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Foreword

IIsymposium on A亡omic Collision Data for Diagnos亡ics and推odelling of

Fusion PlasmasH was held at the Institute of Plasma Physics, Nagoya

ロniverslty, on August 29-30, 1982, on亡he occasion of亡he second mee亡1ng of

the Coordinated Research Program (CRP) of the lnternational Atomic Energy

AgcllCy Wbicb vas also held in亡he工ns亡ま亡ute on the following days, August

31 throu帥Sep亡ember 2. About seventy scientists including twelve from

abroad attended the Synposiun.

This Symposium was organized in order to exchange information and to

promote discussions, among atomic and plasma physicist, on atotnic collision

processes which are believed to play an important role in fusion pl且SmaS

themselves and their diagnostics and modelling.

Tbe 亡oplCS Of 亡be Symposium were as follovs:
●

1. A亡omic processes and亡heir data for modelling and diagnosing plasmas

in Tokanaks and inertial confinements

2. Atotnic collision data for laboratory plasma and evaluation of atomic

data from plasma experiments

3. Related basic atomic collision processes

4. Report's on activities of atomic data evaluation in CRP.

This Proceedings includes 18 papers which were presented at the

Symposium. The editor would like to express bls sincere亡hanks 亡o 亡be

contributors to the Proceedings who wro亡e sutnnaries of their interesting

talks and also 亡o 亡hose who JOined in discussions at the Sy7npOSium. He is

also indebted to Prof. H. Momota, Prof. ∫. Fujita and Dr. T. Kate for their

help in organi2:ing the Synposiun.

The financial support. from the Grant-in-Aid for Fusion Research, the

Ministry of Education, Science and Culture, is highly acknowledged.

H. Tawara

Editor
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Atomic Processes for Plasma Diagnostics ln Tokamaks

Satoshi KASA=

Division of Thermonuclear Fusion Research,

Tokai Research Establishment, JAER=

℡okai. 319-ll. Japan

Abs七rac七

Transport phenomena of metal impurities in neutral beam

heated plasmas (JFT-2) and in ohmically heated plasmas (=SX-a)

are analyzed. 工t 土s shown tha七tbe 土on tempera七ure 土n七be plasma

l

center can be estimated from spectroscopIC meaSurementS by

observing the forbidden-lines of highly lOnized ions.

SpectroscopIC Observations of charge transfer processes in =SX-a
●

plasmas during neutral beam heating and their application to

determinLition of the density of fu⊥1y ionized oxygen are

discussed.

A11 these results indicate requirements of accur畠te

calculations and measurements of rate coefficients for

ionization, reCOmbination (radlative, dielectronic and charge

transfer). and exc土七at土on 土n order to understand plasma

properties in high temperature tokamaks.
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工.工n七roduc七土on

エn the past few year7S. muCh色ffort in tokamak plasma

ressarch is devoted to supplementary heating experiments, mainly
F

neutral beam (NB) and ion CYClotron range of frequencies (=CRF)

as well as to development of plasma diagnostics. =n plasmas with

七be土ncreased electron and土on temperature. most of l土9bt and

metal impurities are in highly ionized stages and fully ionized

hydrogen-like and helium-like ions are expected to be present .

1n these plasmas, the spectral emission from these impurities is

increasingly extended to soft X-ray region, aha then a number of
●

new requirements for diagnostics, particularly for spectroscopIC
=

diagnostics, are proposed. =t lS also expected from

れeo-class土ca⊥ plasma theory 七ha七 土mpur土七y transpor七phenomena

during supplementary heating are different from those in

ohm土cally heated plasmas 土n tokamaks.

=n the present paper, the following experimental results in

the JFT-2 tokamak in JAER= and in the =SX-a tokamak in ORNL,

where エ h畠d joined the study of impurity behavior in 1980,
･are

described.

(1) Metal impurity transport in ohmically heated plasmas in

=sx-Bl) and in neutral beam heated plasmas in JFT-2.2)

(2) Measurements of Doppler ion temperature and toroidal

plasma rotation velocity in JET-2.3)

(3) Measurements of charge transfer process during neutral

●

beam 土nコeC七土on in エSX-B and application of 七h土s

measurement 土or estimate of contents of fully ionized
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･

ions･.4)
･

Ar s･ummrary･of atomic dat阜requirem.ents
･is presented in the last

see七ion. ..

u
コ

Z=. Experimental Reslults in JFT-2 and 工SX-a Tokamaks

(1) Metal impurity transport in ohmica⊥1y heatedt plasma.s

-
(=S.X.-B)

.and
in neutr.al beam heated plasmas (JFT-2')

q･･→ヽ

One of the main purposes of spectroscopIC diagnostics is the
=

determination of contents of low-z and high-z impurities a･nd

radiation losses from tokamak plasmas.
･

Another purpose is to

make clear the impurity transport across the confining magnetic

field and to find a method of efficient impurity control. Such

studies become much important in relatively high-power

supplementary heating plasmas.

Figures i and 2 show time-behaviors Of the averaged electron

density, soft X-ray anld emission rate of iron spectral lines in

deuterium and hydrogen plasmas heated ohmically ln ZSX-a. The

e⊥ec七ron dens土七y and temperature are nearly 七be same in both

discharges. The significant difference between the results in

hydrogen and deuterium is the temporal behavior of the 'interior

ions and the soft X-ray. They are nearly constant during

hydrogen sequence, but they continuously increase at a rate much

faster than the increase of the electron density､ after about 70

ms during deuterium sequence. ･=n
contrast to- the Fe XV= and Fe

X=エ= radi尋t.iorlS,
tthe

Fe エⅩ line
･remains nearly constant in both
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●

sequences. ℡h土s 土nd土cates that the influx of lrOn 土s nearly

constant. Therefore, the temporal incre-ase of the soft X-ray

■

signal and of the iron lines indicates impurity accumulation in

′

deuterium plasmas but that is not the case in hydrogen plasmas.

The present results empha-size the need for a deeper

understanding of particle transport mechanisms in order to assess

the impurity problems in future, long-pulse machines.

Some plasma theor土s七s pred土c:モ モbat metal土mpu出七y ions are

driven out from a central region Of plasma during neutral beam
t

i.nject土on in the direction of a plasma current (co一土nject土on) ∫

meanwhile they are accumulated near the center of plasma during

土nコeCt土on in the opposite d土rect土on of a plasma current

●

(counter-injection). Neutral beam is injected tangentially to a

p⊥asma current in both cases.

Figure 3 shows time-behaviors of the line-integrated

lntenS土ty of the Fe X工Ⅹ, Fe XVエ工工, Fe XV and Fe X ユines measured

along the central chord in deuterium plasmas with l凹好hydrogen

beam injection at 100 ms in JFT-2. The solid and dashed lines

土nd土cate time-･behav土ors in co一土nコeCtion and counter一土nコeCt土on,
● ●

respec七土vely. When the neutral beam土s inコeCted. the em土ss土on
●

from ions in low-charge states such as Fe XV and Fe X decreases

due to the rise of the electron temperature in both cases.

Behaviors of the Fe X line indicate that the iron influx into the

plasma does
･not

increase significantly during injection. During

co-inコeCtion the emission from Fe XV=Z= is constant or slightly

decreases and Fe X=X increases gradually due to heating of the

central plasma. On the other hand, during counter-injection,
●
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intensities of the Fe X=X and'Fe XV=== lines increa.se by about

one order of magnitude, compared with those before inコeCt土on.
●

After 12'O ms, they dimi･nish quickly, meanwhile Fe XV and Fe X

radiate strongly. This is due to the excess radiation cooling

near' the central region Of the plasma.

=n another experimental sequence, the temporal behaviors of

spatial profiles of the Fe XV==Z line radiation were investigated

during co-land counter-injection. During co-injec'tion, the

profiles become slightly hollow, meanwhile, in counter-injection,

they become peaked with time. Such experimentally observed

spatial- and time-behav.i_ors strongly suggest the enhanced

outward-diffusion of impurity ions in co-injection, in addition

to neo-classical and anomalous diffusions, as found in numerical

simulation, whereas the enhanced inward-diffusion in

counter-injection.

From these results.工 can conclude 七hat 土ron 土mpuri七y 土s

driven out from the central region Of the plasma by co-injection,
コ =

and accumulated into the central region by counter-injection,
● ●

though there are some unknown factors in counter-injected
●

discharges.

(2) Doppler ion temperature and rotation velocity of

-

plasmas (JFT-2)

The ion temperature and its spatial profile can be obtained

from energy-spectrum mea.surements of charge-changed neutrals and

Doppler broadening meaSuremen七s of impur土七y spectral lines.
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=n pla･smas with e土ectron t貞mperature less than several

hundreds of eV. for example in
PJFT-2′

some a'llowed spectral lines

O

emitted from ligh七impurity ionLSr Such as 0 V==( =1623A), C =Ⅴ(入
r

O O 0 O

=1548A), C Ill(l=2297A), C ==(A-2837A) and N V(l=1239A) are used

to de七erm土ne the spatial profiles of土on temperature from their

Dbppエer broadened profilesp because the emission from these ions

土s d土str土buted from the plasmas cen七er 七o 土ts periphery.

When electron temperature increases by supplementary

bea七in9. these ions tend to be d土s七r土buted only 土n peripheral

●

region. Then, we need other spectral lines produced in the hot

core region in order to determine the central ion temperature.
●

Figure 4 shows the temporal plasma-temperature during

supplementary heating (NB工: 2脚and =CRF : 0.5 脚). The

dash-dot line shows the central electron temperature. The solid

line shows the ion temperature obtained by Doppler broadened

profile of the ℡土ⅩⅤ工工工1土ne. Uncer七a土nt土es are due-to

shot-to-shot reproducibility and relatively weak intensity of the

line. Th台 central ion temperature is also determined- by the

energy-spectrum analysis of charge-changed neutral particles.

The ion temperatures determined with two methods agree well each

other within exper土men七al uncer七a土n七土es.

Åno七her appl土ca七土on of the forbidden l土nes 土s measuヱ●emerltS

of toroidal rotation-velocity of a plasma during imbalanced

tangential i'njection of neutral beam. =n JFT-2, time- and

spatial-variations of rotation velocity were determined trlrOugh

measurement of the Doppler shift of the Ti XZV, 0 VIE and C V

lines. =n co-inコeCtion′ the plasrha rotates in the direction of
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the current. The velocity in the central region gradually

inc･reases. Maximum rotation velocity IS found to be about 1.5 Ⅹ

106 cm/s during injection. These measurements are very important

in under▲s七anding the effects of plasma rotation on the particle

transport.

=t is concluded that Doppler broadening technique in

observation of the forbidden l土nes of 土mpur土ty ions 土s very

useful in determining the ion temperature and plasma rotation

veloclty 土n tokamak plasmas.

(3) Charge transfer process during neutral beam injection

(エSX-B)4)

Spectra1-line excitation from charge transfer process has

been observed during neutral beam heating in OR朗AX, =SX-B, PLY,

PDX and Dエ℡E.

Figure 5
･shows

the time-behavior of spectral signals of the
こ

3⇒･2 transition of 07+
･

11ons in ZSX-a. The grazing incidence

spectrometer used for line-integrated spectral observation is

located so that its field of view includes high energy hydrogen

atoms from the west-beam′ but not from the easセーbeam. When the

west beam is operated alone, the spectral signals observed result
●

from the sum of charge exchange and electron excitation (Fig.

5(a)). On the other hand, because the lifetime of the excited

sta七es土s less七ban 2 Ⅹ 10-10sl七he exc土七ed ions produced by

charge capture in collision with the east-beam particles decay

before they move along the toroidal magnetic field into the field

-7-



of view of the spectromeJILer. Therefore, when o也ly theL east-beam

is ope_rated, the spectral signal as shown in Fig. 5t(b) arises

solely from electron excitation. The direct charge-trransfer

signal as shown in Fig. 5(c) is obtained by subtracting signals

土n easモーbeam shot from those 土n west-beam shot.

The concentration of 08+
I

1n the center of七he p⊥asma, ㌔,土s
●

determined from signals due to charge-change through the

following relationship:

sc -

/三aj(r)n8(r)odr･

Here S is the measured emission rate of a spectral line, j(r) is
C

the curren七 dens土七y of the neutral beam. and 土s the

cross-section for charg.e change. The integral is evaluated alわng

the optic axis of 七he spec七rometer.工n the present case. the

well-localized concentration of can not be ob七a土ned because

the heating neutral beam is so wide-spread at the point of

observat土on● 机上1e us土叩tb土s equat土on′七he prof土⊥e of 08+土s

assumed to be both fla七and peaked and two differen七prof土1es of

the electron density are assumed. From this result, the

concentration of 08+ near the plasma center lS estimated to be

approximately 2 Ⅹ 1011 cm-3土n this plasma w土七h七be central

electron dens比y of about 3 Ⅹ 1013 cm-3･

Therefore, we can use spectral lines from charge transfer to

estimate contents of fully ioni2:ed or partially ionized impurity

ions such as C, 0, Ti, Fe and Ni.

工工工. Conclusion
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Zn order to get better understanding of the hot plasma

properties in tokamaks, we have to measure a number of quantities

such as contents of low-Z and high-Z impurities, the effective

ionic charge (Zeff) , Plasma temperature and its density･ Also ve

have to know 土mpur土ty transport process to find eff土c土ent

土mpur土七y control methods.

ロnt土1 now, uncerta土nt土es of the rate coeffユC土ents for

ion土zat土on. exc土七at土on and recomb土nat土on (rad土a七土ve and

d土electron土c) are estimated to be a factor of 2-3 for most of

elements like C, 0, Ti and Fe. The rate coefficients with errors

smaller than a few tens of percent are requ土red 土n tokamak

research. =n applications of the long-wavelength forbidden lines

of highly ionized ions for plasma diagnostics, we need to know

the accurate wavelength. Also it is important to have accurate

wavelength prediction for rare gas ions likさAr and Kr. Fina1ユy,

the cross-sections for charge transfer of impurity ions like C,

0, Ti, Fe, Ar and Kr with hydrogen and deuterium are required in

order to apply spectral em土sslons due to 七b土s atomic process to

plasma diagnostics.
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Zmpuri阜y Transport in Tokamaks

でsuneo Amano

工nst土tute of Plasma Phys土cs†

Na90Ya University

The development of ttokamaks into efficisnt fusion reactors will

be seriously impeded, unless tokamak plasmas can be maintained rela-

tively impurity free. Consequentlyr much theoretical and experimental

effort is being extended in order to understand impurity behavior in

tokamaks.

=n the AIcator tokamak experiments, laser blow-off technicrue has

been
used to introduce trace amounts of impurities into the ohmically

heated plasmasl). After a series of the experiments in Which they in-

■

3eCted Sir All Fel Mo impurities, they have obtained the fo]･1owing

●

emplr土caユimpur土七y conflnemen上土ime

Tェ(ms)

o･o75 aLmbg

qI一

RO･75Zeff (

zbg

(1)

with･ R and aL in cm, and where mbg is the background plasma mass
･i-n

am? and Zbg is the charge of the background ion･ The scaling of Eq･

(1) was compared w土七b七he工･eSul七s of 土mpur土七y 土njec七土on experiments on

the other tokamaks.･ FT-I( PDX( TFRr =SX-B･ Impurity ccnfinement times

in all these cases agree･ remarkably well( except for the TFR confine-

t
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ment times, which are about哉fac七血l･Of'･t+wci larger th早n Predicted by

Eq. (i). Zn the T･FR tokamak experiment芦′
CrT Ni and V have been

injected into the oh.mic plasmas2). To interpret the measured impu-

rity emission profiles, they have lユSed the following empirical ex-
●

ヰ甲

pression for the diffusion flux of the impurity with charge Z :

rz--DA芸邑一言vAnZ
t (2)

where nz is the number density, a is the radius of the cylindrical

plasma and DA and vA are independent of the radius･ They have solved

numerically the equations.

1 ∂
---rrz +'Az 1

r ∂r

(3)

where Az represents the ionization and recombination terms′ and com-

pared With the measured emissivity profiles Ez(r) ･ They selected the

value of DA, by matching the peak position of Ez(r), and selected the

value of vA by matching the radiances of two ions of the same element

located at different radii･ Typical DA and vA thus obtained are
●

2 x 103 ～ 4 x 103cm2s-i and 400 ～ 800 cms-lr respectively･ =t

should be noted, in the AIcator injection experiments, a similar ana-
■

1ysis has been made with vA = 0･

=n the presence of intense neutr早l bean- inコeCtion, impurity ions
●

seem to beh早ve differently･ Specifically( in the ISLE-B experiments'

they h島Ve Observed a marked a.cc-1Tnuldtion of the injected impurity
I

iっns tow.亀rd the center of the pla首ma for ヒhe case of co-unter neutral
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beam injection3). This enhanced inward diffusion has been interpret･･

ed βemi【甲uantitatively by the neoclassical effect of the rotation of

the plasma driven by the NB4). For the co-injection case( the out-

w句rd diffusion Qf the impurity is predicted by the neoclassical

theory. However, this effect is not so significant as in the counter-
こ

inコeCtion case,1n agreement With the observation.
● t

To芦tuTm叩ize, impurity tr尋nβPOrt is understood only empirically,
●

although there is an indication that the neoclassical effect is slg-
●

nific∂.nt in the ca.βe of intense neutral beam counter injection. =n

the future large and long pulse tokamaks, it'is crucial to know the

Precise v幻ue of vA/DA, Since for sufficiently large vA/DA Value

impurity will tend to accumulate toward the center. Unfortunately'

七here 土s l主上セ1e hope 七hat plasma physics wi-ll provide the accurate

Value of this quantity in the near future. Therefore, we hope atomic

phyrsics will provide as accurate atomic data as possible (say accur-

racy within 20%)･ Then we will be able to deduce
vA/DA

from the

co殉Parison of the impurity diffusion experiments and the results of

nurqerica1 Simulations.

Recently, much progress has been made in the div甲tOr eXPeri-

meAltS in D-Ills), ASDEX and PDX tokanaks･ On the other handr a two

dirnension∂.i computer model of the divertor dynamics, including plasma

Streaming parallel to the血agnetic field and a Monte-Carlo description

of the neutral particle behavior has been developed6) ･ By combining

such a model with the tokamak pl脚a and impurity transport codes7) I

it vill become possible to obtain the overall impurity behaviors in

tokamakβ 声elf-consistently.

-･17-
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NUDmRICAL ANALYSES FOR SCRAPE-OFF PLASMAS

王N PER D工VERTOR (:tiAMBER

*

Masayoshl SUG工ttARA, Seiji SA工TO , and Noboru FUJ工SAWA

Japan Atomic Energy Research Institute

Naka-mactli, Naka-gun,工baraki, Japan

Numerical analyses of characteristics of poloidal divertors in

Fusion Experimental Reactor (FER) of JAER= are presented. Diverted

scrape-off plasmas are formulated arid analy2;ed based on a fluid model

including the inL･eractions wi亡h亡he neutral par亡icles 亡hroughioni2:a亡ion

and charge el=Change reactions. The neutral particle bet一aVior is ca1-

culated by Honte Carlo method. The possibility of highdensity opera-

tion of the PER divertor is examined numerical.1y and the puznplrlg require-

ment for the heliuTn ash exhaust is discussed. 工t is also showTt that

the same numerical model gives results qualitatively consisten亡with

the DⅢ divertor exp･Britnen亡s.L

* pi亡achi Eriergy Research Laboratory, Hi亡achi, Japan
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i. Zntroduction

,Recent
design works of thel eEXpe如qten亡al ft!sion reactors [1,2,3]

have stimulated experimental [4-7] and theoretical [8-12] studies

on the heat reTnOVal and related impurity control measures. A possibility

of the helium ash exhaust using a model poloidal divertor was discussed

in earlier reports 【8,9] bTy means Of早Monte Carlo simulation of

the neutral particles and ions in the divertor chamber. Their model

[8] was based on the simple sheath theory as to the estitnation of the

scrape-off variables亡hat were assumed to be uniform along the magnetic

field line. The observations of the cold and derlSe divertor plasmas in

Dl正【4,5] and ASDEX 【6] experitnents have indicated the strong inhono-

geneity of the scrape-off plasma along the field line. This feature

has also been numerically investigated on the basis of the fluid model

of the scrape-off.plastna [10112].

In this paper'possiblities of attaining.the highdensity operation in

the PER divertor are investigated using a self-ce)nsis与ent treatment

for the scrape-off plasma and r!eutrals.･ The scrape-off plas申aS are

described by the fluid eqt!ations consisting of 亡he
･particle,

tnomentum

and energy conservation equa亡主ons尋1ong the magnetic field line. The

neutral particle transport is simulated by the Monte Catrlo method･

Their interactrions 亡hroughionizaJ:ion and charge exchang早PrOCeSSeS are

solved
-self-cons_isten亡1y

with the scrape-off plasl坤b,y an i亡erative

pTOCedure. The ion flux in 亡be scrape-off layer is amplified be亡ween

the divertor亡hroat arid the divertor plate due to the recycling of the

neu亡ral particles.

The present study concentrates on the range of the lncomingまon flux vhlch

can cause high flux amplification for PER divertor. The effects of the

radiations from the recycling netltrals冬nd the oxygen impurities are

-20-



roughly estimated. The relations between the effective conductance of

the exhausting system and the neutral particle transmまss且on probability

throughthe diver亡or are evaluated to obtain the pumping requirement

for the PER divertor. Finally the scrape-off plasmas in D】Ⅱ diver亡or

chamber are numerically simulated for qualitative comparison with the

experiments.

2. Model of NeutralParticle Tr?nsport [13]

2.1 The Particle Tracking Method

The neutral particle motions initiated at亡he neu亡ralizer plate

are followed by the Monte Carlo simulation Tnethod. The particle trajec-

tories are traced at the space intervals between space lattices shom
=

in Fig･ i. Neutral particles traversing the scrape-off plasma have

chance for ioni2:ation and charge exchange reactions with plasmas･ The

reaction points are searched within the space interval
-by generating a

random number according亡o 亡he reac亡まon probability.

After ionization of neu亡ral par亡iLles,亡he亡racking is亡ermina亡ed,

while after the charge exchange a new velocity is assigned to the neutral

particle by generating a random number according to 亡he Max甘ellian

il

velciCi亡y distribut:ion of the back-ground ions. A new velocity is also

given to a 1･eflected neutral in collision with the divertor chamber wall.

The tracking of neutraキparticles
is terminated when they return

亡o the main plasma regまon across 亡he entrance of divertor throat

or leave 亡be bottom of 亡he exhausting duet.

-2l-



2･2 I Th草Phy昏i'cal Model

f The ionization process of neutral atoms is descr.ibed on the basis

of the ioni2;ation rate coefficients using the Freeman and Jones formula【14]

for fuel particles and Lot之-s formula.[13] fo1･ he:はums. As for the charge

exchange, the Riviere formula【16] 1s used. Neutral particles collid-

ing with the chamber wall. are assumed to be reflected at ttte rates given by

RN(Ein･ 0) - 1+

(-慕)(RE(Ein)
- 1) , (2･11)

where Ein is the incident energy, 0 is the incident angle measured from

the normal to the surface and

帆,--o･24logl.(守,十0･19
,

where EL is the reduced energy fac_tor having typical value【17] of

EL=

2990 eV for D. T

6290 eV for tie.

(2-3)

On the other hand, reflected particles have an energy Eref given as

RE(Ein, 8)
Eref

=1
㌔(Ein･0)

Elロ ,

O

RE(Ein,
0)-l･(i-a)(RE(Ein)-i) ･

E.

R&'Ein)
-

-0･22 log10( i ) '0･06

-22-
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mere are few experiments and theories concerning the dependence on e of

the reflection coefficients RN and RE, except for the normal inciderLCe【17]･

The numerical cailculation shows that the reflection coefficien.ts approach

unity as 0 goes to 90o【18]. Therefore we assume for simplicity the

linear angular dependence in Eqs. (2-1) and (2-5). particle昏Which are

not reflected are adsorbed and then desorbed at wall temperature. The

angle of reflected or 'desorbed particles is determined by cosine distri-

bution based on the asstmption of roughsurface in tnolecular level.

There is still 1ar箆eunCertairLty in this･ reflection model, especially

in low incident energy. 工f, for instance, mirror reflectiorL is dotninant,

the estitnatiot1 0f the effective conduc亡ance of the evacuating duc亡will

be much altered. Deu亡erまum arT.i tritium particlesF desorbed from the wall

are in molecular foms｡ I)ominant processes for these TnOlecules are 【19]

e
+tI塁---→ tI!+2e

,

e

+TIE---→
F.0+tt++e

and

(2-7)

(2-8)

ZncorporatiorL Of these processes is now in progress･ Instead, in the

present paper.I we assume that all D and T particles
a1･e desorbed as an

atom with the Frank-Condom energy of 3 eV.

2.3 The Scoring Method for亡he Neutral Distributions

Mean flight time of particles in each space la亡tice is obtained by

following the particle r_rajectories at every space lattice. The neutral

density dis亡rlbu亡ions are calculated from the mean flight times of亡es亡

particles, the total particle flux from the neutrali2:er Plateand the

voll山ne Of the space lattice[20] a.s follows.･
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noD'か⊥ {

rD毒血Ⅴ‥
1コ

noT'ij'-⊥ {

rD竜AV‥
1コ

noα(1j'-竜{rα宗α

ND

∑

n=1

ND

∑

n==1

N
α

∑

n=1

･DDT.(まj'.

rT竜

･DTn'ij'･トrT竜

Tα仇(ij)) I

NT

∑

n=1

NT

∑

n=1

てTDn(ij)‡ , (2-9)

TTm(ij)) I (2-10)

(2.-ll)

where noÅ(ij)fs(A皇D･
T･ α) are the neutral densities for a, T and α

particles in space lattice (ij)･ TABn(ij) is the flight tithe ill Space

lattice (ij) for
particle革1aunched on亡he neutrali2:er Plate as particle

A･ =t takes into accourLt Particle exchanges between D and T particles

on the charge exchange reaction and the adsorption-desorption process

in collision with the duct wall･ NAtS(A = D･ T, α) are the tes亡particle

numbers in the Mon'te Carlo simulation,and rAIs(A ≡ D･ T･ α) are the

actual neutral particle fluxes emitted on the neutrali2;er Plate. AV..
1コ

is the volume of the space lattice (ij).

3. Fluid llodel

Tbe fluid equa亡lons in conservation fom derived by Braginskii 【21】

can be reduced 亡o亡he equa亡ions along the field line, neglect.ing the

perpendicular diffusion to the field line [22]. The particle, momentum

and energy conservation equations proコeC亡ed on the poloidal cross sec亡lon

sh(洞n in fig. 2 are given by
●

去fk,z(Ⅹ･Z)-Sk(x･Z): (k-D,T,-α･) I

-{1L4
-

(3･-1)



孟[n,(Ⅹ･z,(2U(x･z,･ z｡Te(Ⅹ･z, ･Ti(Ⅹ-

-Esp(Ⅹ,z,
, (3-2,

■ヽ

去【fz(冗,a)(U(I,z)･喜Ti(x,Z))
･

qま(Ⅹ,Z)】

ニーvzかe(Ⅹ,z)
･pei(Ⅹ,Z) ･SEi(I,Z) , (3-3)

去【喜fz(Ⅹ,z)Te(Ⅹ,z) ･
qe(Ⅹ,苫)I

-

v三豊pe(x･z)
-

pei(x･Z) ･ Pr(Ⅹ,z) ･ SEe(x･Z) I (3-4)

where, for sitnplicity, the ratio of the poloidal
to toroidal magnetic

field is assumed to be constan亡along the field line･ fk之(Ⅹ･Z) denotes

the ion flux parallel to the 2: direction for D, T and α particles and

fヱ(Ⅹ,Z) the total ion flux･ U(Ⅹ･z) is expressed in ter.tns of亡he average

ion mass tn and the ion flow velocity along the field line V#(Ⅹ･之) as

p

follows:

1

u(Ⅹ,ヱ)三言np v2 (Ⅹ,z) (3-5)

工n eqs･ (3-3) and (3-4), qi and qe are the conduction heat fluxes in the

2: direction for the ions and electrons, where the heat conductivities

along the field line are assumed to be classical.
4

The first terttts on the right-hand side of eqs. (3-3) and (3-4)

represen亡energまes due to ･亡he anlbipolar electric field produced

by the gradien亡of the electron pressure Pe(Ⅹ,z)･ The second terms

express the collisiorLal energy transfer between the electrons and ions･

工n eqo (3-4), Pr denotes the radiation loss power from亡he recycling

hydrogen neutral and oxygen impurities･ As for the hydrogerL line radia-

tion> only the first excitation level is taken into account using the
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excitation rate coefficien亡given by Johnson [23]･ The powe7･. density of

the oxygen radiation is calculated using a numerical fit to the calcula-
r

tion by Shimada 【24]. The particle, momentum and energy sources due to

ioni2:ation and charge exchange of the neutral particles are denoted by

sk(Ⅹ･之) (k ≡ D･T･α)I Sp(Ⅹ,z)I SEi(Ⅹ,Z) and SE伝(Ⅹ,Z)･ The source densities

are calculated by the Monte Carlo.simulation method presented irk the

previous section.

The boundary conditions used are as follows. A part of them are

given at ttle divertor 亡hroat entrarLCe, that is, the incoming ion･ flu又es

fkz(Ⅹ,0)I (k = D･T･α)I the incoming total heat flux QTOT(Ⅹ,0) and the

ratio of the ion to electron temperature. More restrictive conditions

characterizing the scrape-off plasma come from the existence of the

electronstatic sheath formed in front of the divertor plate. The first

condition is the heat flux limitation [25] imposed by the. sheath electric
●

field given by

QTOT(Ⅹ,L) - yTOT Te(Ⅹ･L) fz(Ⅹ･L) I (3-6)

where yTOT is the total heat transmission coefficient･ The second one

is the sound speed condition [26] in the following:

u(Ⅹ,L)

-喜(
z,Te(x･L) ･Ti(Ⅹ,L) ) ｡ (3-7)

=n addition, the following continuity condition for the ion heat flux by

conduction is included,

=0 , (3-8)

since the convection heat flow is dominant for ions near the divertor

plate so that the boundary condition (3-8) only weakly affects the

solution of the fhid equations.
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4. Evalu畠tlion of~ FEE d加ertor characterLi岳tics [27]

The scrape-off plasmas in the outboard-si.de
divertor chambers of

FE及 are estitnated numerically using a simplified model configuration

illustrated in fig. 3(a)｡

The ion flux reaching the dive.rtor plate irLCreaSeS due to reloni2:a-

lions of the recycling neutral particles. The neutral loni2:ation rate

is further intensified by the increase of the scrape-off plasma density

resulting from the increased ion flux. Therefore the ion flux continues

to be ampli£1ed until
a steady state ls reached. Ⅵ1e flux ampllfica亡lon

becomes higher as it becotnes more difficult for the neutrals to escape

from亡he diver亡or. The dependence of 亡he scrape-off plasma variables

on the incoming ion flux is analyzed with the use of ti,ie divertor chatnber

with the short length of 50 cm and relatively large width of 30 cn and

with the highpumping speed of 2.5 × 105見/s.

馳e calculated results of the peak electron density and temperature

■

at the divertor plate are shown in fig. 3 as a function of 亡he incoming

ion flux 工 under PER baseline condition of the heat flux of 20 脚 to the

outboard-side of each divertor. The heat and particle flux are assumed

to have exponential distributions whose e-folding distances are 7 cm.

The ratio of the poloidal to toroidal magnetic field is set to Bp/BT =

[

0.1. It should be noted that the highdensity at the divertor plate

(> 101Q/cn3) canbe obtained even for a rather low value of the incoming

22

ion flux of a few times lO /.s. For higher incoming ion flux, the

electron temperature near the divertor plate is less than 10 eV due to

larger ion flux ampliflca亡ion･ The temperature reduction hinders

fur亡her increase of the ion flux at the dまver亡or plate because of

the decrease of the ionization rate coefficient. As a result, the

electron temperature at the divertor plate depends only weakly on the

t
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iTICOming ion flux in hi葛h denstity I.egipn as sh岬n iLn Fig. 3r(;b_).

Cases (A)and (a) in Fig.3(bL) show the case without and with the
r

line radiatlons from the recycling hydrogen neutrals and l完oxygen

impurities, respectively. The corresponding radiated power amounts亡o

40完of~亡he total power for亡he hydrogen and 25完for the l諾oxygen

iTnpurities as shown in Fig. 3(c). The effect of the radiation cooling

is to reduce the electron density with little variation of the electron

亡empera亡ure, aS sbo甘n in fig. 3(b). Tbls e托ec亡can be explained by

the following physical mechanism. The ioni2:ation rate coefficient by

the electron impact strongly depends on the electron tetnperature in the

region less than 10 eV. The radiation cooling reduces the electron

亡empera亡ure so 亡hat 亡he ion flux at the divertor plate is i-educed by

the decrease of the ioni2:ation rate. The small variation of the electron

temperature produces large variation of the ion flux at the plate

because of the strong temperature dependence of the ioni2:ation rate

coefficient. Therefore a new steady state can be reached with the large

variation of■ the electron density as well as 亡he ion flux and with

small variation of the electron temperature. Further study will,

hovever, be needed concerning more elaborate es亡1ma亡ion of亡he

radiation loss power in very high densityand low temperature

region 【28】.

Tbe two-dimensional plots of the elec亡ron亡empera亡ure and den$1亡y

obtained vi亡h the radiation losses are shovm in figs. 4(a) and (b) for

the incoming ion flux i = 2.5 X 1022/s. The electron temperature on

the separatrix line is abou亡40 eV at the divertor 亡hroat entrance and

rapidly decreaseぎ 亡o about 3 eV in fron亡･of 亡he diver亡or plate. The

electron densiT.y varies from about 3 × 1013/cm3 at the throa亡en亡rance

l

up to about 2 × 101b/cTn3 along the separatrix line.
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In order to evaluate the pumping requirement for the helium ash

exhaust, we obtain the relation between the effective conductance of the

exhaust system and the backflow fractior-f the neutrals, fbf･ The

back flow fractiorL is defined as the ratio of the neutral flux returning

亡o the main plasma
tO the incoming ion flux. Since the required pump-

ing speed is expected to be higher for lower incomitlg ion flux, we

investigate lt for the low incoming瓦on flux of 2.5 × 1022/s..恐Ie

results are shown in fig･ 5･ The helium backflow fraction, fbf, must

satisfy the following relation to keep the heliⅧ concentration irL the

tnairL Plasma to the desired value Nα/Ni･･

r N

‥fbf-諺(ギ'~1
, (4-1)

where r is the hp_1ium productiorL rate due亡o DT reactions. PER standard
α

condまtまon gives亡he backflow fraction･ fbf I 0･94 for iI = 5 × 1022/s

and Nα/Ni = 0･05･ Figure 5 shows tha亡the effective pumping speed must

be larger than 2.5 × 10一見/s to keep the helium concentration lower亡han

57.. The required pumping speed is reduced by a factor of 10, due to the

density enhancetnen亡in scrape-off layer■ from a previous estimation

(～2 × 105見/s)【8], where亡he scrape-off plasma density (tb2 × 1012/cm3)

and亡empera亡ure (250 eV) are assumed based on亡he simple sheath theory.

Those results事howeverナdepend on亡he model divertor configuration used

here, where the dlver亡or plate ls se亡perpendlcularly亡o 亡he poloidal

field line. The neutral particles are emitted on the cosine distribution

with respect to the nomal direction to the divertor plate so that they

have large velocity component ･toward the亡hroa亡enr_rance･仙en亡he

pla亡e is inclined 亡o 亡he exhaust duc亡open)I.ng, the backflow of the

neutral particles ls reduced so that the required pumping speed will

become lower.
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5. Numerical ･si由ulation of DⅡ divertor-

rThe highden$1ty (-101q/cm3) and low temperature (3-10 eV) plasmas

in fron亡of the divertor plate have been tneasured on D】Ⅱ experiments under

l･0叩beam heated condition [5].工n this experiment:, the incoming ion flux

was observed to be in the range 2-4xlO211/s. Here a comparison is made

of the calculated and experまmentally observed results of the incoming ion

flux, which can produce high density and low temperature plastna near

the dlvertor plate.

The configuration used for the sitnulation ls shom in the insert of

fl藍.6. me experiments indicate that the hea亡flux into the divertor

throat ls about 0.5 )〟 and the e-folding distances of the heat flⅦⅩ and

particle flux are 1.8 ctn and 3 cm, respectively. Figure 6 shows the

results obtainedunder these flux condit･ions. The calculated peak elec-

tron densities and temperatures a1･e Plotted by the closed and open circles.

The results Without and with the radiation loss from the neutraLl hydrogen

and l芝oxy甲n impurities are den'oted by case (A)And (B)I respectively･

The calculated values of the density and the incotning ion flux are roughly

consistent with the observedvalues (ned- 1014/cn3,工= 2-4×1021/s) [5]･

Ano亡her important feature of DⅡ【 experiment is the nonlinear depend-

ence of亡he density a亡the diver亡or plate ned On the main plasma density

nmin which is roughly given by ned "

a:ain[4･
5, 29]･ This feature

can well be understood on our numerical model. By u$1ng亡be momentum

conservation equation (3-2) and by neglecting the momentum source亡efm,

the folloving scaling can be easily derived ln亡he high density and low

temperature region.I

ned∝Q(i)~2ne3th , (5-1)

where Q(L) is the total heat flux to the divertor plate and neth. is
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the electron density at the throa亡entrance. The scaling (5-1) is also

satisfied by the nutnerical results shown in fig･7･工亡explains fairly well

the observed nonlinear dependence provided that the density at the throat

neth i･s proportional to the main plasma density ㌔ain･

工t should also be remarked that the radiation cooling introduces a more

rapid variation of the density at the plate ned With the density at the

throat entrance neth･

6. Concluding retnarks

The self-cons且s亡en亡ntJZnerical evaluation for the亡ransport of the

scrape-off plasnasand the neutral particles was?arried out to elucidate

the perfomance of the divertor in PER of JAERL. Theanalyses for PER

baseline conditionまndicated the possibility of亡he hi弓h-densityand

low-temperature
plasma irk front of the divertor plate even in the case

of the low irLCOming ion flux. The tnain features of亡he numerical results

are the large gradient of the electron tetnperature that varies from 40 eV

a亡 亡he diver亡or 亡hroat entrance down 亡o a value less than 10 eV at the

dlvertor plate, and the enhanced plasma density of the order of lOl～/cm3

in front of tlhe divertor plate. The numerical calculations for PER

diver亡or also suggest亡he intense radiative cooling (about 40完to 65完of

●

totalまncolnlng bea亡flux is radla亡edまn 亡be diver亡or
Chamber) and亡he low

required pumping speed for helium ash exhaust (about 2.5 × 10一見/s). However,

the key parameters to determine these quantities in detail are the incoming

ion flux tha亡cannot be assigned wi亡hou亡considering the main plasmaand

the diverted plasma consistently･ We will discuss this problem in future･

The numerical calculation for DⅡ under 1.0 凹打beam heated condition

yまelded the electron density and temperature roughly亡On$1s亡en亡wlth the

experimen亡s･ The incoming ion flux亡hat glVeS the high density operation

I

-31-



also a畠rees甘ith the bbse･rLv色d ran島e.
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Fig. 4 Two-dimen.､ional plots: (a) electron temperature distribution,

(b) electr,}n density distribution in the PER divertor chamber.
t
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ABSTRACT

Three selected transitions of high.v ionized iron in n
= 2

level,i色‥ the forbidden transition within the ground state

configurations, △n = O transition, and △n = 1 transition are

primarily sensitive to a single or particular plasma parameters.

Measurement of these three transitions makes it possible to

diagnose local plasma parameters. TI〕.is method is useful to

estimate the plasma parameters in ･ヒbe case of additional heating

in plasmas. preliminary experimental results are shown for Fe

XVIII spectra during ICRF hea'ting in JIPP T-ⅠIU TOKAMAK･
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Ⅰ. IntroductioT1

Spectral line intensity from a plasma is generally given by

a complica･ted function of plasma parameters (for example, elec-

trぬtemperature Te, electron density a and 土on density
e

ni), and in transient plasmas,it also depends'on a previous

history･ In TOKAA4AK plasmas, low electron density (ne(0) < 1014

cm-3) and high electron temperature (Te(0) > 1 key) ensure applying

a simple coronaュ model to t九e emissivities of the allowed resonance

lines‡)

The local emissivity J(r) of an畠Ilowed resonance line

=

at the radial distance of r is simply given by

∫(r) ≡

ne(T)･ni(r)･Sx(Te) photons/cm3･sec I (1)

γhere n･ is the population of the ground state of the ions,
1

and Sx is the electron impact excitation rate coefficient･

The radial distribution of the ions with the ioni2:ation

potentia1豆i is usually fairly limited in a region where the

electron temperature nearly equa】･s Ei･ When Te(r) and ne(T) are

known,the spatial distribution of spectral line inten畠ity yields

the ion (iensity of interest.

However, when a plasma is in a transient phase (for example, due

t也 additional heating by NBI or RF, and high de壬ISity reglme by

gas puffing),
it is hard to understand the physical mechaTlism of

the change of line emissionさ because the plasma parameters and

the distribution
of ions change temporally and

spatially亨-8)
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Furtbモ咋血or臥,早dditional heating brings more impurities.

Here we present a method of determinin豆 localized plasma

parameters, which makes it possible to explain the behavior of

Spectral line emission in a transient plasma.

℡bis method 土s based on measuremen七of 七hree par七土cular lines ;

a forbidden line for the transition within the ground state

configuration (sensitiveonly to a.

1
), an allowed trarlsition line

with △n ≡ 0 (sensitive to ni and ne〕, and a linewitb △n ≡ 1

transition (sensitiv? to ni, ne, a｡･d Te)･ In the next section,

w包･航11 discuss in more detail properties of these three lines of

interest. In section III, preliminary experimental results are

shown for Fe XVIII spectra dul･ing ICRF heating.

ⅠⅠ. Properties of forbidden, △n= 0 and △n = 1 transitions

of highly ionized iron in the n
= 2 levels

王!二1 Forbidden lines in the round state confi uration

Meas血rements of ･the
forbidden lines, especially in the

visible reglOn,allow us to use conventional optical techniques.

These forbidden lines of iron, chromium and titanium atoms have been

widelyuSed
in TOKAMAKS to measure the ion temperature p･nd drift

motion through the D｡ppler width and shift?~11)
Another aspect

of the forbidden lines is that the population of the upper level

is close to equilibrium with that of ground state. Because of

such low transition-probabilities as 102-105 see-1, the Tadiative

rates of the forbidden line a･re smaller than the collisional rates}

wh土ch of course depend on the electron density
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but the above condition is 'usually fulfilled in TOKAMAKS (ne '

1013 cm-3). The fine-structure levels in the ground state confi-
■

guration have a population distribution Which may be in equilibrium

with the ground state populations･

The re].ative populations of the groun'd state clonfiguration

have been calculated for different e･1ectron densities and tempera-

tures. From these calculations the level population of the ground

state configuration is found to be nearly independent of the

electron density and temperature over their wide ranges in n >

e

lO13 cm-3 and Te > loo eV12-14)･

Thus, the measured absolute intensity of the forbidden line,

the radiative transition probability, and t･he knowledge of radial

distribution of Te and n allow us to evaluate the ion density of
e

interest!5)

ⅠⅠ-2 Allowed △n = O transitions

The excitation potentials for the transitions with △n = O are

much smaller than the i.nizati.n p.tentials from the n - 2
shell!)

The ratio is about one tenth. High excitation rate from the

ground state and high transition probability cause a strong line-

emlSSIOn. The radiation loss of TOKAMAKS is dominated by these

An = O transitions. In TOKAMAK plasmas, spatial distribution of

highly iopized ions is localized
･approximately at the position

where Ei -- Te(r)･ Then the excitation rate is almost independent

of the electron temperature. Feldman and Doschek have proposed

to use the relati.ve intensities of forbidden to allowed lines as

16y) Their result for Fe XVIIIdensity-sensitive line ratios.

shows that the ratio is almost i.nversely pTOpOrti.onal to the
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electron density in the region above 1013 cm-3
18)

●

Ⅰト3 Allowed △n = 1 transitions

The energy of the transitions witb △n = 1 are

about a balf the ionization
p｡tential‡)

The line emission

associated with these transitions may be strongly temperature-

dependent.

Figure 1 shows the results of calculation of excitation rate

coefficients of selected Fe XVIII levels.

The electron impact excitation rates (sij C皿3･sec-1)
for

allowed transitions between the levels 土 and ∃is obtained using

the expression given by Van
Regem.rt｡r王9)

i.e.,

1.57 Ⅹ 10-5f.

Sij=-
盲･exp(-△E.

1

(2)

where f- is the absorption oscillator strength, △E‥ is the
lJ IJ

transition energy in eV, and kT is the electron temperature in
e

ev. For the effective Gaunt factoT盲, empirical formula by Mewe20)

is used. The oscillator strength is available from the multi-

configuration Dirac-F.ck calculations.f Cheng et
al!1)

Tbe electron impact excitation rate for forbidden transition

is obtained using the expression of collision strength,

Si〕
≡

8.0Ⅹ10-8(
牢(kTe)-1/2exp(-△Ei)/kTe) I

LA).
1

(3)

where (oi is the statistical weight for the lower state,藷is the

averaged collj･sion strength, and kTe is the electron temperature

in eV ･ The averaged collision strength is extrapolated from
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Blaha-s
calculations亨2,23)

The pr.t.n impact excita七i.n rate are

negligible compared to electron rat･es for the allowed transition,
ヨ

but the proton rates between levels of the 2s22pX configuration

241
are generally comparable to or even higher than the electron rates.

Proton collisions should have a noticeable effect ori the excita-

tion rate of forbidden transitions.

In addition, in the 2s22pX (Ⅹ ≡ 115) ground state configura-

tion sequence, there are metastable levels in LS coupling. How-

ever, in heavy elements like iron, the radiative lifetimes of

these metastablelevels become short compared to collisional life

times, and the population of metastable level i･s therefore small

and does n｡･ヒaffe｡t the above mentioned line
emissi｡ns‡)

of

course, tIle pOpulations of metastable levels are important when

the simple corona model is replaced by a colli岳ional-ra,diative

model.

ⅠⅠⅠ. Preliminary Experilnental Result

We have concentrated on observation of Fe XVIII line

intensities during an ICRF heating experiment. Under our experi-

mental conditions, the central electron temperature before

heating wa? about 500 eV･ Fe XVIII ions (ionization potential

13S8 eV) are assumed to be localized with its maximum density at

the center. Also low intensities of Fe XIX spectra indica.te that

the Fe XVIII ion is the highest ionization stage of iron. Then,

Fe XVIII spectra are expected to reflect the central part of.plasma･

The Treasured lines of Fe XVIII are:

･-46-

0

978･4 A 2s22p5
2pl/2

+



0

2s22p5 2p皇/2(magnetic dipole transition), 93･94 A 2s2p6
2sl/2 +

0

2s22p5
Zp3/2

(An =

0), 16･00 A 2s2zp43s4p3/2
+ 2s22p5 2･p3/2

〔△･nI

1). In Fig.2, a partial Grot.rian diagram of Fe XVIII is shown.

The time behavior of these three lines during ICRF heating is

shown in Fig.3 with the change of the central electron temperature,

averaged density and ion density.

O

The intensity of 978.4 A increases threefold dur-ing

heating. Tbis increment shows threefold increase in the concentra-

O

tion of Fe XVIII. The intensity of 93.94 A line shows a similar

or slightly lnOre increase which TP.Cans the increase of electron

density at･ the central part･J agreeing well with a small dellSity

rise of the plasma. On the other hand, a sharp increase in the

intensity of 16.00

0

A is observed after the =CRF heating

begins. Sixf.1d increase.f the 16.00 Åline exceeds the product

of the increment of the concentration of Fe XVIII ion and the

electrondensity. This fact rneams a Sharp rise in the electron

temperature.

O

In principle, absolute measurement of 16.00 A m早kes it

possible to determine a rapidユ.y ci一anglng electron temperature,

although in the present experiment such a measurement was not

attempted.

O

we should note that the identification of Fe XVIII 16.00 A line

is still questionable･地e htensity of this line were measured with

a grazing incidence monochromator with an angle of incidence of

O

86 degree. In the short wavelength reglOn 入 < 20 A, stray light

from 0-th order light was so 'high that the first order SPeCtra

O

below 18 A were unclear. We measured 6-th order spectrum of
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O

Fe XVI工I 16.00 A, but background was s.till high･., A crystal

spectrometer vmuld王妃 feasible for a me;asure7?eat Of such a -short

wavelength light.

A ･particular problem arises in th･e case of measurement of 16

0 0

A. 0 VIII resonance line 3p + 1s at 16.0'o A overlaps Fe XVIII

O

line at 16.00 A. Therefore some part of measured intensity may

be affected by the 0 VII工 spectrum.

ⅠⅤ. Di5CuSSio,n

The above mentioned method requires the following conditions:

(i) Intensities of appropriate lines should be neasuTed absolutely

with sufficient accurac土es. (2) The corresponding rate coefficients,

elect'ron impact excitation rate coefficients, p.roton impact

excitation rate coefficients and radiat,ive transition probabilities

have to be adequately known･･

Tbe first COndition represents a serious problem since the

intensities of lines with different切aVelengths are to be compared.

In the past decade, calibration methcds in the vacuum ultraviolet

reglOn have mch progressed in two ways.
ヽ

One is the absolute calibration by using a syncbrotron

radiation and the other is the atomic branching ratio method

which can b占 used as in-situ calibration based on the known

transition probabilities . However, the calibration of such a

spectroscopic system in the extreme ultraviolet and soft X-ray

region has problems to be solved.

The second cond主tion restricts the applica.bility.･of the
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method to･ very few simple systeTP.S especially such as lithium

and beryllium-like ions, e.g., Fe XXIV and Fe XXII‡. The cross-

sections are directly measured in a few cases, but generally it

is necessary to rely on the calculation based on
,

various

degrees of assumption.
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Abstract

℡be excita七土on cross sections by elec七ron 土mpac七 for

h19hly ionized ions are evaluated using the spectroscoplC data
=

from plasmas. A computer code o至 七be collisional rad土a七ive

model for He-like ions is constructed and 土s applied 七o the

es七土ma七土on of the emission line in七ens土t土es from 七he solar

cordna and7theta-pinch plasmas. The evaluation of the

exci七a七土on cross sections as well as of 七be plasma state for

Ee-like ions has been made.

!
I
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1. エn七roduct土on

The cross sections by electron impa,ct for highly ioni2;ed

ions are necessary for diagnostics of nuclear fusion plasmas
r

and astrophysical plasmas. But we often encounter the cases

●

that there are no atomic data when we analyze spectroscopIC

dまta.

Recently the measurements of the cross section by the

crossed beam method have been performed actively for七he

ionization processes. But for the excitation processes, only a

few data of highly ionized ions are available, Although the

accuracy is less than the crossed beam method, the measurements

●

of the emission from plasmas give useful information about

cross sections, because highly ionized ions can be easily

produced 土n plasmas.

Various experiments have been perform'ed to derive the

rate coefficients for both ioni2:ation and excitation from line

intensities. We are g-oing to discuss mainly the excitation

proces5 her早. There have been about 14 experiments for

exc土七a七土on rates so far as l土sted 土n ℡able 工.

The problems in spectrosco･plC diagncJStics of the plasmas･
=

l

are

1) Genera11y the electron density and.temperature in plas取aS

are not.叫nii:orm. Spatial and time inform阜tion on electron

density and temperature is necessary.

2) Plasma states and ion abundances are to be known,･ we h畠ve

to know whether the plasma under study is predominantly

ionizing, equilibrium or recornbining plasma. =f the plasma is
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no七in-a Ste､a8y. statesT- it l⊥S畠Iso necessary to know a time

evolution as well,.

3) The cascades from higher excited states have to be taken

into尋_CCOunt. エt is
_considered

that to anal.yze with the

co1ユISional radiative rpodel is the best way.

2. Co11isional radiative model for He-like ions

We have constructed a computer code of the co1'1isional

radiative model for tie-like ions of Z=5
- 2615).

The popu⊥at主op density of an excited level p of a He-like

ion is glVen aS a SuPerPqSition of the two c;omponentS,. the
■

contribution connected to the hydro女enic ions nH(2s) and that

to the ground level of He-like ions,･

n(p)I no(p) + nl(p)

-

z(p)r.(p)n耳(2s)ne ･ iz(p)/z(1)irl(p)nHe(ls)

z(p) -

g(p) (h2/2mkTe)3/2
expiI(p)/kTei/2gH･

with

f!ere g(p) and I(p) are., the statistical weight arid the

ionization protential of level p, respectively, gH is the

lStatistical
weight of the grour!dTState hydrogen-ic ion･ ro (p)

and rl(p) are funQti9nS
-Of

ne7 and Te and ca⊥エed the population

coeff土c土ents.

坪e_
_hav声_…tak卓rl

into account the ene;r･gy levels TIP tO n=20.

The levels having･ a principle quantum number nく7 ▲are
treated

+ i

s嘩a甲七ely･･.S･g-･ 21sl1 21p･ 23s,之3君i･ : The level豆o圭the orbital壬
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angular momentum L〉3 with the same n areす士ouped together to

form a single level｡ The leve上 1s2s
3p

is ･resoI-lved into thei

fine-structure components.
-ーナ1

i

エn order to obtain the popultation ･d台nsity n(p) , the心alue

of nH and nHe have･ to be specified･LI We introduce the quantity

q
- 〔nH(12s)/nHe(lls))/(nH(12s)/nHe(lls)1E

■

where E means the ionization equi1'ibrlum Which is glVen by the

ratio of the direct ionization and reconibination rate ln the

low-density limit. For q=0, the plasma is purely ioni2;ing.

Thさ conventional corona model assumes th土sl situation. A

theta-pinch plasrr(･a is onet of such plasmas. On the other hand,
●

the purely recombining plasma lS defined as q=ED'and the

popula七土on density is en七土rely de七ermined●by ro(p) ･ Genera⊥⊥y

real plasma is described by Oくqくw. =n a gpecia⊥ case, an

equ土⊥土br土u王Tl plasma is defined as q-1.

3. Appl土ca七土on to real plasmas

We have applied this computer code to七he invFt3SLtigati;o-nヒof

ヽ

●

the em土ss土on ⊥j.ne≦ from七he solar corona and七he七a-plnCb

plastmas.I Comparing the calculated line-intensity ratios with

the observed results, we have made the evaluation df 七he

excitat土on cross sections as wel⊥ as of 七he plasma s七a七e.

=n the low density plasmar the resonanc6 line R(21p'- lls)

and7 the forbidden lineこF(23s - lls) are strong. Due to the

decay from 23p leveュs, thei forbidden line F is- TnuCh stゐri*r;
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tharl土he i地SrcIOmbinat_=i.n liEne =･(2声p
-

IIs)=. A diagram･.f the

low-lying energy 1年Vels for 06+
･

1S･Shown in Fig.i. When the

electron density increases, the forbidden line F decreases

whereas the intercombination line = increases. This is because

of the collisional excitation from the state 23s - 23p. For

the electron density greater than lO16cm13r which is a typical
■

density of theta-pinch plasmas, the collisional ionization from
●

23p level becomes dominant in comparison with the radiative

decay from 23p level andr thent the intensity I decreases･ The

electron density dependence of the line.intensity ratio is

shown in Fig.2.

エn the foil(ノWing, firstly, we see the line intensity ratio

土rom the solar corona Wbere 七be l土ne 土n七ens土七y ra七土o 土s

independen土t)f the density. Next, we see the case of theta-

plnCh plasmas where line inteムsities change significantly with

the density.

(a) SQlar corona

℡he em土ss土on l土ne 土n七ens土ty of He-⊥ike 土ons from the solar

corona has been analysed16) and we tried to evaluate the

excitation cross section of lls - 23s and of lls - 21p using

the Observed line intensity rat10 エ/F and (I+F)/良. The result.t3

are summarized here and detailed desc-ription are given in Ref.
●

16)｡

1) We consider the line intensity ratio F/I which is

det苧rm主ned essentially by the excitation cross sections of

- 23s and.･11s
- 23p.

-･59
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when we see the existing cross section data for lls ｣ 23p

of 06+I all data except for those by CB method are found▲ to be

consistent within lO%. We rely on the average values of the

cross sec七土on.

For-the excitation lls
- 23s, there exists disagreement

with a factor of三2 at the threshold energy among the data. We

take the two extrema,･ cTl ltaS七he upper bound of the existing

data and q2 aS the lower bound･ But the effect in the

difference between
ol a'nd o:2 0n the ratio F/I is almost

negligible' This is due to the fact thatT in the case of 06+1

58% of the population density of 23s level comes from the

cascade from 23p levels, and the contribution from the direct

excitation from the ground state to 23s level is only 20%f

because the cross section o王11s
- 23s土s small Compared with

that ｡f lキs
- 23p. Thus we cann.t decide血ich cr.ss section,

ol
or g2･ is more reasonable･ Therefore for g(lls

- 23s) we

used the values which reproduce the rate coefficients

calculdted by Pradhan et al.17),･ that is about 5% smaller than

the upper bound ㌔･

2) We next examまne 七he resonance l土ne 土n七en√s土ty R土n

connection with the excitation lls - 21p･ =tn Fig'31 the

existing theoretical data are surnmarlzed. The cross sections

●

㌔- and 62'glVe'the upper and lower bound･ respectively･ The

line intensity ratio (F+I)/A for equilibrium Plasma (q=1) is

shown in Fig.4. The ratios are also given fo-r the purely

ionizing (q=0) and purely recomi)ininす(q=b) p⊥asmas for 52l･

=t is noted that the ratio for q=のis independent of the
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magnitude of the cross section. 'The obs_erved results are also

plotted ln this figur早.

=n order that the observed results are to be consistent

with the cross section 61†, all of the plasma observed would

have to be strongly recombining,･ this is unlikely to be the

case･ For thelCrOSS Section o盲-′the data for OV=工are

consistent on the assumption of the equilibrium plasma (q-1).

Thus, it is well expected that the cross section Shonld be

close to a:2r, that is the distorted wave calculations18)･ For

●

the data of other elements are given the discussions in Ref.

16).
.

(b) Theta-pinch plasmas

The electron density is relatively high in theta-pinch
●

plasmas, and therefore the extitation or ioni2;ation cross

sections from the metastable levels become essential in

determining the population densities of the line-emitting

leveュs.

LWe start with the assumption that the plasmas for which

the line intensities have been observed ar･e in the ionizing

phase, or nH/nHe, the ratio of the hydrogenic ion density to

the helium-like ion density is. much smaller than that given

under the ionization equilibrium condition, ScR/AcR′ Where ScR

and AcR are the i〇nization and recombination rate coefficients,

respectively.
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1) For lls - 21白process, the e3(isting ealtulatiohs ire

summarized in Fig･5, and the upper bound′ 6111′ and the lower

bound, a217 are defined as shown in Fig･5･
r

Figure 6 shows the intensity ratio 氏/(氏+王). Experlmental

tl
■l

●

value畠 are glVen by the three group岳,･ Elton and Roppehdorfer

(1967)2), Runze at el. (1968)3)I and Pospieszczyk (1975)19).

The number associated with each of the data point repre岳entS

l ● .
■ ■

●

the electron temperature given in the orlglnal papers. The

results of the calculation corresponding to these two cases are

shown in Fig･6 for two temperatures, 200eV and 300eV･ For net

1016cm-3r the gradual increase in the ratio corresponds in part

to the increase in the 21p population due to the stepwise

excitation via 21s and in part to the gradual decrease in the

23p level population due to the depletion by ionization from

tb土s leveュ.

The data by Kunze et a13) favor the upper bound 61", While

●′
ll

that by Eltoh and Koppendorfer favor the lowest bound 621I･

ZIowever, if we take into account the experimental uncertainty

both the d舌ta are COnSistent with either of the cross sections,

o'1Il or 62Il･ This ambiguity comes partly from the fatct that the

ヽ

contribtitio,n from the excitation lls - 21s to the intensity A

is small, i･e･ 17% for 61Il or 15% for 62Il for the condition of

℡ =250eV and ne=6･2 Ⅹ 1016cm-3･
e

2)工n the high-density reqlOn, ne〉1LO16cm-3, with an increase

in n the stepwise ionization from the 23p level makes the ,

e

relative population density of this level decrease and results

in an increase ln the ratio. Kunze et a1. assume that this
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increase lS due- to the singlet,･ttrlPlet e3(Citation trans土er, and

they give the excitation rate coefficient of 1.i x 10-9cm3s-1
∵

for 0+6.工n our calculat10nr howeverl the correLqPOnding rate

coefficient is about 1 x 10-10cm3s-1 and the ioniBation has 1.6

Ⅹ 10-9cm3s-1 instead｡ We can determine the 10hiBation rate

coefficient using the experimental. data in the high electrofl

ll

_

.I

density region. Elton and Roppendorfer (1967) derived the rate

coefficients 31 Ⅹ 10-12
3 -1 for lls - (21s+21p) and 15 ⅩCm ら

10-12cm3s-1 for･11s - (23s+23p). our calculation gives about

half of their values,･ 19 x 10-12 and 9 x 10-12cm3s-1i

respectively, whereas our calculation gives the absolute

intensity of the lines 23s - 23p being consistent with the

observation. The difference of the factor of 2 in excitation

rate coefficients is interpreted as partly due to the neglect

of the cascading contribution'in the orlglnal paper and partly
=

due 七o the d土fferen七 ra七e coeff土cien七s for ion土za七ion from the

23s and 23p levels.

3) We examine the expefiment for carbon. The critical

electron density for which the ioni2:ation rate and radiative

decay from the 23p level become comparable in magnitude is

smaller for carbon than for oxygen' =t is about 5 x lO15cm-3･

The intensity ratio 工/R is sensitive to the ionization rate

coefficient at this density. Figure 7 compares the experiments

with our calculation. The experiments give lower values of 'Lhe

ratio 氏/(R+工)七han 七be calcuユa七ion. ℡h土s dj.screpancy is

●
●

thought to be due to the following orlglnS.
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i) =f the ionization cross sections from the 23s and
12号p

levels were decreased by a factor of 2, the calculated result

would shift toward higher density by almost the same amount.
r

The experimental data for Te> 200声V would then become

consistent with the calculation. However, the error of a

factor of 2 appears unlikely to occur in our ioni2:ation cross

se.ctionr and the lower temperature data remain in consistent

w土tb七be calcula七土on. We rule ou七 th土s poss土b土1土ty.

上土) Ⅳext土s･ the excl七ation cross sections lls
- 21p and lls

- 23pr by which the intensity ratio is determined.工f we

decrease o(lls
-

21p) by 20% or increase G(lls
- 23p) by the

same amount, an agreement within the experimental uncertainty

would be obtained for the data for Te>200eV･ This large

mod土flCat土on 七o 七he cross sec七10n, however. appears unrealist土c

and then a strong doubt would have to be cよst on ･ヒhe scaling

law of the cross section, since good agreement has been

obtained for oxygen ions.

主上土) Another possibl⊥土七y土s as follows; the assumpt土on七hat

the plasma condition is in the ionizing phase is not valid. =f

we assume that the plasma is slightly ionizing and is close to

ヽ

equilibrium, all of the data except for those for T =130eV and
e

79eV are well interpreted. The intensity ratio for the

equilibrium plasma is plotted in Fig.7 as well as that for the

recombining plasma. We suppose that the plasmas.for carbon･-

experiment are not predominantly ioni2:ing, but they have

appreciable contributions from the recombining plasma

-64-



component. Thus it should be sttessed to be very important to

know the p⊥asma cond土t土on of 七he p⊥asma under study.

4. Su皿mary

A method evaluating the cross sections using the

co111S土onal rad土at土ve mode⊥ 土or He-1土ke 土ons has been

discussed. With this method the plasma state as well as the

collis土onal rate coeff土c土ents can be known.

We have gotten the result for excltation cross section of

lls
- 21p that the dlStOrted wave calculation by McDowel118) is

●

found 七o 91Ve reasonable values.

We have found that 土t 土s
･very

土mportant to know the plasma

state when we analyze the spectroscopIC data,･ the ionizing

plasma, equilibium plasma cr recombining plasma.

=n ordっr to make the co1エi.qional radiative model reliable,

are necessary more atomic data especially. data of exc土七at土on

and ionization processes from the metastable levels.

-65-



Re feren･ce s

1) E.flinnov. J.Opt.Soc.Am.皇旦.1179(1966)
■

2) 氏.C.Elton and W.W.X6ppend占rfer, Phys.Rev.出坦. 194 (1967)

3) H.-J.Kunze, 'A.Ⅱ.Gabriel and H.氏.Griem, Phys.Rev. 165, 267

(1968)

4) A.N.Prased, A.F.El-Menshawy. J.Phys. Bl. 471 (1968)

5) Z.L.Beigman, L.A.ValnShtein, A.P.Dronov′ E.M.Kudryavtsev′

JETP USSR塑. 1991 (1970), Sov･Phys･JETP ia' 1079 (1971)

6) H.-J.Kunze and W.D.Johnston =工=, Phys･Rev･三坦′ 1384 (1971)

7) W.D.Johnston === and H.-J.Kunze, Phys.Rev.王堕, 962 (1971)

8) H.-J･Kunze, Phys･Rev･坐. 111 (1971)

9) G.Tondello and R.W.P.HcWhirter, J.Phys･型, 715 (1971)

10) R.U.Dalta, H.-J.Kunze and D.Petrini, Phys.Rev. A6, 38

(1972)

Llコ
L(1

ll) W.Engelhardt, W.Koppendorfer and J.Sommer, Phys.Rev. A6,

1908 (1972)

12) G.N.●Haddad and R.W.P.McWhirter, J.Phys･塑, 715 (1973)

13) R.U.Dalta, A.Blaha and H.-J.Kunze, Phys.Rev. A12, 1076

(1975)
t

14) Jieh-Shan Wang and I.A.Griem, PL83-032 (1982)

Univ. Maryland

15) ℡.Fuj土mo七o and 管.Xa七o,工PpJ-647 (1983),工nst土tute of

Plasma Physics, Nagoya Japan

16) T.Fujimoto and T.Kato′ Astrophys･J･ 3i&' 994 (1983)

17) A.K.Pradhan, D.W.Norcross and D.G.Summer, Astrophys.J.

246′ 1031 (1981)

-66-



18) H.R.C.比cDowe1⊥. i.A.morgan,寸.p.出yercough and T.Scott,

J･Phys･型旦. 2727 (19/7)

19) A･Pospieszczyk. Astron･ & Astrophys. 3旦. 357 (1975)

20) H.-J.Xunze, Phys.Rev.峯呈旦, 1096 (1981)

-67-



℡able エ ヽー■

Heasurements of excltation rate coefficients

by plasma spectroscopy

Author (ら) 二on(s)

Hinnovl) (1966) Nen+ (n=1-7)

El七on′ Roppendorf∝2) (1967)
lI ▼l

Kunze, Gabriel, Griem3) (1968)

prased, E1-B4enshawy4)

Beigman et al.5)

xunze, Johnston Zエ=6)

Johnston工==, Runze7)

xunze8)

Tonde11L･. McWhirter9)

(1968)

(1971)

(1971)

(1971)

(1971)

(1971)

･10) (1972)Dalta, Kunze, Petrin1

Engelhardt et a1.ll)

Haddad′ McWhirter12)

Dalta et al.13)

wang, Griem14)

(1972)

(1973)

o6+

c4+

c4+

Ba+′ Sr+

N4+I o5+I Ne7+

N3+I o4+t Ne6+, si8+

Ne7+

Ⅳe6+

Ar7+

c4+, N5+, o6+, F7+I Ne8+

Ⅳe7+

(i975) Fe7+,8+E9+

(1982) Fe9+
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Fig.1 An schematic (inergY level diagram of h～e-like oxygen ion

o6+. The numbers attached to the transition lines

土nd土ca七e 七he values of 七ransl七土on probabエ1主上エes or

co11isional rate for T = 2.9 Ⅹ 106 R.
e
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Fig.2' Line intensity ratios of 0 VIE as a function Of

e⊥ectron density in the ionizing plasma of'

T =2･3 x lO6oK･ ℡ indicates the electron density for
e

●

solar corona an卓theta-pinch plasmas, respectiセely.
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Fig'3 Summary of the existing cross section data for

excitation.土11s
- 21p of O6'･ The cross sections ol･

and 62f pose the upper and lower bound, respectively･
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C 0 Ne Mg Si ら

10 15

Z

Flg･4

.Percentage
contributions, from (F+I) and A to their sum

′

vs･ nuclear charge･ Calculated results for o=i (dotted
′

1ine) and 6T2 (solid line) are shown for q=17 the■

′

equilibrium plasma･ For the cross section 62 the

results for q=0 (purely ionizing plasma) , and q=Oo

t (purely recombining p1畠sma) are given as well as the

results for ne=1010cm-3 with q=1･ Observed results

are compared.
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Fig.5 Summary of the existing cross section data for

excitation of lls - 21s of 06+･ The cross sections ql"

and ㌔'- are the upper and lower bound, repec七土vely･
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Fig.6

■lgne

The intensity ratio A/(A+I) for 06+.
I

Dotted line and

solid line are the calculated results using the cross

section of upper bound 5lll and lower bound 6:211 in Fig･5,

respec七土vely.
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Fig.7 The intensity ratio A/(A+I) for C+4. solid lines show

the results for the ionizing plasma, whereas the dotted

lines and do七t-dashed l土nes 土nd土cate the results for

the equilibrium and recornbiT.1ng Plasma, respective⊥y.
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Diagnostics and Simulation

ln G-Ⅹエエ エmplosion Experiments

yoshiaki RATO and KatsunobLI N=SHエHAR良

Institute of Laser F.nglneering, Osaka University
●

Sui七a. Osaka 565′ Japan

Abstract

High density implosion experiment岳bece)me

feasible with the completion of Gekko XZ= glass

＼.,-/Jl
laser 畠yStem. We review some of 七he important

aspects on diagnostics and simulation in G-X==

implosion experiments.
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We are developing Gekko Xエ= Glass Laser

System (G-X==) for h.igh density implosion

experiments. G-X== is a twelve beam system with

an output.aperture of each beam of 35cm. =t is

capable o虐 delivering an output energy of 20kJ in

lns and a peak power of 40TW in 0.1ns at a

wavelength of i.0521皿. Two target chambers are

available for differenモモypes of experiments with

different target irradiation geometries. =t is

planned七bat七he laser frequencies are c?nverted

to the second harmonic (0.53リm) and the third

harmonic (O.35リm) for target irradiation with the

conversion efficiency of ～70亀.

Based on 1-D simulation calcula七土ons of 七he

implosion processes with different types of target

l
structures ,

it is expected that the neutron yield

Ny of ～1012/shot i畠obtained with an exploding

pusher type target. By tlSing the cannonball

target Ny=101l-1012 and pR～0.1g/cm2 are expected.

=n order to achieve the good implosion syTnmetrYI

we have proposed and experimentally tested

random-phasing2 of the laser beams for direct

target irradiation and cannonball target3 for

indireqt irra卓iatio!1.凹ajor issues in the G-Ⅹ==

implosion experiments, among various issues, are

implosion uniformity (including irradiation

uniformity. ･ symrqetry break7'.ng instabilities such
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as Rayleigh-TaYFlor instability, arid f也el mixing) ,

implosion efficiencyI Preheating of the fuelr and

the final comptession parAmeters･

The laser energy and the power available from

G-X== are approximately 2 orders of magnitude

larger than that we have experienced so far.

■

Accordingly we ent色r into a new region Of plasma

parameters ,I higher temperature, higher density,
t

●●

larger opacity and larger reaction products･ =t

is very interesting to produce and study various

kinds of high density plasma effects. However, on

the other hand, this is a region that is

difficult to make accurate diagnostics. zn order

to compress the fuel to a high density, the

density-radius product (pR) of the pusher becomes

high (10-3～10-1g/cm2) ･ At this condition the

transmission coefficient of the X-ray and the

charged reaction products such as protons and

α-particles are± significantly reduced (10-l～10丁2).

For diagnos七ics of big.bly compressed fuel. neutron

is probably the most useful particle in the foms

of neutron yield, neutron activations, and neutron

■

imaglng. Development of new diagnostics

techniques for high density implosion
experimentsI

such as X-ray backlighting at high X-ray energy

(之5keV) I i白planned･

We have td collect as many diagnostic data as
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possible for each target shot. Simultaneous

measurement on various aspects of the plasma (such

as temporal, spectral and spatial) is important

since analysis of the data of one diagnostic

instrument has to rely on other supplementary

infomation . As to the reliability of the data,

various diagnostic instruments have to be

accurately calibrated. AIso we need accurate dat.a

base for analysis of the experimental data ,･ for

examplel the accurate neutron activation- cross

●

section, stopping Power Of charged particles in

dense plasmas′ opaci七y. refract土ve index. and

scattering cross section of X-ray.

As to the simulation of the implosion

process′ i七depends on various models that 七be

code uses. Since the ability to- directly diagnose

the high density plasmas is limited, the accuracy

of 七he code is more required 七ban it has been so

ねr. Recently the accuracy and the options of 七be

codes have been remarkably improved｡ However.

since we are entering a new region Of plasma
●

parameters, further basic experiments are

required which model can siⅢulate certain aspects of

the high density implosion experiments･
The following

items were selected as the cooperative research4

among scientists from various universities, mainly

from the viewpoint of the energetics of the
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implosion process.

1. X-ra.y transport( esp･ line profile

(broadening and edge shift) , oscillator

strength, and Gaunt factor.

2. Electron transport, esp. Fokker-Planck

equation with the high density effect,

and determinaセエon of 七he 七bermal

conduc七土vi七y.

●

3. Stopping Power Of high energy electrons

and α-particles, esp. scattering by ions

and energy transport to electrons, and

effect on the ignition condition;
■

4.ェnclusion o王 tbe above effects into the

implosion simulation code.

Figures 1(a) and i(b) show ion density, electron

temperature, and.pressure at the laser peak (a)

and maximum compression (b) of a cannonball target

irradiated by the 20kJ, 1ns laser.
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Atomic Processes for Modeling of =nertial Confinement

Fusion plasma

Katsunobu Nishih冬ra

=

印stitute ⊥of.Laser玉nglneering,
0saka University一

ー'
E

Su土七a. Osaka 565, Japan

Abstrac七

The density and temperature of hot dense plasma that will

b/e achieved in the carmonball target compression by the Gekko

X工工1aser system are pred土c七ed by means of computer s土mula七ion.

=t is shown that the plasma is characterized by the two para-

meters as kT ～ EF and r ≡ Z2e2/RokT ～ 1′ where EF and 氏 are
O

the zero temperature Fermi energy arid the mean ion distance,

respectively. Hodel of the code and required atomic properties

are also briefly overviewed.
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i. Introduction

℃o clarify the problems in modeli叩Of inertial confine-

ment fusion plasmast it is necessary'to know their density

and temperature. By choosing an example of a target and a

laser energy/ this report presents simulation predictions of

plasma density and temperature which w土11 be achieved in near

future. The two important parameters characteri2:ing the hot

dense plasma are the ratios of the plasma kinetic energy to

the zero temperature Fermi energy and to the Coulomb interaction

energy. The predicted values of the two parameters show that

the hot dense plasma is far anything previously achieved in

the laboratory.

Accurate computer s土mula七まon requires a variety of atomic

properties of target materials. Atomic properties required in

a computer code are discussed including structrure of ions

(equation of state) , transport coefficients (thermal conduct一

土Ⅴ土ty, collision frequencies) and x-ray七ransport coeff土c土ents.

2. Hot Dense Plasma in =nertial Confinement Fusie)n

The H=SHO computer code is used to predict plasma density

and temperature of hot dense plasma that will be achieved

by large cavity cannonball targetl) with the Gekko X==

laser system･ The cannonball target is a double-shell target/

with holes on the outer shell, through which laser beams are

in3eCted･ The cannonball target is classified into two types

LL

according to the cavity size between the inner and outer shell.

The outer shell of the large cavity cannonball target is composed
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of high-z materialj
-,Such

as goldJ and la:SET beams are･

irradiated mainly on七o 七be inner sun face of 七be outer shell.

℡hen the outer shell emits x-rays wb土cb abla七e the

inner shell. Thus, the radiation driven ablation2･3) plays an

important role in the large cavity cannonball target.

The laser and target parameters used- are summari2:ed in

Table 1･ We assume the laser absorption of 90% at the critical

density of the inner surface of the outer shell. Figure i

shows implosio'n dynamics on r-t diagram. Laser peak is achieved

at i.5 ns in the figure. Since the laser absorption is assumed

only by the outer shell, the ablation and implosion of the
I

inner shell are drived by七be x-ray ･radiat土on em主上セed from七be

outer shell. The spatial profiles of the plasma density,

temperature and pressure are shown in Fig. 2 (a) at the laser

peak i.5 ns and Fig. 2 (b) at the maximum compression 4.8 ns.

Figure 2 (c) also shows the inward and outward radiation fluxes

at the laser peak. As s･hown in the figure, the x1-･raY radiation

is absorbed near the'surface of the inner shell ma3_nly by the

bound-free 七ransi七ion. 工七bea七s plasma and drives plasma

ablation. The high pressure thus generated drives the inplosion

of the inner she1･1. The ablation pressure becomes about 40

Mbar.

Both the plasma d年中Sity aLnd temperature change very

rapidly through the ablation region, While the pressure remains
●

almost constant as shown in Fig. 2 (a) and 2(c). zn the front

of the ablation the plasma density is higher than the solid

densi阜y because of the= compression and the tempemture remains
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relatively cold. 1The
density and tempe工a七ure土n七he front are

shown.ーj血the dotted region i in Fig. 3･ As cleaitly Seen from
●

the figure, the p_1asma are characterized by the two parameters

aS

kT～｡Fandr≡芸嵩～1.
(1'

0

Here EF and R are the zero temperature electron Fermi energy
O

and the mean ion distance, respectively. Thus the electrons

are partially degenerate and the Coulomb interaction energy

becomes comparable七o the kinetic energy. When 七he parameter

r is much less unity, the 七he plasma j.s called an 土deal plasma′

while when r >> i, it is called a strong coupled plasma. Thus

the plasma in the
･reglQn

i is the two-component intermediate
●

coupled plasma. =n the rear side of the ablation region, the

plasma dens土七y is rela七土vely low because of the abla七ion and

the temperat･ur-e is high due to the heating. This plasma is an

ideal one.

The plasma density and temperature at the fihal compression

is shown in the dotted･ region 2 in Fig･ 3･ The fuel density

becomes 1000 times greater,than its solid density･ The fuel pR/

the produc七of fuel mass density and土ts radius, reaches

approximately O･3 gr/cm2 which can satisfy -one of the ignition

corlditions･ flowever' the- laser
Lenerg･Y

Of 20 kJ is not large

enough to hea七plasma tot satisfy the other ignition condition-.
●

Thus the plasma parameters･ remain almost the same as those
▼

given by eq･ (1,)･･ Zt should be,noted that although the par･ameter
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T for -fuel
is less than unity,-that for glaS's･予鵬廿er is of the order

of unity because of higher ionization state.

3.比ode1 Overview and Required Atomic properties

･The
H=SHO computer code was developed at =nstitute of

Laser Engineering to study the many interrelated physical
●

processes important in achieving the laseL- inertial

fusion. The code is essentially one-fluid and two-temperature

(thermal electr'on･s and ions) model. Zn addition to these

fundamental parts.エセ calcula七es laser absorpt土on′ equat土on

of state, high energy electron transport and x-ray radiation

transport. The high energy electrons are generated by the

anomalous laser absorption and their energy is typically of
=

the order of 10 to 100 keV.

Equation of motion for the ion-fluid requires the pressures

of thermal electrons, ions and high energy electrons. Energy

conservation equation for thermal electrons is given by
t

dT

cve…㌔･ (BTe･pe)蛋-s,

cv≡諒(v,BT≡宗IT･

where

(2)

Here e(ni,Te), p(nil Te) and V are thermal electron internal

energy density, its pressllre and specific volume. The source

terms include thermal conductiont energy relaxations from high
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energy electrons to thermal electrons and from thermal electrons

to ions, laser absorption, Ⅹ-ray emission and absorption･
I

●

Energy conservation for ions is also given in the same type as

eq.(2).

The average-atom equation of state4,5) is used to c･alculate

cv, BT, P, the ionization state Z*, the electron population of

n-th principal quant- state Pnl and its ionization energy =n･

*

The latter three Values, Z
,

Pn and l are necessary to obtain
n

thermal conductivities and energy relaxation rates of thermal

electrons and ions, the scattering frequencies and energy

relaxation rates of.: high energy electrons and x-ray absorption

coefficients. =n the average-atom model we consider a fictitious

ion of which the ionization state is given by
■

Z*-Z-APn･ (3)

where Z is 七he atomic nu血ber. 工n七be hot dense plasma a's

shown in the previous section, the orbit radius of large

●

principal quantum number becomes larger than the mean ion

a.istance. This results in the pressure ionization. As discussed

in the previou岳 section, the electron Fermi degeneracy becomes

important and we have to use the Fermi distribution function.

The Coulomb interaction leads to lowering the i.onization energy

and the excess interaction･ energy･ Mixed ions such as a glass

are often used for target materials. For mixed ions the chemical

po七en七ials for each species can be assumed to be equal.

Frequency dependent absorption coefficients are obtained
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from the average-atom model, fQr bound-bound, bourld-free and

free-free七rans土t土ons. でhe pho七ons are七ransported w土七b a

multigroup ray-trace血ode1. Namely, photons are divided into

groups according to their energies and their intensities are
I

calculated along their trajectories in target.
●

High energy electron transport is calculated with a multi-

group flux-limited diffusion model, which is derived from the

Fokker-Planck transport equation. As their energy
is lost, we

●

consider七he idniza七土on and excitat土on loss and energy relaxation

to thermal electrons. We also take the Rutherford scattering

with the partially ionized ions into account6).

As a summary, we have shown that the hot dense plasma

produced by laser compression can be characterized by the two

parameters as kT ～ EF and r =

Z2e2/RokT ～ 1･ 14ore precise

knowledge of atomic properties is required to calculate the

equation of state, transport coefficients and x-ray absorption

coeff土cien七s.
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TABLE i Laser and Target parameters

laser parameter畠

energY

pulse width

wavelength

target si2:e and material

rad土us of outer sbell

radius of inner shell

七amper (outer shell)

pusber

fuel

thickn･ess of tamper

七hickness of pusher

七b土ckness of fuel

EL-20kJ

TL= lns (FWHM)

入L= 1･06岬

R =

O

R. ≡

エ

Au

1400リm

700 1Jm

S土02

DT (0.2gr/cm3)

△Rt= 15岬

△Rp= 18um

ARf = 8リm

I



Fig. 1 =mplosion dynamics of large cavity cannonball target

on r-t diagram. Laser energy is assumed to be absorbed

only by the outer shell. Laser peak is achieved at

l.5 ns.
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ture and pressure･ (a) at laser peak i.5 ns,

(b) at maximum compression 4.8 ns, and

(c) inward and outward 冗-ray flux at 1.5 ns.

-92-



LASER FUSION PLASMA
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Atomic Collision Data for Beam probe D土a9nOSt土cs of

Magnetica11y Confined ZIigh Temperature Pユasmas

Ⅹ土yosh土 Ⅹadota

Institute of Plasma Physics, Nagoya University

Nagoya 464, Japan

Abstract

Beam probe methods for high temperature plasma diagnostics,

土n wb土ch a七om土c colユ土s土on data play a very 土mportant role. are

reviewed briefly. ℡he cross sections for electron impact

excitation and ionization of the probing particles are of use for

the measurements of electron density and temperatu土e. On the

other hand, those for charge transfer between various p;Lasma ions

and the probing particles are useful for the measurenLOntS Of

proton and multiply charged impurity ion densities. The atomic

coll土s土on data. which should be evaluated and compiled, are

sumarized.
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･ I事.1
1tわ.e-甲.riy1.1Pha･se･･_of

s･tudies
･onこPlasma

physics; Langmuir

prpb早S.Were･:印ainly u苧ed as diagnostic tools･ With the pごOgreSS
1

-

of fu_sき.9nf早s,earCh, the temperatures of plasmas to be studied

beqome-.much higher七han the early ones and the Langmuir probes

are no_ long,er usable.I, Instead. diagnostic techniques using

lasers 声nd/or p早rtまcle･･･beams as probes have rec甲ived much

attentipn.I_ The ユasers阜re being used as powerful diagnostic

tools.1) The usefulness of particle beam probes is also

recognized and their studies are gradually increasing.2)

=

We will give an Outline of the particle beam probe

diagnostics which are closely related to atomic collision

processes and discuss about the. atomic･ collision data which are

useful for them. The atomic data relevant to beam probe

diagnostics of the high energy α-particles produced by D-T

reaction will be discussed separately in this proceedings.

2. Particle Beam Probe Diagnostics ･

2.1. Principle of the methods

｣二::ヨ

Neutral or ion beams can be used to probe plasmas with

spatial and temporal resolution･ Particles or photons are

detected, which are locally emitted by interactions between the

probing particles and plasma particles. They glVe i丘formation on
●

plasma parameters as seen.in Fig･1･ The useful atomic processes

for the beam probing, the physical quantities observed and the

l

plasma parameters obta土ned are listed in でable 1.

エn the applica七土on to mag●net土cally confined plasmas,七be use
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of a neutral beam may be easier than an ion beam, b色~c二由奄eすrdf its

simple beam traコe.CtOrY- Which is independen七e)f;血agnetie fields.
t

=n the case of the ion beam, heavy ions with a relatively~high

energy must be used to keep the condition in甘bichJth∈, ioh】

gyroradius is larger than the si2:e Of devices. For the neutral

beam,
generally light atoms are suitable, because the plasma

contamination by the impurity injection can be minimized and it
●

is relatively easy to get higher beam velocities riecessary for

the penetra七土on of the probe beam土nto the center of the plasma

column.

=n some cases of the particle detection, the attenuation of

the detected secondary particles in the plasma must be considered

in addition to that of the probing beam. =t seems that the

techniques of the photon detection (we may call the ''Beam Prt)-be

Spectroscopy-') in which the data analysis is siI也plified are

advantageous in comparison with those of the particle detection,

although there may be some exceptions.

The attenuation (or penetration) of the beam in the plasma

is an important factor for the beam probing. The beam

attenuation is given by the following formulae,
●

d工A(Ⅹ)

1A(Ⅹ)- dx

Or

≡

~…knj(Ⅹ)_三三j
k

vA

･A(x, - IA(0,
exp{-/;;knj(x,:=jk

dx, ･
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where =A (x) is the beam intensity of the probing particles A

with the velocity vA at the distance x along the beam axis in the

plasma･ nj(Ⅹ=he
local density of the plasma particles of

●

speciesコand <ov>]k the rate coefficient for the collision-

process k between the probing and plasma particles. The

effective cross secti?n <o･v>]k/vA Which is a very useful physical

quantity for the beam probe diagnostics is defined by the

follow土n9 form`ula,

ioごjk
≡_

1

vA VA ′okり言]-3AZ)(v+i-v+Aff(v))dvi I

⇒･ う･

(3)

where ok(l蒜i一言Al)
is the collision cross section at the relative

velocity lv+j-3Af and f(苗i ) the veloci･ty distribution function

of the plasma particles which is assumed to be Maxwellian under

ordinary circumstances.

As■
･an

example,the effec七土ve cross sections for va工■土ous
′

coll土sエーon processes betwe?n the neutral l土th土um beam and the

hydrogen plasma par七土cles with the electron and proton

temperatures of 100 eV are shown as a function of tbe 工J土○-beam

energy in Fig. 2. The cross section data compiled in Refs. 3 and

4 are used. Figure 2 gives useful information on the beam probe

d土a9nOSt土cs. we see 七hat electron土mpact exc土tat土on and

ionization are the dominant processes at beam energies below
●

several keV. which means 七bat we can have 土nformation on the

electrons with the beam of an energy in this range. On the other

●

hand, at energies around several tens of Rev charge transfer

becomes important and we can have'information on the protons.
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This situation strongly depends upon species of the prob-ing beam･

For instance, in the case of hydrogen atomsI Chalrge transfer is

important even if at low energies5). This means▲ that in the ･beam

probe diagnostics we can selectively determine the plasma

parameters by using the beam of a
.'suitable

species and energy.

2.2. Diagnostics using electron impact excitation

Techniques of the beam probing combined with spectroscopy

can be used. As an exa'mple, the experimental setup used for the

electron density measurement in the Nagoya Bumpy Torus (NBT) at

=pp, Nagoya University, is shown in Fig. 3.6) The Lio-beam

produced by neutralization of. a 3･6 keV Li+-beam passlng･ thrc･ugh
● ｡

Li-vapour is injected into the plasma. A part of the injected

Li-atoms is excited by electron impact, which is the dominant

excitation processよt beam energies below 10
-keV (see Fig. 2) ,

and then emits photons･ The local photon- flux Nvp(x) of the

lithium resonance line (22s-22pr 670.8 nm) is given by the

following formula,

Nvp(Ⅹ) =nLi(Ⅹ) ne(Ⅹ) <O V>
∫

eX
(4)

where nLi(x) and ne(x) are the local densities of the beam and

the plasma electrons, respectively. and <ロ Ⅴ> the rate
eX

coefficienJ{_ for the electron impact excitation which is'

insensitive to electron temperature T in the region Of 10 to 100
●

e

ev
4,7) (excitat丑on ener･･gy is l･85 eV)･ One can Obtain ne by

measuring Nvp and nLi, When <oexv> is known･ The beam density

nLi Was measured by using the collision process between Li and
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fI2 I

Li(2s) +LT2･ + Li*(2p) +H2･ (5)

The local photon flux Nvg(Ⅹ) produced by process (5) is givell by

the following formula,

Nvg(x) =

nLi(Ⅹ) ng Q vLi,

where･n is the density of molecular hydrogen, Q the cross

g

section for process (5) and vLi the Lie-beam ve'locity･ From

formulae (4) and (6), we have the following formula,

ne(Ⅹ)ニ

Nv｡ (_xL
<uexv>/vLi Nvg(x) ▲▲g

n ●

The local electron density ne(x) can be obtained from the

measurements of the ratio Nvp/Nvg and ng, as Q and

are known.7) The cross section Q was measured and

<u v>
eX

<Cr V>
eX

(6)

(7)

was calculated with the experimental data of oex by Leep and

Gall叩ber.
8)

●

TypICal spatial profiles of the both photon fluxes, which

were obtained by tilting a mirror (see Fig. 3), are shown in Fig.

4･ The spatial profiles Qf ne are shown in Fig･ 5･ They give

useful information on the plasma confinement
in the Bumpy Torus.

=h this experimental phase of NBT, the plasma parameters n and
e

Te are of the order of 1011cm-3 and several tens of eV, ～
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respectively. The attenuation of the probing beam in the plasma

can be neglected. =f it is not negligibly small, the measurement

of the local density nLi(vJ can be done with the laser-induced

fluorescence method.
4)

There is a possibility of using a Ba+-ion beam9) on which

the cross section for electron impact excitation is large.

2･3. Diagnostics using electron impact ionization

The beam probe diagnostics using electron impact ionization

has extensively been developed with the beams of singly charged

heavy土ons like ℡1+′ Cs+ and Rbl･ of which the土ons can easily be

produced w土th土on sources of七he thermionic em土ss土on type.

Figure 6 illustrates the pri.nciple of the ion beam probing.
10)

A monoenergetic ion beam (R+) is injected into a plasma confined

by magnetic fields. Some of the ions are ioni2;ed to multiply

charged states (Rq+) by collisions with plasma electrons. The

magnetic fields cause the secondary Rq+-beams to be separated

from the primary A+-beam･ The energy EI Of the primary A+-beam

changes to El-e¢ in the plasma of the potential ¢′ and the

energy苫2 Of the secondary R2+-beam becomes (El -

e¢ ) + 2e¢ ≡ El

+ e¢ outside the plasma. Then 4) can be determined by measuring

E2 aS El is knownlO-12)･ =n principle′ the spatial profile of ¢

can be obtained･by moving the energy analyzer for the R2+-beam.

The electron density ne and the electron temperature
ire

can

also be determined from the measurements of the A+-beam intensity

=1 and the Rq+-beam intensities =q with the following formulae,

I

-Ilne<0冨Ⅴ,/vl-
Ilnefq(Te) ･

q

(for the unit observation length)
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.

and

･2

Ilne<0….Ⅴ,/Vl
~･-I-I

■■-:∴~二

=

=3 =1 ne <cT~▼
ヽ■′ ■

e 1

=f(Te) , (9)

叫9re
<0冨Ⅴ,/vl

is the effective cross section fol･ electron

impact ionization to the charge state q of the R+-ioDSr Which is

a function of Te･ The feasibility of this diagnostic technique

has been demonstrated with 10
-･

30 keV Cs+-beams in RENTOR which

is a･sma11 tokamak of the toroidal magnetic field of 4.32 kG at

the Rensselaer Polytechnic =nstitute13) ･ Figure 7 shows the

ratio of the effective ionization cross section for 1+ +2+ of Cs

to 1+ +3+ as･ a function of Te･ The experimental data by Feeney

and Hertling
14)

were used in the calculation. The ratio is

suitab阜y se.nsitive to T below about 200 eV. The experimental
e

apparatus is shown in Fig. 8. The scanning of the observed

position was done by deflecting the beam and changing its energy.
=

The obtained Te and ne profiles are▲shown in Fig･ 9･

A method involving the use o_f two kinds of singly charged

ion beams ( A+ and a+ ) was applied to measure T of hollow
e

cathode discharge.15,16) The technique is similar to that

mentioned above, as it uses the following formula,

･A2/IAl ne

<0告2v,/vA
工B2/工Bl n

e ユ

= h(Te)

一王01-
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=n this formula, =Al and =A2 are the intensities of the A+- and

A2+-beams of 地e velocity vA′ reSpeCtively′工Bl andエB2 those o£

the B'- and B2'-beams ｡f vB. and

<G至2v,′vA
and <oIP2v,′vBthe

effective cross sections for
electron impact ionization on i + +

2+. The ratios of the effective cross sections for some pairs of

the species are shown as a function of T in Fig.10. Since there
e

are no experimental data for Rb, the solid curves were calculated

with the Gryzinski formula17) and the dashed curve(R/Na) with the

experimental data compiled by Kieffer18). From the comparison

between both the curves for K/Nat we see that the早CCuraCY Of the

collision data 土s very 土mpor七an七 for 七he determ土natまon of ℡ . 工n
e

the experiments. the in七ensit土es of the primary and secondary

ions of the two beams "a'-k'and K'-Rb') were measured･

A demerit of using ion beams is that the beams of very high

energy are required to apply to fusion research devices w土七b

strong magnetic fields like tokamaks above the medium size

(toroidal magnetic field BT之20kG)･ =n order to overcome this

difficulty, a･ method using two kinds of neutral beams has been

proposed to measure n and T of the boundary layer plasma.in
e e

tokamaks4). The electron density can be measured with the method

using electron impact excitation of a Lie-beam. The electron

temperature can be determined by measuring the differential

attenuations of the two probing beams in the plasma. Their

ratio which is dominated by electron impact ionzationr is given
●

by the following formula,

立替 -ne

<o告lv,/vA

吉藩 -ne

<o:lv,,vB
- 102-
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=n formula (ll), =AO and ILO are the probing beam intensitiesp

･o今lv,
′vA and <o苧lv,′vB

are the effective ionization cross
l 1

sections for O 十 1+. ℡he d土fferent土al beam a七tenua七土on may be
･

measured by laser-induced fluorescence with two tunable dye

lasers incident along the probing beam axis. The ratios of the

effective ionization cross sections for the pairs of Li-Al and

Li-Ti are shown in Fig.ll. The experimental data are used for

Li19J20) and A121), and the Lotz formula22) for Ti. For Li-Al,

the uncer七a土nt土es 土nd土ca七ed by the sol土d and dashed cuごVeS are

due to an incomplete se七 of the experimental data for Al′ as

ment土oned 土n See.3.2. ℡h土s method. however′ 土s s七土11 usable

below about 50eV which is of the order of T in the boundary
e

layer of tokamaks.

=n the cases of the techniques detecting secondary ions, it

may be possible to use h由vy neutral beams like Xe23). An

Au--beam has also been used to measure pla･qma potentia124). The

energy Of the secondary Au+-beam produced by electron detachment

was analyzed.

2.4. Diagnostics using charge transfer

Charge transF r processes are very useful for diagnostjcs of

various ions with neutral beam probes, especially for fully

stripped ions because they can not be observed by passive

spectroscopy which is normally used to diagnose multiply charged
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impurity ions. =n this beam probing, there are two

poss土b土1i七土es. One of them土s七he detection of the pho七ons

emitted from the plasma neutrals or ions produced by the electron

capture. and the other is of the produced neu七rals which escape

from the plasma. For fully stripped ions with low nuclear

charge･1ike H+ and He2+1 the latter is possible25). =n the case

of the application to higher density plasmas, however, the

ef王土c土ency with wh土ch 七he p工･Oduced neu七rals escape from七he

plasma must be cons土dered 土n add土七土on to the a七tenua七土on of 七he

probing beam. It seems that the former is advant早geous in

comparison with the latter.

A technique of atomic hydrogen beam probing combined with

spectroscopy has been developed to measure the densities of fully

stripped light impurity ions (C6+ and 08+) and applied to

tokamaks26-28). The experimental setup which w畠s used in ･the PDX

tokamak28) is shown in Fig.12. A 25keV I-beam is tangentially

injected into the plasma･ The C6+ and 08+ ions in the plasma

capture electrons into excited states from the hydrogen atoms,

and emit photons･ The emitted photon flux Nvp(r) at the -dial

position r is given by the following formula,
=

Nvp(r) =

nH(r)nz(r)<OctV>巴nH(r)nz(r)octv古′ (12)

where nil is the density of the HO-beam of the velocity vH, n the
Z

density of the impurity ions with charge state z, and<uctv> the

rate coefficient for charge transfer followed by emission. The

rate coefficient <octv> can be replaced by cTctVH, because the
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●

beam velocity vH is much larger than the impurity ion velocities

vz･ The local impurity ion density nz(r) can be determined from

the measurements of Nvp and nH When oct is known･ The radial

profiles of n were measured by tilting the probing beam
Z

土njec七or. ℡he rad土at土orlS Of the trans土七土ons n-4+3 or 3十2 were

detected･ Since there are few experimental data of Get for fI +

c6+ and打+ 08+ sys七ems′ they were es七土ma七ed w土tb七heore七土cally

calculated values29-31) ･工n七h土s
measuremen七′ the beam dens土七y

nH at the observed position was estimated with a computer code

for the beam attenuat土on 土n which atomic coll土s土on data also play

an ･important role･ The obtained density profiles for the C6+ and

o8+
I

10nS are Shown in Fig. 13, which give useful information on

the impurity transport in the tokamak plasma.

工n 七he measurement of par七土aly strヱpped 土ons by passive

spectroscopy,there are also some problems. 工t 土s d土ff土cult to

⊂

est土ma七e the impur土ty 土on densities from spectroscoplC data.

●

because n and T in the edge plasma region, Where such
e e

ions are mainly located, are not well known. The measurement of

highly stripped ions diffusing to the edge plasma region is also
■

d⊥ff土cul七 due to no em土ss土on by relatively l〇w eコe(｢tron

temperature. The possibility to use a Lie-beam for the density

measurement of multiply charged impurity ions in the edge plasma

region has been proposed32). The use of the Lie-beam is also

prom土s土叩七o probe 冗+ and He2+
･

10nS′33) because the cross sections

for electron capture into excited states on the Li + H+
34,35)

and I'i + He2+
35,36)

systems are very large･ As an example'the

emission cross sections for the Li + He2+ system36) are shown in
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Fig･ 14･ The He2+ ions capture an electron very selectively into

七be n三=3 s七a七e of He+ and･地e emまss土on cross sections for七be 30.4

nm (n-2+1) and164.Ohm (n=3+2) are around7
- 9Ⅹ10-15

2
Cm

at 30 keV for Li which is suitable as the probi.ng beam energy.

The situations for CZ+ and OZ+ are similar to those f⊂tr H+ and

He2+
37).

The disadvantage of using the Lio-beam is the strong

beam a七tenua七土on土n plasmas. エt is not. however, a critical

problem for diagnostics of the edge plasma. Besides the local

Lie-beam density can be ri'LeaSured by laser-induced fluorescene

with a tunable dye lasel- aS mentioned before. For the

applic阜tion to plasmas of larger scale and higher density, the

use of a ⅠⅠeo-beam may be suitable in order to probe the core

plasmas.

Another application of charge transfer processes to the bearrL

probe diagnostics is the determination of the proton density ni

and the effective charge Zeff

=;zZniz/ne
(njz

･'the
density of the

ions of species j with charge state z) by means of the

attenuation lot
a HO--beam in the plasma. The beam attenuation is

given by the following formular38,39)

<0.Ⅴ>

I = Io

exp'-/'ocniト音~ne+;zojznjz'dx)
∫ (13)

when the contribution from collisions with the hydrogen mo1占cules

can be neglected･ =n this formulat I and =o are the intensities

of the probing beam transmitted through the plasma and the

incident probing beam, respectively,oc the capture cross section

(charge transfer plus impact ion主8ation) of protons･ <oiV>/vH the
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effective cross section for e･1ectron impact ioni2:ation, and o]z

the electron capture cross section for impurity ions of species 3
=

and charge z. When the concentration of impurities is small, the

impurity term in formula(13) can be neglected and n･ is equal to
l

ne･ =n this case, formula (13) is simplified as the following

formula√

<0.V>

エ=工o exp(-(Gc+
i)石･ L),
vH 1

(14)

where石. is the ユine-averaged ion density and L the size of the
l

plasma･ From the measurement of I/=o, the line integral density

ち.L can be obt:ained4O,41) as the related cross sections are known5)
1

and ni(r) with multichord beam号2)The beam attenuation

.measurement
at several radial positions. has been done with

deuterium plasmas in the TFR tokamak (CEN, Fontenay-aux-Roses) ,

in which the contribution by impurity ions can not be

neglected38,39) ･ The-･-patial profiles of ni and Zeff Were

evaluated by means of the best fitting to the measurement with

formula(13) in which parameters are the concentration of

impurities and Zeff･･ They obtained the

results whic_a w.ere consistent. to those determined by other

independent methodsp although this metb､⊃d takes rather

complicated steps on the data analysis.

3. Atomic Collision Data for the Beam Probe Diagnostics
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3.1. Excitation

=n Table 2 are listed the atomic collision processes of

which the data-evaluation and -compilation
(including the cross

section measurement) are necessary for the beam probe

diagnostics. For excitation processes, the most useful data are

of electron impact excitation of Li-atoms (process 1) and

Ba+-ions(process 7). The data of proton (or deuteron) impact

excitation (processes 3 and 9) are also needed for estimating the

contribution of the emission by proton impact. These processes

might be useful fo土 the proton density measurement ･with a high

energy probing beam. =n Fig.2, the effective cross･section for

proton impact excitation of Li is calcuated with the Gryzinski

formula which gives a much larger cross section for the He2+ + Li

system at low energy than the measured one43).

Those for fl and fie may also be useful for the core plasma

diagnostics of large scale devices with an Ilo- or HeO-beam.

3.2. =onization

=n the attenuation measurement with a beam of metallic atoms

like Al and Ti., multiple ionization by electron impact mus七be

considered. Jifhe beam attenuation is related to the sum of

par七土al cross sections 毒o冨･
but not the total cross section

昌qo冨･
The ambiguity of the cross section ratio for the pair of Li-Al in

Fig.ll is caused by the fact that no data exist of the partial

cross sections for A1. The data of ionization processes (2) and

t4) for H, He and- Li are-ne事CeSSarY for the estimation of the beam.
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attenuation and those for Xe, Rb, Cs and TI would also be useful.

For heavy ion beam probing using electron impact ionization,

the Rb+I Cs+ and Tl+ ions have mainly been used･ The partial

cross sections are needed for the measurements of n and Te, as
e

seen in See. 2.3. =n the cases in which the beam attenuations of

the primary and secondary ion beams must be considered, the data

o至elec七ron and pro七on土mpact土on土zation of A+(processes 8 and

10) and Aq+(process 13)
dare necessary. Detachment processes of

==コ

heavy negative ions like Au are also useful.

3.3 Charge transfer

Useful species as the probing beam are H-, He- and Li-

atoms･ The partial cross sections oct(n,i) and the total cross

section三10ct'nrl'
are needed･ Collision partners are H+(D+'･

He2+I and multiply charged ions of impurities (BtC, Nr 0, Al, Si,

Ti, Fe, Ni, Mo and so on) which are mainly relatd to 七he wall

material like stainless steel, =ncone1, Molybdenum , Aluminum,

Carbon, Tic, Sic, TiN, ～TiB2 and so on･

The process ll(A+ + H++ A2+ + H) might also be useful for

proton diagnostics16). A heavy ion beam of high･er energy must be

used for the a.pplication to large devices. Then the cross

section for process ll might be comparable to or larger than that

for process 8 (electron impact ionization). The total cross

sections for charge transfer between the plasma ions and all the

species.used as the probing beam (processes 5,6 and ll) are

necessary for the estimation of the beam attenuation.
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4. Concluding Remarks

There are- the experimental data for 7SOme･ Of the･一丘顎tOmic

collisi?n processes discussed in this paper･ The measurements

should be made of the cross Sections for the processes, if no

experimental data available, including the refinement of the

earlier works. The refin占inen七 of the theory is also needed. for

instance, the formulae of Gryzinski and Lot2:. =t is requested

that the data are not only evaluated but also compiled in the

forms which are convenient foL･ the users, for instance, like Fig.

2. The treatment with the Maxwellian velocity dist'ribution for

the plasma particles is most useful, although the velocity

distribution may not always be加axwellian.
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℡able 2. Colliston processes of which the data-evaluation

and
-

compilation are necessary for the beam probe diagnostics.

'Collision processes

(1) A+e

(2)

(3) A+H+(D+)

(4)

(5)

(6) A+工Z+

(7) A++e

(8)

十 A☆+e

十㌔++(q+1)e
+ A*+H+

+ A++H++e

Collision energy range

Ee i loo Rev

Ep毛100 keV

すA++H(n.1)

十A++エ(z-i)+(n･l) Vr毛3
× 108 cm/see

+ A+★+e

+ Aq++qe

(9) A++H+(D+)十A+★+H+

(10) + A2++H++e

(1ユ) 十Å2++H

(12) A-+e(H+) + A,A+

(13) Aq++e(H+) +A(q+p)+

A = H, He, Li, A1, Ti, Xe, (C, K, Rb, Cs, T1)

A+ : Rb･[, Cs+, Ba+, T1+, (K+, Xe+)
qI+

A ;且u

工 : He, C, 0, A1, Ti, Fe, (B. N, Si, Ni, Mo)

(Ee : electron energy, Ep : proton energy, vr : relative

velocity)
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Neut(oI Atoms

from the Ptosmo

(ni.Ti)

ProbI'ng Atoms

(or tons)

Secondory tons

of the Probing PortJ'cLes

(ne,Te,卓,LB)

Tr8nSmitted

* probI'ng Atoms

(ne,ni,Zeff)

Scottered Probing Atoms

(Ti)

Photons frum the Probing

or Plosmo P(jrticles

(Tze:TBe1,旨i:;LlnZ)
Fig･ 1 Schematic representation o£ beam probe diagnostics･

?

10ム

いbeomenergy Eb 【eV】

105

Fig. 2 Effective c･ross sections for various collision

processes between the Lie-beam and the hydrogen plasma

O

particles as a function of Li -beam energy.
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Fig. 3

[===]

10cm

Schematic diagram of the experimental setup for the

electron density measurement by Lie -beam probe

spectroscopy in NBT.. ( Ref. 6)

Fig･ 4 Radial profiles of Nvp and Nvg which are the

土n七ens土t土es of the resonance l土rle emitted from the

exc土ted工一エ ーa七oms produced by collisions with plasma

e].ectrons and hydrogen mo1･ecules, respectively, in NBT.

Nvg was measured･vithout the plasma･ ( Ref･6)
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T-16･12-8
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3=(Cm) O

Radial profiles of electron density by Li -beam probe

spectroscopy
in NBT･ Arrows indicate the positions of

the hct electron ring produced by ECRfI･ (Ref･ 6)

叫. 6 =∴1ustration of the pr土nc土ple of土on
beam probi叩･

(Ref. 10)
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Te叩.
(ev)

1由.

Fig･ 7 Ratio of the･ effective cross section for the Cs2+ ion

produc七土on by elec七ron土mpac七土on土z･a七土o血of the Cs+

ions to that for Cs3+I v's'electron temperature'

(Ref. 13)
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Fig. 8 Schematic arrangement of the apparatus for the

measuremen七s of plasma po七ent土al, electron temperature

and electron dens土七y by Cs+一土on beam prob土叩土n the

RENTOR tokamak. (Ref. 13)
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l和XLB (Crl)

Fig. 9 Radial profiles of electr9n tehperature and density by

cs+ -ion
beam probing in the R王NTOR tつkamak･ (Ref･ ⊥3)
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ELECTRON TEMPE持AYURE teVI

.Fig.
10 Ratios of the effective cross sections for electron

土mpact 土on土zatin (1++2+) on various ion pairs as a

function of electron temperature. Solid curves are

calculated with the Gryzinski formula and dashed curve

w土th 七he experimental data. ( Ref. 16)
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20 ム0 '60 80 Te(eV] 覗

轟
f#

Fig. 11 Ratios of the effective cross sections'for electron

impact ionization (0+i+ ) on Li-Al and Li-Ti as a

function of electron temperature. Dashed curve for

j

Li-Al indicates the ambiguity of the ratio. (Ref. 4)

F土g･ 12 Schema七土c d土a9ram Of七he exper土men七al setup for density

measurements of the C6+- and 08+-ions by fro-beam probe

spec七roscopy 土n the PDX tokamak･ (Ref. 28)
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Radial
:profiles

of the C6+- and 08+-ion densities by

HO-beam probe spectrosccipy in the PDX tokamak. Various

curves are the. calculations ( C.E.: corona equilibrium

and D; diffusion coeff土c土en七). (Ref. 28)
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10･17
0 50 100 150 200

ELQb (keV)

F土9. 14 Emiss土on cross sections for七he工一yman and Balmer series

which are produced by the process He2+ + Li + He+(ntl)

+ Li+ as a function of He2+ energy. (Ref. 36)
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The effect of excitation anisotropy in the laser-induced fluores-

cence spectroscopy o王 plasmas

Takashi Fujimoto

●

Department of Engineering Science, Kyoto University, Kyoto 606

Japan

Abstract

The importance of the effect of aligr]ment in the upper-level

population and its coll土sional or rad土at土ve relaxation on the

laser-induced fluorescence spectroscopy is pointed out. A

method to take into account of 七he effec七 土s presented.
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The lag-早r-ind,TJCed-fluor甲CenCe SPeCtrOSCOPy (LエFS) method is

a ''potentially.f powerful tqol for plasma diagnostics as well as

for study of atomic parameters like collisional and radiative

七rans土-土ion rate coeff土c土ents for a七om土c and ionic species. How-

ever, there seems to be points that are important but draw little

at.tention or∴even unrecognized yet･1) one of these problems is

the effect of excitation anisotropy and its collisional and radi-

at土ve relaxation｡

=n many LIPS experiments our prime concern is the population

de_nsity of excited levels, and this is derived from the observed

fluorescence. Suppose, for exanlPle. the determination of colli-

tional excitation transfer rates王or (31p or 31D) + lls ′

(33D + lls) of helium by a pulsed LIPS experiment. Figure 1 shows

the temporal changes in the population densities of the levels

concerned as derived from 七he observed fluorescence intensi七土es.

(工t土s noted that_七h土s transfer process v土olates舶9ner-s spin

conservation rule.) =n the following we investigate how the ex-

citation an土sotropy and its relaxation man土fest 七hemselves 土n七h土s

kind of experiment.

工n the above example the laser exc土七es 七be trans土t土on

21s(J=0)→31p(J=1) ∫ where J土s七he total a叩ular momentum･

(For血e11um aS Well as for neon and argon that are considered

later, the nuclear magnetic moment is 0, and we need not take

into account the hyper-fine structure.) Suppose we excite this

transition with a linearly polarized light with the polarization

direction angle 0 to the direction･of observation･ (Fig･ 2(a))

工n七he case of O = O or the Tr-1土9h七exci七at土on (we七ake the quan-

tizatiqn axis in the 2:-direction) only the Zeeman sublevel of

mJ 千
10

is populated,, (FiEg,･ 2(b)) where mJ Stands for the projec-
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tion of.J onto the quantization axis. Then, this level e血its

only the 7T-POlari2;ea light for the same transition･ This light

is polari2:ed in the e-direction in the polar coordinate system

and has a spatial intensity distribution according to sin2o･

■

Thus. we dontt observe any fluorescence even if we have the popu･-

1ation in the upper level. =f this level had another transition

the lower level of which had the angular momentum J = i, then

we could observe the two o-component transitions mJ=0 )

mJ-±1･ (Fig･ 2(a)) Thusy in this example if we were int6rested

土n the upper-level population we would derive d土fferenヒ popula-

土ion dens土七es for the same upper level. An example of this si七u-

ation is shown in Fig. 3･. a 5 ns laser pulse excites the transi-

tion 6ユ･64 A (1s3(J=0) -一斗2p2(J-i)) of neon in a mild glow dis-

charge (pressure of 2 torr and curre去t of 0.6 mA), and the fluo-

rescent light of 6164 A(I-1→ J=0) and 6599 A･(2p2(J=1) →

1s2(J=1)) are observed･ The above excite-tion scheme is indi-

cated by "00" in the figure. Actua11y the 6164 A fluorescence is

hardly seen,I but the 6599 A is intense. =f we derive the

.7branching ratio" of the transition probabilities of these two

lines, we would have an extremely large value. Figure 4 shows

the result: the open circles correspond 七o the presen七 case.

On the contrary, if the angle e is 7T/2 the excited s-dblevels

are coherent superposition of mJ I ±1 and we observe cT tranSト

t土ons 王or both the lines′ 6164 A and 6599 A 土n the above exam-

pie. The --branching ratiolf in this case is indicated by the

closed dircles in Fig. 4= in this case, it is smaller than the

correct va111e DY more than a factor of 2.
｣l

Thus, if we overlook the effect of excitation anisotropy

we would have a. variety of the "branching ratios", or in other

-1.･28-



word_s,卑Vatriety of the population densities of the upper level

dependin,g op the至Observed line, the geometi.YY Of experiment, the

arlgle O and the sensitivity distribution of our detection system

over the polari2:atiQn directions of the observed light｡

Fig-ure 4 shovs that with an incL-ease in the filling pressure

both the "branching ratios'f for "OO'r and f'900" tends to the cor-

rect value of i.61. This is the result of the collisional re-

1年琴ation of alignment, or the collisional excitation transfer

among the Zeeman sublevels: =n the case of the OO-excitation the

initial population in the mJ=O level is co11isiona11y transferred

to the mJ=±1 levels resulting in the cf-1ights･ The sma1ユ･ signal
=

of 6164 A light in Fig. 3 for OO corresponds to these o-lights.

We c'111 this process the collisional disaligrment, which has a

cross seiCtion of the order of the geometrical cross section.

=f the collisional disalignment is sufficiently fast any exc:ita-

tion anisotrっpY would be destructed fast, and we would have a

correct branching ratio or a population density independent of

the various factors. Figure 4 suggests that this would be real-

i2:ed at the pressure of loo torr or more.

One me七hod 七o solve 七he problem of the exci七at土on anエso七ropy

is to employ the magic-angle excitation= in the above example,
●

we take O = 55O. =n this case. however, the fluorescent light

is still polarized. and unless our detectioII System has the iso-

tropic Sensitivity distribution for any polarization direction,
●

we would still have a problem. This situation is shown in Fig.5･･

The magic-angle excitation is applied to the 6164 A transition,
●

and 七be same 七ransi上ion is observed wi七b 七he detection system

that is sensitive only to the polarization to the x-a.irection.

=f a
･magnetic

field is applied to the direction of observation

-129-



the produced anisotropy or the a-ipole prec色白ses are)もn丘theぬag'んt-

netic field, and we have the sinusoidal ost:-il1畠tiol-n o血the ob--

serⅥed signal. =f the magnetic field is fT'ufficiently strong. or

3C･ gauss in F'ig. 5, the precession becom白s 七oe) fast to be fo11olw色ビ

by our detection system having the time constant of 5z5 ns. Then.

the sensitivity distribution of our detection systemL becomes ef-

fectively isotropIC, and the observed flu.orescence becomes direct-
■

1y proportional to the upper-level popula七ion. The signal inten-
I

sities with "55c" in Fig. 3 and the triangles in Fig. 4 are the

result of thi's method and give the correct branching ratio in-
■

dependent of the pressure･ Thus7 We have arrived at the method'

to obtain, without ambiguLity. the upper-level population from

the observed fluorescence.
2-4)

The relative population densities in Fig. i are obtained by

the above method. ･By adjusting the excitation transfer rates for

31p寸33D and for 31D + 33D We fitted our calculation to the ob-

served 33D population using the observed 31p aha 31D populations･

The solid curve is the result of the fit, and Fig. 6 shows the

pressure dependence of these rates. The slopes give the transfer

rate coefficients or the cross sections,･ these are (i.4 f 0.ll)

Ⅹ 1O-･lq cm2 for 31p + 33D′ and (i.25 ± 0.26) Ⅹ 10-17 cm2 for

31Dす33D.5)

By applying the above method we obtained the rl.atura1 lifetime

for the ten neon 2pj (2p53p) 1evels･･3) the result was consistent

with七he delayed-coincidence experiment except for 2p8 and 2p10･

The depopulation collision rate coerricient was also determined

for these levelぷ′4) and we found that the depopulation is acQOunト

ed for by the sum of the exci七ation transfer collision畠 amOng the

2pj levels except for the 2p10 level･ This is. in contradiction

-ユ30-



to the conclusion by Chang aha Setser17) who did not take into

account the effect of excitation anisotropy in their LIPS experi-

men七｡

The lifetimes of excited argon, though it is the most exten-

sively studied so fart have been in dispute for manyf years.8) For

instance'the recent experiment by Erman and Huldt9) by the high-

frequency electron beam excitation glVeS Smaller lifetime values
●

for 2pj (3p54p) levels than the foregoing experiments, sometimes

by more 七han a fae七or o王 2. We employed 七he above me七bod fo工･亡be

determination of the argon 2p4 level lifetime and obtained good

agreement with the earlier delaTled coincidence experiments rather

than with ref. 9. We
conjecture that, in Erman and Huldt's ex-

LI

periment, the heavy radiation trapping not Only affected the de-

cap of the upper-level population but also relaxed the alignment

initially produced by the electron-collision excita七ion in the

upper-level population. Thus, the directly observed decay of

the emission-line intensity was different from the decay of the

upper-level population･ The fact that their results for 2pl and

2p5 agree W･ith other experiments appears to support our conコeC-

ture, since these levels have J = O and thus are free of the

aligrunent problem. We assumed that the aligrment relaxation

in their experiment was brought about not by atomic collisions

bu七by 七he 七rapped ratiat土ons; this 土s the compコementary process

to the coherence narrowing in the Hanle effect experiment.

ロs土叩the neon 6164 A (1s3 - 2p2)七rans土七土on we actually ob-

served alignment relaxation by trapped radiatiollSr and its rate

was interpreted quantitatively by the theory of coherence narrow-

1ng'
10)
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(a)

(b)

Fig. 3. The dependence of fluorescence intensities on the angle

of exc土七a七土on 8.
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Spectroscopy inモⅠe比otron E

K.Rondo, N,.Nishino, K.Magone, T.Nut?oh, tt.Kaneko, H.Zushi,

0.-Motojina,T.Obiki,A. Iiy(〕Shi,K.Uo

Plasma Physics Laboratory, Kyo七oか1iver･5ity

Abstract

Uji, Kyoto, Japan

Spectroscopic observations in visible and vacuum ultra

violet region are presented.
●

The DOPPler broadening measurements in the visible

wave].ength region are routinely used I:o estimate ion tetnperature.
●

Identification of the spectrum of VUV region is made and
●

some trial to
calibrat; the sensitivity of the monochromator by

using Ti XV emissions is described.
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1. Doppler Broadening ldeaJsurementG

The ion temperature is the most importan亡parameter and the

Doppler broade,ming measurement is easy method to estimate it.

We use a 1.26 m Cerny-Turner type scanning monochromator in

O

the wavelength region above 2000 A. It equips a vibrating

mirror ih front of the exit slit in ordei- tO sean the spectral

line profiles many tiTies during one plasma discharge in the

Heliotron E devicel). The scanning width of the wavelength and

frequency of the vibrating mirror are controled by a wave form of

a function generator.

O

The frequency is 50 Hz and scanning speed is 1 A/msec in o-ur

CaSe.

The output $1gnals･ of a photomultiplier tube are introduced
●

to AD convertor and stored in buffer memory.7

After a-plasma shot ･the calculation of ･the
Doppler

･

broadetling width byl the least square method is made and displayed

by a data processing computer. Figure 1 show.s a schematic

drawing. of 亡bls system.

An example of the experimental result is shown in Fig. 2.

O

The line is CV 2270 A. We also show the f土七ness 亡o 亡he Gaussian

curve in Fig. 3. 工n亡he initial phase the ion亡emperature 土s

abou亡100 eV and rises up about 300 eV by neutral beam injection
●

･ heating. On the other band the ion temperature derived by charge

exchange fast neutralanalyser is 700 eV and higher than the

Doppler temperature.

This difference between charge exchange analysis and DOPPler

broadening is due亡o that C叫ion radiates near the plasma

-
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boundary. We have a plan to inject titanium into the plasma by

laser blow-off technique and we will observe forbidden lines of

ions with bigb ionization potential energleS.
●

2. Vacuum U■1tra Viole亡 Spectroscopy

We installed the grazing incidence spectrometer (McPherson

247 V) to investigate impurity species.

The radius of the Rowland circle is 2.2 m. T.he grooves of

the grating are 600 lines per 1 tnm. The incidence angle i8寸aried

from 82 to 88 degrees. The observable wavelength region is from

O

10 亡o 1300 A. The detectors are chosen either pho亡ograpbic

plates or elec比on mul亡iplier亡ube with Cu-Be pbo亡ocatbode･

The identification of 亡be s ec比Ⅷ2･3)

Fig･ 4 shows the spectrum observed in the Heliotron E

plasma. The electronand ion temperatures are about 600 eV and the

density is 3 x 1013 cm-3･ The glass plate (KODAK SWR) is exposed

in about 140 shots plasma discharges.

Tbe main components of the spectrum are oxygenI Carbonl

iron and titanium.

The iron is main component of the vacuum vesselI YUS 170･

Tbe 亡itanium is flashed to 亡be surface of the wall to control the

recycling of the working gas and reduce the light impurity･

And the line emissions from Ti X to Ti XVI are distributed

O

about 150 A.

- 14El-



Absolute calibrati>on of the serisitiv皇t

工t is necessary to perform a洗absolute calibration for the
Y

monochromator.

Th.e branching ratios method is used widely because it can

be made in-situ. The used line pairs are listed in Table 1. But

calibrated points are litnited, though. Therefore, the inter-

and extra-polation should be made over a wide range of Wavelength.

We have tried the above ealilDration by measuring the

ligb亡in亡ensities of Ti XV.

Titanium is a familiar element existed in the plasma. And

O

in our plasma, lines of Ti XV are distributed around 150 A.

The line intensities o-f titanium are calculated by Bhatia et

al.4).

we can determine the re]_ative sensitivity from l15 A to 148

0

A by comparing the exper£mental and calculated intensities as listed

in Table 2. The absolute va.1ue is detennLined by matching the

O

data a:t 150 A from oxygen 0 VI.

We present the result of the calibration in Fig.5.
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Table i. Branching line pairs used

in the calibration experiment

r

細vい叩革 匡野a叫V繭bて小高
桓ngth(A)

●

Lb_IT<sゝ, 即e&gth(ふ.q'i_xIOE5t5i
OVち ー50.09 ~ーp豆59

･381ー.350.52

!50.j27- 259 38弘払P.52

9____V220.352 ≡....I.'r 3ー44.680.97

担!Ⅰ 2Ll3..027 2.045
==コ=

4685.682ー.438

C王V 3ー2..42 る5.7 580ー.510.319

312.る6
t■-一■H一----------:

45.5 5812る20.3ー6

0王王王 320.98 190 3961.591.28

0Ⅰ王
.515.50

15 49るユ061.06

515.64 ー2 る9引.120.83

515.6る 2.4 4955.780.256

He‡ 537.0296 5.66
■■■■l■-.~■■..■...■..................................-

50ー5.6ア790.ー338

H &025-72o.588 6562.80.441

Table 2. 1IJine intensities from Ti XV

○

WaveLength(A) Conf. Term A(8eC-1) Rela七ivelntensity

115.02 2822ー1ムー2B2p5 1D2-1p?1.20+ll 1.91

134.6ー

n
2s22p4-2s2p5 3p2-3p? 1.9う+10

1.'6i
148.54 2822pん-282p5

u

3p1-Sp≡8.43+9 1.00

2544.82B22pi-2822p4
3p2-3p1

1.25+3 0.12

( A･E･Bhaもia J･App1･PhyB･i, 1464. 1980 )
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liigh ◆Resolution X-ray Spectra of lt- and He-like

Argon from亡be AIcator C Tokamak
`

l

∫.E.Rice and E.S.Marmar, Plasma Fusi?n CenFter, M･工･T･
,

Cambridge, Mass., U.S.A., 021391

and

E.K互Ilne and I.K差11ne, ∫.E.T. Joint Under亡akin畠,

Abingdon, Oxfordshire OX14 3EA, United Kingd?m

Abs亡rac亡

A compact, spatially scanable, curved crystal spectrometer

has been installed on the AIca亡oてC 亡okamak. Spectra from bigbly

ionized argon have been obtained and the spatial and temporal

variations of several line ra･t.ios, as well as the ion

亡empera亡ure, have been determined,

- lL48 -



工n亡roduc亡土on

A compact curved crystal spect:rometer in the Van tiamo$

O

geometry (氏-53cm) wi亡b a quartz crystal (2d=6.687A) has been

installed on the AIcator C tokamak. The spec亡rome亡er system

employs a high-count-rate, position 8enSitive proportional

counter (1) capable of- 30リ POSition sensitivity. Instantaneous

counting rates of up to 200 kH2: have been achieved without any

spectral distortion. The data acquisition system utilizes a CAbIAC

time-亡o-digi亡aトconver亡er allowing indivi血a】. spectra 亡o be

obtained in 20 msec or less. The detector is radially scanable,

with a spatial resolution of- 4 c恥 and profiles have been

obtained.

Tbe argon seed ba£ been added with the pulsed working gas to

reach convenient concentrations between 10-5 and 10-4 邑.
e

Emission lines from tt- and He-like Ar have been identified as

well as satellites from the He- and Li-like st:ates.

.･阜rgon
spectra and radial profiles

Shown in fig･1 is '-i
･0,PeCtrum

Of Ar17+ obtained during the

steady portion of an 80 kGI 375 kA deu亡erium discharge･ The

electron density was 2･4Ⅹ10]･4 cm-3and the central electron

temperature was 1500eV･ The most prominent feature is the doublet

o O

with components wl a亡 3･730 A and w2 a亡 3･735 A･ Also apparent

o O

are 亡be satelli亡es で.at 3.754 A and ∫ at 3.771 A as well as some

l

features in between. A spectrum from Ar16+I Obtained during a
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discharge similar to the one for fig･1I is sho- in fig･2･ The

dominant features are the resonance (W) , intercombination (X,Y)

and forb鼻dden (Z) li且es(2). There are several satellites from

Li-like argon present, most notably q and k. The spectra in

figs･1 and 2 are from central chord measurementsl aTld have been

obtained every 20 msec during the discharges. The time

development of the tie-like spectrum may be seen in fig.3.

Spectral resolution of this instrument is sufficient to obtain

the ion teTllPerature from the doppler broadening of the resonance

line. The ion tetnperature as a function time for a particular

AIcator C discharge is shown in fig.4. The peak temperature of

～

1 keV ∈唱reeS favourably wi地 values determined from charge

exchange measurements (3) and the neutron flux (4). The error

bars are large at the beglnning and end of 亡be sbo亡because 亡be
●

observed doppler width is very close to the ins亡r血mental width.

Due to the compactness of the spec亡rome亡er, radial scans are

easily achieved. Shown in fig.5 is the He-like argon spec比um at

8 cm for a discharge similar to those of figs.1 and 2. The minor

radius of AIcator C is 16.5 cm and the electron temperature at 8

cm fol･ this discharge was - 700 eV. Notice that the intensities

of the forbidden line and the satellite lines (k in particular)

have risen relative to the resonance line. The relative

intensities of the satellites increase at this lower electron

temperature due to an increas{!･ of the fractional abundance of the

Li-like ionization state. The relative intensity of the forbidden
L

line may have grown as a result of larger contributions of ch.arge

exchange and recombination at the ou亡er radii. Shown in fig.6 are

-150-



the ratios of the satellite to resonance lines (k/W) and the

interco血bina亡ion lines (Y/Ⅹ) as a function of radius in the

plasma. The in亡erco血ina亡ion ratio remains constant (
-

1.2) while

the relative contribution from 亡he Li-like satellite k increases

strongly in regions Of lower electron temperature.
●
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Atomic and机olecular Processes in Discharge Cleaning Plasmas

Nobuaki Noda

王nstitute of Plasma Physics, Nago.ya University

Ⅳagoya 464 Japan

Abstract

The丘ischarge cleaning process is analy2:ed on the basis of

zero-dimensional particle balance. An experimental result

on the density dependence of 七he cleanin9 ef臼ciency can be

interpreted using this simple model of particle balance.

The relation among the plasma parameters and the control

parameters' is also ･ investigated. Cross sections of some

molecular processes near threshold energy are found to

important for those analyses｡
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1. Introduction

Discharge cleaning is one of the important techniques for

reducing oxygen and carbon impurities which contaminate tokamak

plasmas
1)｡ Low power continuous hydrogen discharges are used

usuallyfor the purpose of effecient cleaning｡ Effectiveness

of the electron cycユotron resonance (ECR) discharge has been

clearly demonstrated on JIPP T-II2)1 a tOrOidal device for

tokamak/s七ellarator experiments in 王PP, Nagoya University. At

●

the momentl the principal object of the discharge cleaning study

is to optimi2:e this technique and to obtain a' scaling law by

which we are able to know the optimum design for future
●

tokamaks. For this purpose, it is necessary to understand the

basic processes of the discharge cleaning. It is convenient for

the analysisto divide theminto two parts; that is. i) the rela-

tion between the cleaning efficiency and the plasma parametersp

and ii) the relation between the plasma parameters and the con-

trol parameters. The cleaning efficiency can be represented by

the partial pressure P18 0f H2O because most of oxygen is

removed from the torus as a form of water vapor by the pumping

systemo Then the first part of the analysis is to investigate

pleas a function of ne and Te
, where ne is the electron density

and Te the electron temperature of the plasma･ The plasma

parameters change depending on the hydrogen pressure P2 and the

input power Pin Of the microwave,etc｡ Then the second part is

to investigate the relation between ne, Te and P2, Pin･
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Discharge cleaning plasmas are not fully ionized and a

typical value of ne is 1010-1012cm-3血d Teis3-10eV′

respectively.

2. Discharge Cleaning Process

In order to study the relation between P18 and ne, Te of

the ECR plasma, we assume a simple zero-dimensional model of

particle balance3,4). The reduction of oxygen consists of the

following three processes.･ i) generation of an atomic hydrogen

flux in the plasma, ii) production of water vapor by chemical

reactions at the wall surface, iii) pump-out of the water vapor

●

by the pumping system. Zn this modelr we have taken account of

H20 molecules which are lost due to sticking to the wall and H20

dissociation
･by electron impact. Both of these processes are

competitive to the pump-out process (iii) of H20･ Since the

produ虎ion rate of hydrogen atoms is Written as nen2k2 Per

unit volumel the total number of hydrogen atoms incident on

whole of the wall surface per unit time is F2 = nen2k2Vp,

where n2 is molecular hydrogen density, k2 rate COefficient for

Production of one 班 atom by electron-impact dissociation of H2 and

r
J

vp plasma volume･ Taking account of the surface processes′ Such

as dissolution and recombining release of H atoms on the sur-

face, the J正1ich group has shown that the water-release rate is

proportional to the surface density nHO Of metal oxides and the

flux density of atomic hydrogen5)･ Thereforer denoting the ap-

parent cross section of water production on the wall surface･ as
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s18, We Obtain the total number of H20 molecules released from

the wa11 per unit time as

F18 = F2nHOS18 ≡

nHOhq18nen2k2Vp (1)

when the density of H20 is n18, the pump-out rate Fp of H20 by

● ■

the pumping system Which has an effective pumping Speed Sp is

written as

F
=Spn18 ｡

p

Moreover, we take account of dissociation loss Fd aS

Fd ≡

nen18k18Vp ,

and sticking loss Pst as

Fst ≡ (1/4)n18V18Awpst ,

(2)

(3)

(4)

where k18 is rate coefficient of electron impact dissociation of

H2O, v18 thermal velocity of H20 molecules, pst sticking

Probability and Aw area of the Wall surface･ In a steady state,

a relation F18 -Fp-Fd-Pst =O holds･ Substituting (1)
-

(4) into this relation′ we obtain the following relation′

p18/P2-n18/n2-A/(l･Bn{1),
(5)

where A = (k2/k18)s18nHO.and B ≡ 【 (1/4)pstv18Aw + Sp 】 / k18Vp･

This relation indicates that, for sufficiently high electron

densities, n18/n2 aPPrOaChes (k2/k18)s18nHO aSymptOtically and

is saturated｡ This saturation should be seen in the densities
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higher than BI This implies that one can reduce the cleaning

time by :aising ne up to around B･

In order to estimate the value a, it is necessary to know

k18 and pst･ Dissociation
･

cross sections of H20 halve been

measured by several authors and summarized by OlivI?rO et al･6)

We have calculated k18 uSing the data in this literature and

plotted against electron temperature in Fig･ 1･ In this figurer

k2
estimated from the data given in Ref･ m are also plotted･

The sticking probability of stainless Steel for H20 is not

known at 150 C. It is, however, reasonable to consider that

pst is larger than O･1 after a long time clea･ning･ By this as-

sumptiont we can ne･glect Sp in calculating the value of ち and -

have obtained a = 2･2 x loll (cm-3) for pst = 0･5 andTe= 8 eV･

We have calculated P18/P2 for two values of pst･ 0･5 and O･1･

as plotted in Fig･ 2･ According to Eq･ (5), a low value of pst

corresponds to a low value of a and this implies a saturation in

P18/P2 Occurs at a low ne･
′

An experimental result in J=PP T-=王3T4) shows that the par-

tial press-ure ratio P18/P2 increases as the density increases

and is satu.rated for the densities above 1011 cm-3. This is

Shown in Fig. 2 compared to the calculated result. We can see

in this figure that the calculated result for pst
= 0･5 is close

to the experimental data. Thus we can interpret the relation

between P18/P2 and ne fairly well on the basis of the

.simple

model for particle balance. 拭oreovert we can conclude that it

is essential to raise the electron density so 姐gh that the
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value of nen18k18Vp (dissociation-1ossT ratel) is as large as

pst(n18/4)v18Aw (sticking-loss rate) in order to optimize

discharge c･1eaning.

As is shown in Fig･1, the ratio k2/k18 decreases as the

electron temperature rises. Unfortunately no experimental data

of P18 have been available as a function of Te･ Preliminary ob-

servation in JIPP T-IIU shows, however, that Pl.8/P2 does not

depend on Te strongly, which is inconsistent to the calculated

result in Fig. i. On th'e other hand, there may be a large un-

certainty for k2/k18 in this low temperature region, too･ Hore

Precise investigation is needed to understand the p18- Te rela-

tion both in the discharge cleaning experiments and in the

modeling and elementary processes.

Zn the model above mentioned, the following processes are

not taken into account′

a)H2+ +H2--H3+ -
,

H3+ + e-一斗3H and

b) H2+ +e-サ2H｡

The process b) is negligible because the ioni2:ation degree of

the plasma is less than 0.1. The process a) should be taken in-

to account because the dissociative recombination of H3+ is con-

siderablylarge. Taking into acCOuntthis process,- we obtain values of

k2/k18 Several tensofpercent higher than those in Fig･ 1･

However, the discussion described above is
not affected

greatly by the introduction of this process.
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3. Particle and energy balance relating to the determination

of the plasma parameters

In steady states, the electron temperat:Are is determined by the

fo.uowing particle balance(

nen2k2芸ne/てp (6)

whereてp is the particle confinement time･ The plasma confine-

■

ment is determined by Bohm difusion, toroidal drift and E x a

drift. エn those three processes, the particle loss rate is

proportional to TOT that is,てp
-1/

Te･ The ionization rate

coefficient k2 is dependent on Te'too･ Thus the equation(6)is

rewriヒセen as

k2(Te) =

cTe/n2 (7)

where c is a constant determined by the dominant particle loss

prOCeSSeS'

On the other han'd, the electron density ne is determined by

energy balance. In discharge cleaning plasmas, the energy' loss

due to particle convection is negligible compared to the loss

due to atomic and molecular processes because the plasmas are

usually not fully ioni2:ed. Then the energy balance is written

aS

pin

=テwjkjnen2Vp
where wj is the energy loss through the j tb

(8)

atomic process and

ki the rate coefficient･ The summat･ion must be carried out o･ver
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all i･aelastic processes. エf we denote the average energy loss

of electrons during singュ.e electron-ion pair production as

苛=
(号k]wj)/k2

and substitute n2 from eq･ (6), we obtain

ne
=pinrp/新p

｡

(9)

(10)

Thus the Te is determined by the filling pressure of hydrogen

gas according to eq. (7) and the density by the input power ac-

cording to eq. (10) . The important processes related to the

particle and energy balance are the simple ionization of H2

molecules H2 + e･-H2+ +2e, and the dissoc=･ation 打2 + e-ヰ

2H + e･ It is necessary to evaluate首as a function of Te, and

for this purpose the energy dependence of the cross sections of

those processes > particularly around the threshold energies
are lmPOrtant･
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4｡ Summaでy

An experimental result shows that the cleaning efficiency

rises as the density increases and is saturated for the den-

sities above loll cm-3. This can be interpreted by using a

model. based on 2:ere-dimensional particle balance. The cross

sections of the following molecular processes near the threshold

energies are important to analy2;e the electron temperature
■

dependence of the cleaning efficiency,･

i) H2+e-ヰ2H+e

ii) =3++e--3H

iii) !120+e-サH+OH +e｡

The relation amo喝 plasma parameters and the control

parameters are also investigated. ℡he electron temperature is

determined by the filling gas pressure according to the particle

balance off the plasm.a･ The density is determined by the input

power according to the energy balance. 工n order to calculate

this energy balancel it is necessary to know the average energy

loss Of electrons during single electron-ion pair production as

a function of the electron temperature.
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A commen七on atomic processes relevan七 to

alpha particle diagnostics

班. Sasao and X.N. Sato

=nstisute of Plasma Physics,

Nagoya ･University, Nagoya 464, Japan

Mp-asurements of the alpha parti,=1e density and the

velocity distribution in a magnetically confined DT-burning

●

plasma are expected to give requisite information on fusion

plasma physics. This is a brief note on atomic processes

relevant to 盈Ipha particle diagnostics, especially on atomic

data f∝ a neutral beam probe七echn土que
1)

and on a七om土c

data for J-._he use of heavy ions.

=n Fig. 1 is shown the concept of a neutral beam probe

t _ ■
一t

■ ● ●

tecrllque. A neutral atom injected neutrali2:eS a fast alpha

particle produced in the fusior)_ through a two- electron
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capture process and enables the alpha to escape froTn the

magnetic field and to be detected. According to estimation

by Princeton group
i)

and by Nagoya group
2)t

a neutral He

or Li beam of an intensity more than several rnA, with a

velocity higher than 0.6 times the initial alpha particle

velocity, is desired in order to study the burning plasma

physics.

Several atomic cross sections are necessary to obtain

the alpha particle density and the velocity dis七ribu七土on

from the measured neutral spectra.

=･ o?.o, o20*for He2+
･

★

1n COllisions with Lie, HeOand He
.

As for 020 inHeO +He2+, the･reare a lotof

experimental data and they are summari2:ed inエPPJ-DT-50･ =n

most of these measurements. however.the me七astable fraction

in the produced neutral He was not mea3ured.

cl for He2十in collisions with Liowas not measured
20

when the use of a neurtral beam was ftrs七proposed by Prof.

post and others土n 1979
1).地ree

experimental results have

been recently reported･ MeasurerD･entS by McCullough and

others have covered the enemy range of 30 keV - 800 keV3)1

and measurements by Hurray and others 50 keV - 160 keV
4)･

Both data agree with eac'h other in the overlapped energy

region, aS Shown in Fig. 2. Cross sections in the range of

800 keV to 2 MeV were measured by the present authors and
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others
5)

, who have paid special attention to determine the

target vapour thickness precisely by measuring the

Ru七herford scattered par七土cles from the工一土 oven. and

obtained absolute values of cross sections . Their vat_ues

around 800 keV agree with those of McCullough and others,

which were obtained with the target thickness estimated f･rom

the oven temperature. These measured cross sections

represent the average of,o加 and O20*
, the cross sections

for double electron capture into the ground and metastable

states. respectively.

Because there is expected to be large difference

between the attenuation of ZIe in the ground state and that

of He 土n 七he metastable s七ate 土n a ho七plasma, a precise

determination of the metastable fraction in the produced

neutral He is desired, which is thought to be indispensable

information of atomic physics for the neutral beam technique

of the alpha par七土cle d土a9nOSt土cs.

0 0 ★

==. =onization cross sections of Li ,
Ⅱe, and/or He by

electrons, D-,' T-ions and impurity ions.

Among these cross sections, ionization in collisions

with ions has the largest effect on the attenuation of the

エnコeC七ed neutral beam土n 七he velocity re910n COnS土dered
=

=

here. While ioni2;ation cross sections for various

neutral atoms by electron impact have been measured over a
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wide energy region, there are riot many data on the
●

●

ioni2:ation by ion impact. But because the measured ion

impact cross sections at relatively high energies usually do
=

not deviate very much from the electron impact cross

sections at the same velocities, a rough estimation of the

attenuation i.q possible.

=n Fig. 3 are shown the electron impact cross sections

for Li. The experimental cross sections measured by Jalin

and others
6)

are about a factor of two smaller than the old

measurement
7).

Transmission factors of a Li beams with the

velocity of 0.6. 0｡8 and 1.0 七j.meョ the in土ti∂1 alpha

particle velocity are calculated for "A-Tokamak" designed
=

for D-T burning and are shown in the insert, indicating that

こbe number of neutral atoms that reach the center of the

plasma depend on ioni2:ation cross sections and the beam

velocity as well as the 土on dens土七土es.

Attenuat土on of the neutral beam can be estimated by

beam monitoring system before and after the transit of the

plasma′ 土f the plasma density and the 土mpur土七y dens土t土es are

known.

Ill. He life times, collisional cross sections which are

necessary to get neutralization efficiencies from He

and Li with various methods, a metaStable state

fraction in a neutr･al lie beam, atomic processes

relevant to the ion source design, and so on.
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A lot of atomic processes and cross sections have to be

known in order to develop the neutral beam sources of the

required quality･ Some of them are related to negative ions

becallSe the negative ions have fairly hig.h neutralization

eff土c土encies′ compared w土th七hose of the pos土tiveまons

(typi,cally 10-3 1･ 10-4 )1)∫ i･n high energy region of

interest.

Since the production of Li ions is more difficult and
◆

it is necessary to develop a new type of high energy

accelerator for them. a He beam is desirable if the

complicated problems related to the long life metastable

state are solved. The metastable beam is undesirable

because of its large attenuation and difficulty in

measurement for its production cross sections through

two-electron capture process, meanwhile the metastable

fraction in a neutralized beam from negative ions in a gas

cell or an electric field would be higher than 80 %

accord土叩tO eX七rapola七i･on of the data below 400 keV
8)

by

Pedersen and others .

=t has been suggested to use the auto-detachment

process of =e- to get the pure ground state beam
2).

Two

components with different life times have been found
9)

in

negative He ions, the shorter being lOリSeC, With the

initial fraction of about 50%. Then, during the flight of

lO - 30 m from 七be ex土七 of 七be accelera七or′ 10 - 30 亀 of .⊂he

negative f!e ions will be decayed into the ground state.

The fundamental investigations on practical application of
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this idea are now under progesss at =PPJ.

The use of heavy ions as a diagnostic tool of alpha

paごt土cles can be considered.

considering that the Larmor radius of Ar+ ionr for

example in magnetic field of 5 T, is larger tharn the minor

radius of a usual b･urning machine at the initial alpha

particle velocity and that the proton impact ioni2:ation

cross section of Ar+ is small enoughr the injection of high
●

energy singly charged heavy ions can be considered as an

alternative candidate of a probing beam. =njection of low-Z

materials such as Be. a, or C should be also mentioned

because the electron capture cross sections of an alpha

particle from Be3+ l B4+l Or C5+ ion have maximum. at 2-3

MeV. Although they will be naked within lOOリSeC according

to a rough estimation, one can expect a large signal of
コ

either photons or neutrals.

Recently electron impact ionization cross sections of

highly ionized ions haw.e been measured accurately at some

laboratories
10).

Experimental data of ion一土on collisions

are not well compiled. Estimations above mentioned have

been done by using recent theoretical results by Lal and

others
ll)

and by OIson
12)

and the scaling law obtained by

Nikolaev
13).

Electron capture cross sections of alpha

particles from multiply charged ions are particlularly

important in the energy とange of hundreds of key to a few

MeV from the point of view of the fast alpha partic1 1os岳.
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E&(MeV)

Fig'2･ Two-electron capture cross sections in He2+ + Li

collisions.
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Atomic 王iydrogen Beam Probing with SpectroscopIC Technique
●

S. GOTO′ Y. =TOE and T.工SH=HARA

Plasma Physics Laboratory,

●

Faculty of Engineering,

Osaka Unエvers土ty

Yamada-Oka, Suita, Osaka 565,Japan

Abstract

Possibilities of plasma diagnostics by means of

spectroscopIC analysis of injected atomic hydrogen beams and
● ●

charge-transferred ions in plasmas are briefly discussed

with relation 七o atomic cross sections requ土remen七s.

Emphasis in this discussion is focused onto a magnetic field

measurement and low-z impurity concentration measurements.

A conventional diagnostic beam source of atomic hydrogen is

also presented.
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§=.ェntroduction

Beam probing methods are coming up as powerful

diagnostics of characteristic behaviors of various plasmas.

Plasma parameters which can be observed depend on the

土n七eract土ons one can expect between the beam and七he plasma.

and also on the de七ect土on methods one can employ. Here ve

shall discuss atomic hydrogen beam probing methods with

spectroscoplC teCbn土que, wh土cb have been developed 土n our

laboratory., Along the beam path in the plasma two different

L

photon emit七ers exist for 七he spectroscoplC meaSuremen七s.

One is the beam atom･ itself and another the charge-

transferred ion in the plasma. f:ach emitter may allow us to

measure the following parameters.

Firstly, spectroscopIC intensity observation of some
●

atomic hydrogen Balmer lines could give uS the ion density
■

profile of hydrogen plasma along the bearrt penetration

distance, if the beam attenuation is dominated by charge

transfer process and 土f 七he electron tempera七11re prOf土1e 土s

known. ℡his was already demons七rated 土n our previous

presentation.i) Most of the atomic cross sections relevant

to this method are ava土1able 土n many publ土cat土ons.

Secondly, an emission line from the beam hydrogen can

be used as magnetic field measurements through the Stark

effect. The atomic hydrogens travelling through the

__.ゝ
ー

magnetic field a with velocity Vb experience the induced

一
.●_I

electric field Vb X B ･ Then, the spectral line shows a

Stark broadening due to this electric field. Under a known
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芦l■一1

Vb thi寧brQadening measurement could provi卓e an
-excellent

ヽ一

▲

method o,f
,,the甲gnetic

field determi･nationt2) whic.h will be

discussed in §2.

Thirdly,. as for observing the charge-transferred atom!

from the plas甲a iQnS･' We Can easily imagine that the
●

velocity distribution of the charge-transferL･ed atoms

reflects that o王 the plasma 土ons. ℡berefore, the Doppler

profile measurement of an em土ss土on line of atoms leads 七o

the 土on temperature est土mat土on. エn a real experimental

circumstance, however, the charge-transferred atoms coming

from various pos土t土ons alon9 七be beam path have to be taken

into account. =n such a case we need the charge transfer

and electron impact ionization cross sections, which can

also be found 土n l土七eratures.
･

Fina11y, much progress of the impurity concentration

determination by means of interaction between hydrogen and

impur土七y 土ons has recently been made 土n tokamak confinement

studies3). some remarks on that are given in §3. =n §4
a

pulsed atomic hydrogen beam source developed ion our

laboratory 土s briefly described with relation to 土mpur土ty

measurements .

ら2･ Magnetic Field Measurement

±芦∃

A hydrogen atom with the velocity Vb undergoes an

-■一
｢=⊥ ｣し

_一L

electric field E =Vb X a in the magnetic field B･ Then

a spectral line of 七he atom土s spl土t into many components by

the Stark effect. For hydrogen Balmer series lines, the
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unit separation (Al)o of each component can be expressed as

一===主

(△入). - (入8)2 IEt/15620, where入-o is the central unshifted

wavelength in ;, (A入). in呈むnd I苛in volts/cm. For the I屯

liner (A入)o -

0･0677qb Bit Where Eb is the beam energy in

keV and B⊥ the magnetic flux density in T perpendicular to

ー ○

Vb･ For B⊥= 1 T and Eb= 100 keV′ (△入)obecomes O･677A
■

which could′ 土n prヱnc土ple. be resolved by usual

monochromator. When the line is broadened by other effects

such as the Doppler ef王ec七and the slit widths of the

monochromator, th_ observed line may take a broad profile

with an effective width Al. Since it is considered that the

wid七b could be ruled by the most 土ntense componen七sJ △入 土s

expected to be approximately 8(△入).巴 5-6 Å for o-components

and 16( △入).巴
8-9呈for

n-components
of the Ⅰ奄Iine under a

= 1 T and Eb = loo keV･ This broadening is fairly large,

compared w土th七hose a-ユe tO Other effects二

Based on the consideration above the magnetic field

measurement can be carried out through the profile

measurement of a Balmer line. The possibility of this

method has 'been experimentally demonstrated in our previous

work2) ･ A schematic diagram of the experimental setup is

shown in Fig. 1. The hydrogen ion beam coming from the

source 土s converted 七o 七he atomic beam 土n the dr土f上 土ube at

the end of which the magnetic field is applied. The

hydrogen atoms emit photons through interaction with

nitrogen molecules which fill along the beam path in order

to neutralize the beam ions･ The Balmer H6 line was
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●

observed as shown in Fig. 1. TypICal profiles obtained are

presented in Fig. 2(a) form-components and in Fig. 2(b) for

cr
-components. The dashed line represents the calculated

curve under the condition of Bi= 1 T and Eb I 15 keV･

Because of low intensity of the line, the fairly wide slits

were used so that each split component was not resolved but

七be observed p工Of土1es fit well七o 七he calculated one.

エn ordeご tO do such measurements′ the required cross

sections are those on 七be beam a七teIlua七土on and on the

spectral line intensity which are needed only during the

4

course of designing the system.

§3. Impurity Measurement

●

The charge transfer process between the injected

hydrogen atoms and impurity ions,･

刀+A'q→ H+.'〔A'(q-1))★→H++A'(q-1)
+ hb

can serve as a method of particular impurity concentL-ation

measurement. Total cross sections for electron capture of

the impurity A+q are obtainable with a good accuracy and

many experimental works of the measuremen七bave been

reported
3).

=t is
,

howeverl remarked that the (nr見)

d土s七r土b｡t土｡｡ ｡f the ex｡.ited s七a七e 【A+(q~1り★i｡ the electron

capture process bas 七o be evaluated properly. Some

calculated values are given
4)

but the experimental evidence

is few. =nformation on the (n,見) distribution is needed

-185-



urgently for this type of measurement.

The radiations from decay of A十(q-1)(nt丸)

★

to be

observed in this process range mostly over the wavelength

region Of soft x-ray and vacuum ultra-violet. The absolute
=

measurement, which is essential for the concentrati.on

determination, needs laborious works and skillful

techniques. Instead of hydrogen主toms, other particles with

the lower ionization potential could be used if one expects

intense radiations in the visible and ultra-violet regions.
●

Candidates could be 七he neutral lithium and the metastable

helium. This has not been scarcely discussed up to now.

§4･ A Pulsed Atomic Hydrogen Beam. Source

●

=n carrying Out measurement Of beam probing with

spec七roscoplC七echn土que, two key problems′need七o be
●

overcome on the penetration length of the beam and on the

brightness of the photon emitters. =f the plasma conditions

are given, the requirements for the beam energy and density
●

can be derived from the relevant cross sec七土ons. As a

consequence, we find that a high energy and high density

beam is better for diagnostics, especially of a large bore

or a high density plasma.

For this requirement we have developed and constructed

a pulsed beam source shown in Fig. 3. A small 2:-Pinch

plasma gun is presented in the left-hand side of the figure.

工t has been found that an atomic hydrogen beam with Eb望

o･5
-

1 keV′ density ～ 1012 cm-3 and duration 2 - 3リs can
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be obtained at the distance ～ 1 m from the gun by choosing

appropriate operation conTditions. ThlS high density pulsed

beam was applied to the ion density measurement already

mentioned in §1･ The generation of much higher energy beam

土s also planned七o overcome 七he pene七ra七土on problem. As

illustrated in the figure, the beam atoms are converted to

negative ions on the surface of W-plate with cesium thin

layer. After acceleration of the negative ions lip tO

several hundreds of keV by a Marx generator, a high energy

neutral beam is obtained passing through the puffed gas. =n

this process we need information of conversion efficiency

from the low energy neutral to the negative ion on the

p⊥ate. Un王ortunately. the eff土c土ency 土s no七known except

モha七of 冗+七o H process
5)..′

§5. Summary

Up 七o now. most of a七om土c cross sec七土ons relevant to

the beam-spec七roscoplC 七echn土ques have been evaluated w土七h
こ

sufficient accuracies for the diagnostics. The urgent

requirement is the (n,見) distribution of the charge

transfer process between the impurity ion and the probing

beam atom. 工t 土s also expected that the beams such as

me七astable hel土ums and the related cross sec七土ons may

provide easier way of 土mpur土ty measurement. as d土scussed 土n

$3. =n addition, the conversion efficiency of the atomic

hydrogen to the negative ion on a metal surface have to be

known to get much higher energy beams.
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Fig.1. Experimental set-up for magnetic field measurement by

beam probing with spectroscoplC teCb‡lique｡
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Negative Ions

Detector Ultra Fast Neutral Beam

Fig･3･ Schematic diagram of A pulsed atomic hydrogen beam

SOurCe.
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Energy Levels land Transition probabuities of

Low Z =ons for Electric Field. Determination

Toshiatsu Oda and Tatehito IUsui

Faculty of Science,且iroshima University

H土roshima 730. Japan

and

Ken Rawasaki

physics Departme凸七. Faculty of Education

Okayama Univers土七y. Okaya皿a 700′ Japan

SpectroscopIC meaSurementS are described of quasistatic

electric fields in plasmas by laser fluorescence technique.

Four level system is used, which is a modified one of the usual

three level system of Baranger and Hozer. Laser induced fluores-

cence of七he forbidden l土ne (463･6 nm)も≠ the工一i工274･1 nm line

has been observed まn l土七h土um vapor to wh土cb s七a七土c electric field

is applied up to ll kV/cm. A possible energy-level system of OV=

is proposed.

1.工n七roduc七土on

Electric field in plasmas is one of the important quantities

●

for plasma diagnostics, which gives uS, for example, knowledge of

various instabilities in芸)1asmas. Spectroscopic method of the elec-

tric field measur色ment using the Stark effect has been widely recog-

nized to be useful because this method gives little disturbance to
■

the plasma itself and, moreover. because time-and space･-resolved

measurements can be made by using the laser fluorescence technique.
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Several investigations have b-eerl already made by using七his tech-

nique.i-3)祖ost of七hem were devoted to high-frequencyI Stark effect

o王 a七oms in plasmas; tb土s e£fec七was firsモモbeore七土cally inves七エー

gated by Baranger and Mozer,4) and was first exTPerimentally demon-

strate卓to
be feasible by Kunヱe and Griem･5)

Recently, we proposed an improved method over that of Baranger

●

and Mozer for measuring quasistatic fields by using the laser fluo-

rescence technique.6･7) The energy levels of =e I and Li I were

used. 工n 七bls paper. we describe七he concept and the features of

our method in brief and present a result of our preliminary experi-

ment for Li I. =n addition to Ee = and Li I, we discuss a possi-

bility to use the energy levels of low Z ions, for example, carbon

and oxgen which are common impurities in high temperature plasmas･

2. Concept of measurement

In ourmethod, the four-energy level system is used instead of

the three-level system considered in the plasma satellite line tech-

nlque by Baranger and Mo2ier. One of the four-level systems of Li I

is indicated)as an example)in Fig･ 1･ The dipole transition be-

tween the levels 22p and 42p is forbidden while all the other tran-

sitions are allowed excep七f-也e one be七ween七be levels 22s and

42D･ The level 42p is mixed with the level 42D when a quasistatic

electric field is applied･ Then( the forbidden transition 42p + 22p

can take pユace･ The intensity ratio sF Of the forbidden line to

the -allowed
one (42p十22s) can be expressed by only a function of

the field strength since the populat･J.･on density of七he upper level

is simply cancelled
7)in

this ratio｡

Our level system has another advantage: we can make slgnifi-
■
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cant enhancemen七s of both lines by usin9七he laser fluorescence

technique because the lower level 22s is the ground state･

3. Observation of the forbidden line from lithium vapor with

appl土ed electric field

The laser fluorescence technique has been applied to the level

system shown in Fig. i by using thermal lithium vapor produced in

a small oven. Experimental setup is shown in Fig. 2. A dye-laser

excited bran N2-laser and a second harmonic generator are used to

generate a UV laser w土七b tuned wavelength of the工一i工 allowed line

(274.i nm). The static electric field was applied to tヒe lithium

vapor up to ll kV/cm. The fluorescences of both the forbidden and

allowed lines were detected by a monochromator and photomultiplier

system. Figure 3 shows a preliminary result of the forbidden line

intensity versus the electric field strength plotted in log-log

scale･ The solid line represents the line intensity proportional to the

square of the electric field strength. The observed forbidden line

can be explained as 七he quadrat土c Stark effect.

4. Needs of data for the energy levels and the transition probabi1-

i七ies

Let us discuss needs for reliable data oil the relevant energy

levels and transition probabilities. For this purpose, analytic

expression of the intensity ratio SF Will be more suitable･

This expression has been already glVen by using the perturbation
●

theory for weak electric field:4)

sF -も2<E2,AV Ri]/6m2e2u三],
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●

where A.. is the radial matrix element for the transition i +

jp
lコ

E is the electric field strength in plasmas, and u- is the spacing
lコ

between-the levels 土 and j.

2
=t should be noted that SF is inversely proportional to

uij･

Usually. the value of w‥ is a small quantity as it is the differ-
1コ

ence between the closely existing levels. So, we need to know

very accurate values of the relevant energy levels.

=n eq. (i) , the hydro(jenic wavefuncti(､ns were used to calculate

R. ‥

1コ
The uncertainty for Li I is estimated to be 10 %)as Wiese

has pointed out･8) when we require more accurate field strengthl

more adequate wave func'tions should be used. This need is impor-

tant if we use similar energy levels of low Z ions such as OV=.

Fig. 4 shows an example of the energy level system of OV= (Li

sequence), which is poss-ible to be used for the electric field mea-

surement.
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Energy leve一s of Li‡

Fig. i. The four level system of Li =･ The population density of

the common upper level .i is enhanced by the resonance

absorpt土on from the lower level見.

-195-



｢'ヨ

B
lロ

∈
a
ち
○
⊂
0

≡

】A:E

lL

lコ

畳
.生也

I

0 ぎ
∈ 盲
ヨ tp

●d
+-

1L=. >

コ

Ch
D
■
C)
∽

r-1
fd
JJ

F:
a)
己
･lJ
H
U
PJ
粥
H

●

Eiy

●

bl

･rl
h

oop･

O
r与]

量 壱
0

0

ト

監
O
O

tJI

_B-8
∽

⑳

戸

JOJ

虐
琵
>
=〉

■■■■

鵠

-≠~;I

●-I

一N
J-.■1..■丁--

∩
■J~:≠

●-

暑B

>

一p
`1ロ
●一■ー

∽.

i,王覇■

=ー;-.:聖-;pi



JOOO

=q
l晶
t=
申

.i
○

.≧S
ち
∝

10

Er門s kV/c rn

Fig. 3. The forbidden line intensity (Li = 463.6 nm) vs the elec-

tric field strength.

･

42F

Fig･ 4･ The four level system of OV=.

-197_



Wavelength Measurement of X-Ray Lines from He-Like Ions

S.Horita and J.Fujita

Institute of Plasma Physics, Nagoya University 464

X-ray lines from bigbly stripped ions produced in high-

temperature plasmas have been observed using a crystal spec-

trometer, and the wavelength･s of He-like resonance series lines

(1snp-1s2 n>J) fo干IrOn and He-like reE･OnanCe lines

(ls2plpl-･ls21so) from titanium through zinc were detemined for

the first= time.
1′2)

The high-temperature-plasma source is a coaxial discharge

device called
.'vacuum

sparkf', which is shown. in Fig.i. The

discharge is initiated by irradiation of the anode with a TAG

laser li･ght･ When the capacitor bank with. total capacity of 28pF

is charged. the initial plasma produced by the laLSer irradiation

closes the circuit from the capacitor bank. Electrons concen-

tra七e on the top of the anode and make the anode material

evaporate . The main pュp.占md. formed from the anode element is

produced in the space between the anoLle and the cathode.3) Thusr

we can easily get high-temperature plasmas of various elements by

changing the solid materials of the anode electrode.

Figure 2 shows a time-integrated x-ray pin-hole phot･ograph

.taken
through a 100pm Be window･ 5cm air and aT･Al filter(7Pm

thick),which transmits the x-rays of the wavelength below about

O

5A･ The Hx-ray burst17 region Observed CCnSists with the

production region of拭-shelユ-ionized ions.4) The "hot spot
･･

cor-
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tespond' to the Jhigh一七emperature plasma. The si2:e Of the --hot

Spot
l■

was estimated to be less than 10pm in diameter f･rom the

blur of the appearance of the spots on the exposed photographs

when four pin-holes of lOO'200' 400 and 1000pm in diameter were

used. The parameters of this plasma can be determined from in-

tensity ratios between He-like and Li-like satellite lines (elec-

tron 七emperature; about 2keV ■and electron density; about

lO21cm-3).1)

The Johann type crystal spectrometer5) is mounted to the

vacuum spark through a Be
window(100pm thick) so that the cylin-

drical axis of the crystal is parallel to the axis of the elec-

trodes′ as is shown in Fig.3. 町e radius o王 the Rowland circle

of the spectrome七er is 50cm and the crystal is Ge(220) with 2d

O

spacing of 4.000A. ℡be dj.stance between the crystal and x-ray

source is fixed at 20.4cm regardless of the wavelengths of x-ray

lines to be measured. The photographic film used is Kodak NS-5T

x-ray filmr which is set tangentially to the Rowland circle

without bending. ℡he spectrometer is evacuated to a pressure of

about 10-2torr.

A11 the x-ray lines associated with R-shell from the iron

plasma have been measured′ as shown in Fig.4. Fe Ko( spectra(a)

and (b) were obtained in 400 shots of discharge and the He-like

resonance series lines (c) and (d) in 600 shots. The complex Kよ

spectra show that the iron ions in every charge state exist in

the vacuum spark pュa.sma. The He-like resonance series lines

shown in (c) and (d) arise from 亡he excited leveュs of 3p. 4p. 5p.

6p and 7p. The Li-like satellite lines are dominant even for the

transitions of 3p-1s and 4p-1.S.
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The wave.1engths of these spectral lines are determined using

characteristic x-ray lines. Figure 5 is an e)1.I.rample of the den-

sitome土er tracing of several characteristic lint:.'S used for the

wavelen.gth calibration.

The transition waveler!gths obtained from the above spectra
are

listed in Table エwith theoretical values by se!･veral authors.

F･･.,The densitometer tracings of the K〆 spectra from

titanium through 2:inc are shown in Fig.6(a:I and (b).. The key

letter w denotes the He-like resonance line. llhese spectra were

obtained in about 400 shots while for titanium and v.anadium in

about 200 shots and chromium (SUS) in about 1000 shots. Å spec-

trum of manganese (Z=25) is not recorded because its alloy

suitable for the anode of the vacuum spark could not be obtained.

Heasured wavelengths of the He-like resonance lines are

listed in Table 工工. ℡he uncertainties are also shown.

Figure 7 sbows a comparison between the present experimen-

tal wavelengths and several theoretical wavelengths of the He-

like resonance lines. ℡he center line at zero or 人s means

safronovaTs calculation.ll) The vertical lines show differences

between S:.fr.onovals values and others. Our experimental values

agree with Safronovals theoreticalでeSults. However′ these

theoretical values include some uncertainties in relativistic and

QED parts of the calculated energy of the transition. Therefore,

more accurate 七heoretical values are required｡
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℡able 工エ Wave王engths of the fie-like
resonance lines w.

He- like

resonance

line v

Present

experiment

Calculatio.早
by

Safronova

=====_-==============三三王=====≡=====ニ==≡============:===

℡i(22)

Ⅴ (23)

Cr(24)

比n(25)

Fe(26)

Coく27)

Ni(28)

Cu(29)

Zn(30)

0

2｡6104+0.0004Å
L ｣

2.3820+0.0004
1■一

2.1822+0.0006
亡亡

1.8504+0.0004
■-

i.7122+0.0006
■■■

1.5884+0.0004
■■■

1.4778+0.0004
■■■

1.3783+0.0005
1■■■
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2.61045A

2.38201

2.18209

2.00614

i.85046

1.71207

1.58848

1.47766

1.37792



止｣

0 2 4 6cm

⊂コSUS巳ヨCuにヨⅠnsuIQtOr田BrQSS

Fig.1. Cross-sectional view of ヒbe l'aCuum Spark with cylindrical

discharge chamber.
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Fig.2. ℡ime-integrated x-ray pュn-hole photograph with Fe anode.

● ●

The pュn-hole camera responds to the wavelength regl_On below

O

5A. The "hot spots'' reflect the si2;e Of the pin-hole of
t

400ym in diameter･
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Cqthode JohQnn eyPe CryStQt

Fig'3. Arrangement Of Johann type crystal spectrometer･

wQVelength (且)
Fig.4. Densitometer tracings of A I-ray spectra emitted from

vacuum spark iron plasmas.
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0 0.945 10.500 16.770 22.665 27.945

D亨stQnCe (mm)

Fig.5. An example of the densitometer tracing of several

cbaracteristic x-rays used for the wavelength calibration.

- 207-



W

wavelength ( A )

Fig.6(a). K〆spect.ra from the vacuum spark (titanium-iron),･

w denotes the He-like resonance

- 2'08 -

line (ls2plpl-1s21so) ･
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触velength ( A )

Fig.6(b). Kd spectra from the vacuum spark (cobalt-2:inc).
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20 22 24 26 28 30

Z

Fig.7. Comparison of the He-like resonance line between the

presen亡 experimen亡al values and several theoretical values;

^s: safronovall) ･^:
vainshtein and Safronova8) (x)I

Ermolaev12) (o), Gabrie113) (A)∫ Hata and Grant14) (cl)

and the present experiment(●).
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CEABE電灯価E抽盈Ⅲ｣A:r紗那温S五番

丑8 6ilbo申

Dep&rtnent of PtLre &nd Applied Physics

The Queenvs University of Belfast

Belfast BT7 INN, Northern Ireland

王hitVe been asked to disctiss the ctLTrent Statt1.S Of charge transfer

in the context of the 王AEA Coordinated Research Progz･aznme (CRP) on Atomic

Collision Data for DiagzlOStics of Magnetic FtISion Pl&smas. A meeting

attended by e‡perts active ill both e‡perimental and theofeti¢al aspects of

&tonic collisiotL physics was held in Vienna in JtLne 19S2. The proceedings

of this Jneetingl contained a report by a Workizlg GrotlP On the stattlS Of

charse tr&ASfez: and related processes. A second meeting to be held in

Nagoy8 aft¢r this sympositLm Will be considez:izLg Progress dtLring the past

year. In this short tal七I shall try to sum8rise the main features of

some of the data yith甘hich the CRP is co丑Cerned.

伽er the past five yeaz-s, the charge tz-ansfer proce.ss

xq+ + 宜 ◆ Ⅹ(q-1)+ + H+ (1)

has been the subject of considerable attezLtion. Ap8Z:t fro迅H+. Ee+ and

I(e2+. thezre is paftictll8r interest in mtlltiply charged plasma and

walトeffect impurity ions. e.g. C. 0, Fe, Ni, Ti. Expez:inental and

theoretical data &re now available for many species oyez? a wide energy

range (see recent reviews2･3).

ExperiTnentS, based naiAly on the ftlrnaCe t&Zrget approach. have been

:;I:lt:.:o:;;:ei:et:A:A:a:;a;:rn::e::a :;s
t.off

a:heC:::dSucSteCxt(li-o;,S/iq.･nq.-
1

D;tO:accurate to within 8bout 20% 8Z:e ZIOW qtLite extensive for velocities V )

18.tL. (corresponding tO 25 keV 8ntL-1) vhere cross Sections are decreasing

with velocity and. for a 81Ven Velocity. increase with q. At these high

velocities, cross Sections qqrq-1 for different ions with the sazne initial

ch&z:ge A are zIOt gZ?eatly different &zLd can be desczribed by simple relations

of t血¢ fo王m

qqFrl
= CTo qn (2)

The empirical sc&1in8 Par&neterS qo 8Ad A depezld on velocity･ Values of 礼

between 2 and 3 are typic&1･ Coz!respondins valtLeS Of aq'q-1 in nolectllar
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hydz:o基en SCale in a sinilaz: way. but even &t hi島h velocities. cross

sections do not (&s oft印8SSuZ8ed) 8PPrO_エizn8-tC Closely to twice the value

of the cross sec･tion in atomic hydrogen.臥re gezler&1 approache$4,5 to

sc&1ing甘ith a vax:iety of taz:gees. indicate that CfOSS Sections qqJq-1 nay

be generally predicted to甘ithin & factof Of 2.

At velocities VくI a.甘.●experinp,nt&1 data on (1〉 8re ZntlCh less

extezISive' especially at enez:$1eS below I Rev &ntL-1｡ At七hese low

velocitie_s, charge tfanSger in exothernic p疋OCeSSeS may OCCtlr Very

effectively thro8gh one or note psetldo-croSsinBS Of the adiabatic potential

enersy ctLrVeS Of the molectllar syste.n fo£med dtLring the collision. nus

electron capttlre Znay O¢Ctlr Selectively into one of a liJZ)ited nⅧbef Of

ex¢ited states. In general. no simple scaling laws apply and cross

sections qq'q-1 foz: q 〉 4 Generally e血ibit only a weak depezldence on

velocity for a wide range of velocities below 1 a.t1. 桝easuz:enents of

qq'q-1 Carried out recently by PhazLeuf6･7･8 using a pulsed laser ion source

in cozLJtlnCtion with a ftLrna¢e target have provided ¢ross sections below 1

kcV 8mtl-1 for multiply charged ions of Ct OJ Al and Fe in H･ A!or昏

neastIZ:enentS Of this type with improved acctlraCy are tLr旦ently reqtLi王ed.

At velocities V く1 a.u. cross sections for electron capture into

specified final states of the X(q-1)+ pfOdu¢t i甲a=e Of particvl-8r

impoftanCe･ A ntnber of meastlrenentS in耳2. He and other taz?gets have been

Carried otLt tLSing both trazISlational energy SpeCtrOSCOPy &nd photozL

eznission spectroscopy (see for ex8nple9･10). cross sections obtained for

fully stripped まons demonstrate the selective nattlZ:e Of the capttlre

process. For primary ions of the same charge. there is evidence that

electron capttlre OCCtLfS primarily izltO states with the sane quanttzJn ntubef.

In Belfast we have recently denonstratedll the feasibility of using

tran$1atic･nal enezrgy spectroscopy甘ith 8 ftlZ:Lace target tO Obtain, for the

first tiE!e, Cross Sections for state selective capture in atomic hydfOgeZ1.

!･feastlremeZLtS have so far been carried out for N2+, c2+ and C3+ in E at

ezlergies within t忠e ranse 2-20 keV. the nethod =eqtlires ozlly lo甘Prinary

bean fltLXeS and a final state energy resoltLtion of up to 0.3 eV is possible

at present. The techzliqtle also provides an llZlambigtlOuS izldic8tion of the

presence of any nletaStable species in the pz:imary beam. Fi帥王e 1 shows a

typical ener甚y gain spectz:tm obtainedll for 12 keV C3+ izIE. Cross

sections fox: capttLre into specific final states of C2+ derived from stnh

spectra (accurate to within lO%) by reference to total cross sLeCtions qtot

for capture into all final states are shown in figtlre 2. Recent

theoretical predictions by Bienstock et all･2 based- on full qtlantal

calct11&tions are shown. This is the first time that stLCh predictions have
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been tested by eェperiznent and the measurementS
are Currently being extended

I

to other Primary ion species｡

=n Grenoble13, studies of state selective capttLre in耳based on

■

photon eznission sttldies he.ve commenced. A丑intense beam of ft111y stripped

iozIS is passed throllgh a tungsten ttlbe furnace. The VW ezBissions from the

decay of excited collision prodtlCtS fomed witLizL the furnace are recorded.

The znethod is limited to wavelengths which lie otltSide the ba¢kBfOtlnd

radiation. of the ftlrnaCe. btlt in principle, it can provide & higher energy

I?esoltltion than net王10ds based on transl&tion81 ezlergy Spectroscopy.

E珊eVer, the overall acctlraCy Of stlCh meastlrementS is limited mainly by the

VW calibration ac¢tlraCy Of abotLt土40%.
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Fig 1 : Energy change spectz'tn for Fig 2. : Cross sections for capttlre

12 key C3+ in Ⅱ into specified final states of C2+

in C3+｣Ⅱ collisions.血perimentll

皿eory12.

While the charse transfer process (1) is the main mechanism for

electron removal from ⅠI atoms at velocities V く1 a.t1., at highezr

velocities th¢ ionisatiozI Process

xq+ + 丑 + Ⅹq+ + E+ + e (3)

becomes do皿まz1&nt aZld there; is a zleed to consider the total cross section

for electro皿Z:emOVal fronlヱthrotLgh the conbizled processes (1) and (3).
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Im B-elfast we h.aye used14･15･16.17･18 a cr由sed beam coincidence

cotlZltin8 teChniqtle incofPOratinB ti血e Of flight spectLtOSC'opy 七o determine

cJ:OSS Sections for the ionisation process (3) withもigh precision for

38-1500 keVれ125-2200 keV Ⅱe2+, 214-2713 Rev Li(ll-3)',且90-2320 C(2-6)',

N(2-5)+ and 0(2-6)+･ ne technique nay also be used (as an alternative to

the ft'r'mce target approach) foぎthe deter益izLatiozI Of cross Sections for

(1). A typical set of d&t8 0btained18 for血(3一夕)+ inⅡ is shown in figure

3.

10

I:_NERGY tkeV Qmu~tl

■-

:】こ

∈
O

~■■■:二~

zIOr15
0

ト●
U

LJ)

∽

Ul

∽

⊂)

α

U

Fig 3 : Cross･sections for charse transfer and ionisation in Arq+-Ⅱ

collisiozLS.

E) Charge tzT&nSfez: - ftLrnaCe target nethod30

o charge transfer -

crossed bean coizICidence method18

a.●,也,A,¢,X.0; Ionisdtion- crossed beam

coincidence method18.

As the chaz:ge transfer cross se¢tiozl decreases at high velocities. the rise

in the coTreSPOndまng ionisation cross section Can be clearly seen. nus

total cross sec七iozIS for electron removal fron江fof a )I 3 are only weakly

depezldezLt OIL enefSy OVeZT a Wide range.

At velocities wllere CZ:OSS Sections have decreased below the peak

values. cross SeCtiozIS for (3) like those for (1) can be described by

simple charse scalins I:elatiozIS Of the type given in (2). A more general

scaling relation has feCent互y been developed by Gillespie19 in wもicL the

ionisation cross section qi is糾Ven by
●
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qi
-

q2 i (ql/ユ昏)qBethe (P) (4)

where i(ql/i夢)
is.a univel･Sal ftLnCtion with a single analytic form･ a is

the fine st-cttlre COnSt8At, β -,I V/c and qBet五.e (β) is the Bet皇¢ cエ9雪空

(ql/2夢)_-:e-i
(ql/i

section for ionis&tion foz?正by fast pz:otons.馳en i

夢)and九- 0･76･ the ezperinental data are COrreCtly describ-ed18 t｡甘ithin

15%. For the bare ntlClei I+. He2+. Lえ3+ and C6+ the experimental data17

show that the ionisation ¢ross sections scale accoz:ding to Z之(as predicted

by the Born
approxiznation) only at very血ish veloゃities. For each case the

velocity at which the BorrL aPPrO王ination becomes valid progressively

incz:eases with Z.

In an attempt to obtain a general scaling relatiozl for the total

cross Section qe for electroz-enoval fro皿Ⅱ, 01son et &120 have tlSed the

classicaトtz:aj ectory-8!onte-CaTlo (CTltC) znethod to calctLlate ¢lt･'OSS Sections

for ions with lさq.( 50 i且the range 50-5000 Rev azntl~1.An8nalyti¢al fit

to the theoretical cross sections provides a unive.TSal ctlrVe in甘hich

re血¢ed cross sections 6o/q are expressed ill terns Of the =e血ced enersy

E/q throt1gh the expression

qe/qL-4･6 ((32 q/E) 【1-exp卜E/32 q)]I 10-16 cm之 (5)

where E is the energy in Rev ann-1● A si7ni18r expression has recently been

obtained by J8neV之1 also tlSizlg a C18SSic81 approach･ Althotlgh there are

departtLreS frozn this tmivez:s&1 ctlrVe 8t both low and hish velocities. the

experiznental c£oss SeCtions18 are within a factor of 2 of the predicted

values in the E/q range 20-150 keV ant'-1o

Extensive experimental data are now available for total ele¢tron

¢apttlre Cross Sections in targets othez: than atoznic hydrogen･ SozBe data

are &1so available for ionisation･ Rest11ts for E2, Ⅱe 8nd Li are of

particular interest. J8neV and Presnyakov22 have coznpared e王PerineAtal

data with theoretical predictions and considez:ed &enez:al scalizlg rules.

For many electron targ8tS tranSfez:-ionisation processes of the type

xq+ + y +
xP+

+ ¥n+ . (n+A-q). (6)

involvizlg CaPttlre Of one or znore electrons with the simtlltazleOtlS multiple

ionisation of the tarset have lar各e Cross Sections even at loy velocities

(see for eヱamPle23). A statistical interpz:etation of stwh processes at

velocities Vく1 a'tL'has been shown to be very stlCCeSSfu124･
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An important method for the diasnostics of fast netltral hydrosen

beaJnS used for the supplemezltaLy heating of Tokanak devices relies ozl the

obsez･vation of Balmer Ea eznission following the netltr81isation of hydroさen

ions in汀2･ ne relevant cl･OSS Sections for Ⅱa emission byト且00 key, I,

I+p z12+ and =3+ have recently b舶n detefnined25 frozn sttldies of the 3s-2p'
舟

3p-2s and 3d-2p decay znodes folloving the collisまonal foznation of excited

H atoJZLS･馳asuremezltS are CtlZ･rently beizlg eXteZlded to ZI2-F2 COllisions･

Cross sections for charge tr&ZISfef

江+ + Aq+ + il + Ⅹ(q+1)+

and ionisation

tl+ + Ⅹq+ + 7I+ + Ⅹ(q-1)+ + e (8)

(7j

involving collisions of protons with impuz:ity ions are relevant tO Particle

escape. enhanced enersy loss and scheznes for plaszn8 diagnostics in flユSion

devices. A kno甘1ed8年Of the corresponding cross sections for Ee2･+ impact

is reqtlired for a pz:oper tlnderstanding of alph& paz:ticle heating in the

next gene王ation of Tokamak devices. E王PeZ･imental data on (7) and (8) are

not very extensive and are limited to the singly chaz:Sed iozIS (see

review26) Feヰ･, Li+, C+, N+. Mg+, Ti+ and Fe+. InBelfast27. meastlrenentS

with Tl+ and Al+ afe also D･earin8 COnPletion. All these measurementsJ

based on the method of intefSeCting beans, involve fo工mid&ble problems and

usually provide only the s甘m Of cz･oss sections (7) and (8).甘owever, cross

sections are absolute and do not rely on noznalisation procedures. In the

case of Ee+ and Li+t a coincidence techniqnc has been tlSed to obtain

separate neasurenents of (7).

Provided that grotnd states are dominant in charge transfer, there

is evidence26 that cross sec･tions for the reverse reaction

Ⅹq+ + ⅠⅠす Ⅹ+ + H+ (9)

can be used to provide reasonable estimates of the charge transfer cross

section for X+ + H+ co'11isions. At the higher enersies wllere measured

cross se¢tions for the stu of (7) and (8) are dominated by ionisation. the

available d且t8 aPPear tO fit to within a 'factor of two, a simple classical

scaling E･¢1ation26.

Fi帥Z･e 4 shows recent e叩eriq･ental data for E+ -

Tl+ collisions27.

cross sections for ChafBe tranSfez: calculated by恥pletoz128 at low
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velocities are also shown. At Iligh velocities where ionisation is

dominant, the experi町ental values :r,ho甘 the expected tendency to converse to

the equivelocity cross sections for ionisation by electron iznpact29･

+
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Fig 4 : Cross sections for E+-Tl+ collisions.

d? Experinent27 : sⅧ of cross sections for charge

transfer azld ionisatiozI

o TLeory28 : cross sections for charge transfer

----- E3iPeZ:inent29 : cross sections for ionisation by

equivelocity electz:ons.
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SurrLmarY Of the Symposium on Atomic Collision Data

for DlagnOStics and Modelling of Fusion Plasma

Satio hTAYAKAWA

Department of Astrophysics, Nagoya University

Nagoya 464, Japan

Abstract

●

Some methodologlCal points of view concerning diagnostics

l

and modelling are given by reference to papers presented at the

Symposium. Balanced considerations are emphasized on the

requirements to atomic data and on the design Of experiments and
●

calcula七1ons.
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1. =ntroduction

At a similar symposium held here four years agop I
1)

gave

an introductory talk whi'ch discussed the relevance of atomic

processes to fusion plasma studies. =n those days the contact

be七ween七hese 七wo fields was rather weak; most plasma physicists

wished as if electrons were left unbound to achieve fully ioni2;ed

p⊥asmas, wb土1e a七om土c phys土c土sts pa土ed li上土1e aモモent土on to a七om土c

processes which would play important roles エn 七he bebavェor of

plasmas. 工n the ユast four years 七bese two fields have become

closer, as proved by the present Symposium, and they will have to

be merged to f,Jrm a unified field of research for accomplishing

fusion plasmas of human use.

The Symposium aimed at bringing together atomic physicists
●

●

participating in the Coordinated Research Program of =AEA for

a七om土c and molecular data, atomic phys土c土sts 土n七erested 土n fusion

plasmas, and plasma physicists working in diagnostics and

modelling of plasmas. A total of eighteen papers presented are

concerned with the modelling and diagnostics of plasmas

magnetically or inertially confined, novel methods of

diagnostics, and the evaluation of cross section data. These

papers and accompanied discussions served to mutual fertilization

of different fields.

Si.nee it may be unnecessary to repeat the abstracts of these

●

papers, = sha11 give mY methodologlCal view on plasma diagnostics

and modelling, and then discuss some recently developed methods

of diagnostics relevant to atomic physics.
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2. Diagnostics with Atomic Processes

Atomic processes have been more and more widely used for

plasma diagnostics. This is because atomic processes are less

ambiguous than plasma processes owing to a good understanding of

atoiT.if? Physics and the availability of reasonably accurate atomic

data. Spec七roscop土c measuremen七s have long been appl土ed七c

diagnose not only laboratory plasmas along with electromagnetic

measurements but also astronomical plasmas to which other methods

are notごead土1y applicable.

At present fairly accurate numerical data, either

experimental or theoretical or both, are available for atoms,

molecules and their ionized states. The accuracies generally

achieved are on the order of 1 % or better for energy levels, by

a factor of two or better foL- absolute cross sections, and of

about 30 亀 or better for re⊥at土ve cros3 SeCt土ons. ℡hese

accuracies are good enough for designing diagnostic experiments

and the first-order modelling. This implies that atomic data of

as much as possible var土e七y are useful even 土f they are based on

semi-empirical guess. =n other words, the data compilation should
■

no七 be 七oo strict to exclude 土naccurate data bu七 reta土n them with

comments on their reliabillties.

= am emphasi2:ing the above point, because only a limited

number of data are d土rec七1y ava土1able 土n comparlSOn W土tb a

var土e七y of data needed■ エt will no七be poss土ble七o 土ncrease the

number of directly measured or calculated data so as to satisfy

users, plasma physicists, since data producers, atomic

physicists, select processes to measure or calculate mainly from

their interest and are reluctant to work for industrial
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product10no =f users need more data for their own use, they may

have to produce such data by themselves.
=

There is a good sign for this to be possible. Takako Kato
●

showed us yesterday that a good numbeL- Of electron collision

cross sectユOnS are Ob七aユnable by plasma spectroscopy. S土nce

stable, weii-behaved plasmas are getting available, more data,

particularly in highly ionized states, wil上 be obtained from

plasmas themselves. Al七hou9h tbe土r accur･ac土es w土11 not be be上土er

than those achieved by beam crossing experiments( they may be

good enough for plasma studies. = reca11 a historical example

that the atomic data from plasma spectroscopy put a great step

forward in pb･ysics･エn early 1920!s laboratory technology was

not so advanced as to produce ions with a desired degree of

ionization･ Solar spectroscopy provided a unique opportunity to

study the structure of such ions and gave the level structure of

many electron systems. This provided one of the important bases

of quantum mechanics which was ユnVented sbortly七here.after.

Solar physics has gotten a pay back from quantum mechanics

through the dielectronic recornblnation as mentioned by Dunn in

the preceding paper.

Emphasizing a greater variety of data with some sacrificeL of

accuracy, = do not underestimate the importance of accuracy, but

merely caution data producers who are sometimes reluctant to

include inaccurate data in a compilation and data users who oftenl

conclude their papers with a request to more accurate atomic

data･ Z shall make a comment on the latter, which was already

ra土sed土n discussions yesterday.

The accuracy and reliability of plasma experiments depend on
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several factors. The most difficult point may be poor

reproducibi1,i七y of plasmas produqed by individual shots. Plasma

properties measured in different shots should be normali2:ed by

monitoring suitable signals, for which appropriate atomic
+

processes can be used. Even if the normali2:ation is properly

made, methods of measuring plasma parameters and the results

depend on the configuration of the plasma contained in a complex

apparatus and on the instrumentation of measurements. Errors

associated therewith have to be compared with errors in atomic

data, before requirements to their accuracies are set out. As

the quality of experiment is dictated by the poorest of the above

factors, one should analyze the whole experimental procedure to

find out a good balance of accuracies. Although the balance of

actcuracies should be kept in mind, it is unfortunately sometimes

forgotten, as found in some papers presented. Only after

thorough investigation of interplaylng factors, requirements to
●

a七om土c data could be quant土f土ed.

3.拭ethodology of比ode11ing

A model is sometimes regarded as to simulate a physical

reality, so that one attempts to construct a model as close as

possible to a real object. Although this philosophy of modelling

may･be eventually adopted, it would not always apply to most

cases of modelling.

The primary objective of modelling is to understand physics

which would otherwise be embedded under complexity of a real

world. The model for this purpose does not necessarily mimic the

-223-



real object but represerltS Characteristic featLures Of the object･
=

払ode11ing with numerical simulaモion should be regarded a白 a

■

numer主cal experiment in the sense tha七 the experimen七is designed

to clarify the relationship among the fewest possible parameters･

A model should therefore be devised so as to obtain the

dependence on input parameters with sufficient clarity. Hence

simplicity is emphasized at the expense of reality. =n practice'

however, most models are too complicated to understand physics

taking place in plasmas.

The secondary objectiveL Of modelling is to ihterLPret

experiment. Hence diagnostics necessarily requires modelling.

The model for this･purpose should be more realistic than in the

三上rs七case. 工n order七o avoid complex土ty 土n七be model, as七bまs

complicates intez:'pretation, the experiment to be interpreted has

to be designed on account of easy modelling. Some new methods of

diagnostics reported at the Symposium meet this requirement･

Hence the experimental system of a plasma has to be designed with
●

careful account of plasma generation, diagnostics and modelling,

so as to knoむwhat happens in the plasma with least ambiguity.

4. Progress ln Diagnostics Methods

At the Symposium ai-e rePOrte'd several methods of

diagnostics utilizing advanced technology alnd atomic proplletti'es.J

They provide useful means of studying not only fusion plasmas but

also 七be a七om土c leveュ s七ruc七ure.

X-ray spectroscopy has- recently ach土eved 七he energy

resolution of AE/E < 10-4 as･reporLted by姥orita and by Rice' The
へノ
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resolutiっn is approaching the capability Of measuring the quantum

elect-rodynamica1 level shift for heavy ions. The success depends

primarily on the good position resolution for X-ray detection,･ a

resolution of 40いm is achieved with a proportional counter used

for the AIca七or-C exper土men七.

工n七h土s exper土men七repor七ed by R土ce′ 七he spa七まal profile of

electron temperature was obtained 土rom the strengths of forbidden

and satellite lines relative to resonance lin°s. エf X･-ray

spetroscopy were appled to the JFT-2 and =SXIB experiments which

showed different behaviours of the radial drift of ions according

to the neutral beam injection parallel or antiparallel to the
●

toroidal current, as reported by Rasai, one would havt11･ been able

to obtain an u:1alnbiguous interpretation of this intereil.ting

O

phenomenon. For example, they measured only one line of 93.9 A

(∧n = 0, allowed〉 of FeXV工エエ′ whereas Sato showed that a set of

o O O

16 A (^n = i, allowed), 93.9A and 974.8A (^n = 0, forbidden)

lines should be measqred f･t?r obtaining the spatial distributions

of electron temperature, electron density and ion density.

Metastable states have been employed for probing the

electron density through the competition between radiative

trans土t土ons and collisional deexc土ta七土ons. ℡土1e appl土cab土1土ty of

this method is further developed by the laser induced

fluorescence at =PP. Fujimoto reported a more advanced method of

the laser induced fluorescence spectroscopy observing the

disalignment of a sublevel with particular magnetic quantum

number by linearly polarized light. Such a method has been

applied to molecular physics and solid state physics, and is for

the first time demonstrated by Fujimoto in plasma physics.
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The laser induced fluo-rtescerlCe is incorporated with beam
･

l■

probe diagnostics, as reported by Radota. The beam probe method

■

is prqved to be powerfu1' since it g1･Ve.S not Only the densities

and temperatures of elect羊-OnS and ions, but also the magnetic

field strength and electric potential by measuring ions of

different charge states. Rapid progress in the study of charge

transfer reac七土ons as reviewed by G土1body w土11 make 七he beam

probe method more fruitful.

5. Atomic Processes in High Density Plasmas

Atomic processes in high density plasmas require special

considerations, since the effect of field particles strongly

perturbs that of nuclear Coulomb field, as already remarked

earlier.1) physics of high density plasmas has been almost

monopolized by astrophysics and geophysics, taking particular

account of electron degeneracy, but now becomes a subject of

laboratory plasma physics as well through inertial confinemen-t

fusion. Atomic processes in hot dense plasmas reviewed by Kagawa

et a1.2) I and a bibliographi(= compila-tion thereupon by Kato et

a1.3) provide useful references in this, field, although many

important works deiTeloped in connection with astrophysics are

missing.

Phenomena in a high- dens-ity plasma produced by implosion are

not easily measurable, because the pユasma is confined in a; small

volume for an extremely short time irlヒ(,_rva1. A spatial re-solution

of about lOO 岬is ac-hieved for the二Ⅹi･･raY image with use of a

rand.om mask a-nd a pin-hole camera-, while a time resolution of r

●
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～ 100 ns 土s attained by an X-ray streak camera as reported by Y.

Kato. Further technical developments shall be made by reference

to techniques available in astronomy and high energy physics.

℡heore七土cal analyses of a七om土c and hydrodynamic processes

occurring during implosion are developed by Nishihara with full

use of knowledge of degenerate stars. flowever, little attention

has ye七been paid to 土n七eract土ons w土七h waves.七hou∈巾waves play

important roles in dense plasmasr as noted earlierl) for

electrostatic waves. =t has recently been reali2;ed in connection

w土tb 七he accretion onto neutron stars tbat 七be contribu七土on of

■

waves is significant to the slowing down of ions.

6. Concluding Remarks

Concluding the Symposium, = reemphasi2;e that various factors

dictating the behaviour of a plasma have to be taken into account

with good balance. Without well balanced considerations atomic

processes would not be properly incorporated with fusion plasma

studies.

The balance is also indispensable in planning experiments.

=n the past much effort was made for plasma production in

comparison with diagnostics. The trend is going to be reversed.

For example, the =gnitor program is planned to allocate more

budget for diag･nostics than for plasma production. This does not

necessarily mean to buy fancy measurement instruments, but to

allocate more man power for diagnostics than for plasma

production. This allows one to design a plasma facility taking

full account of diagnostics incorporated with a plasma to be
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produced. .

ェn desェgnlng a Plasma facility, atomic processes have to be
=

:
=

taken ibto account for diagnostics and modelling. This will be

accomplished by the active cooperation of atomic physicists in

deslgn卑nd the deeper cons･iderations of plaslrta SCientists into
■

atomic processes. The Symposium-has been successf.ul in

promo七in9 this 七rend.
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