV   ( 2004- 2005 ) !

  A. Okamoto, S. Kado, et al.,Rev.Sci.Instrum. 76(2005). !

2! 0.5!

H2-MAR! EIR!Transition!

0.1!

Ionizing!

4 eV !

Interference filter !

Rayleigh block:!
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DM: focal length!
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 (F/2.8)!
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(F/2)!
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Te between LTS (local) and CR(line- 

integral) are consistent.!
The jump in Te(CR) is due to the bright 

recombining plasma surrounding the tip 
of the ionizing plasma.!

 In order to access to the brightest point 

in the front, further upgrade (to system 
II) was found to be required.!

ne(CR) exhibits deviation around the 

transition region. !

A plausible explanation is the mixing of 
the ionizing and recombining 

components due to the averaging over 
the line-of sight of the measured line 

intensity ratios.!

Linear combination of the two spectra:!

r = rion(0cm)•# + rrec (27cm) • (1- #), !
with # as a fitting parameter to the 4 

intensity ratios used in the CR model 

analysis, supports this hypothesis.!

Te!

ne!

#&



·¢�º ¦ ¨�¢´¢¢�«Âº¤«¢£¡¢¢°´«¤�¦¢¸¸¢©¢¯�¼¦ ¨½¢¾¿¾ÃÄ¢�Á¬"
25 

Due to the different discharge 

conditions from the previous 

experiment, we mainly 

concentrated on the 

measurement of the Te as low 

as possible. 

The lower measurable Te allowed the study of the EIR front. V=59 V, I=30 A. 

Te (LTS) monotonically 

decreased until 0.05 eV, 

which is the value usually 

reported by spectroscopy for 

the Rydberg series.  

Te based on the CR model (n=3,4) was found to be slightly lower, with values 

0.03-0.04 eV. This deviation  may be significant in this very low Te regime. 

Cross-check with the high-n Rydberg spectra would be preferable in such a 

fine comparison.   (Note: OES suffers the integration effect.) 
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