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preface

For the design and operation of fusion experiments the theoretical and

computational works on the basis of appropriate plasma models in real

devices are quite necessary. Recently such a procedur'e, so-called plasma

modelling, has been trecognized as an lmPOrtant field of fusion studies. As
●

is well-known, the knowledge on many kinds of atomic processes and their

data in the broad range of energy are needed for plasma modelling works.

In the Research Information Center (RIC) of Institute of Plasma

Physics, Nagoya University, the collection and compilation･ of atomic and

molecular data relevant to plasma and fusion researches are continuously

being performed. In order to search a prospect of future data activities in

RIC, a co-operative workshop was held on July 8-9, 1985, which was entitled

Workshop on Tokamak Plasma Modelling and Atomic Processes. This workshop

also was aimed at the arrangelnent Of the contributions from RIC to the

Advisory Group Meeting in Atomic Data for Fusion Plasma Modelling held at

the IAEA headquarters on Sept. 18-20, 1985 (IAEA-AGM). This issue is

devoted to the memoirs of the above-mentioned workshop.

Part I consists of two papers based on the talks glVen in the workshop.
●

Part II consists of the papers prepared by RIC members and their

collaborators as the contributions to IAEA-AGM. I would like to express my

sincere thanks to Professor S. Hayakawa and all participants of the workshop

for their discussions and comments on RIC activities and contributions to

IAEA-AGM.

Takaichi Kawamura
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PART工CLE CONTROL IN A TOKAb4AK

l

Seio SENGOKU

Depar亡ment of Thermonuclear Fusion Research,

Naka Fusion Research Establishment, JAER工

(July, 8, 1985)

A survey of the studies on particle cotltrO1, for bloth impurity arid

fuel particles, on I)工VA and Douも1e亡Ⅰ工工亡okamaks ls presented.

Rela亡羊on between plasma-wall lnterae亡ions and eonflnement character-

ist:ics ofa忠okanak plasma with respect to both impurityand ftlel particle

controls is discussed.

FollowiTlg results are obtained from impurity control studies:

(1)Physical tnodels of boundary/divertor plasma arLd of divertor func-

tions abou亡impurity control are enlpilically obtained. By a

computer simulation based on above model with respect to divertor

functions for JT-60 tokatnak, it is found that the allowable

electron tetnperature of the divertor plasma is not restricted by

a condition that the impurity release due to ion sputtering does

not increase continuously. tn this case, it is necessary to con-

sider how to cope with handling heat load and erosion of a divertor

pla亡e.

(2)Dense and cold divertor plasma accompanied with strong remote

radiative cooling was diagnosed along the magnetic field line in

the simple poloidal divertor of Doublet Iit tokanak. Strong

particle recycling region is found to be locali2:ed near the divertor
●

plate･ tn such a system, the heat load aTld the erosion by ion

sputtering of the divertor plate are decreased.

(3)By applying carbon doating on entire first wall of D工VA tokamak,

dominant radia.tive region is concentrated more in boundary plasma
●

resulting a hot peripheral plasma with cold boundary plasma･

Energy confinement title of such a plastna is improved by a factor

of tLO due to increasing of the effective radius of the core plastna

by applying a carbon wall;

and from particle contral studies:

(1)The工NTOR scaling on energy confinetnent tine is applicable to high
density region When a core plastna is fueled directly by solid deu-

●

terium pellet injectiorL in Doublet Itt tokamak.

(2)As remarkably detnonstrated by direct fueling with pellet. injection,

energy confinemeTlt Characteristics can be itnproved at highdensity
rangeもy decreasing partlele deposition a亡peripberal plasma in

order to reduce plastna-wall interaction.

(3)tf the particle deposition at boundary layel is necessarily reduced,
●

the electron temperature at the bound?ry or divertor region in-

cl･ea_SeS due to decrease of the particle recycling and the electron

density there. At that situation, the enhancetnent of impurity

release can be the serious problem and thus some kind of "1ocali2:ed--

control of particle or impurity a亡tbe boundary or near the divertor

plate should be applied.

1

†
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The controls of TIOt Only impurities but also fuel particles
are in-

portan亡as shown above. Improvetnent of energy confinemeTlt time is detnon-

strated to be possible bl'=On批olling both impurity and fuel particles.

Required atomic data base for studying above患Chetzle is presented-at

亡be las亡 sec亡lon.

1. BOtJNt)ART AND D工VERTOR PLASMAS
t

1.1 Chara占teristics 【1,2,3,4,5】

tn order to recogni2:e the tlimpurity
corLtrOIIt} the following closed}

cyclic processes are important(Fig.i): (i)the role of the boundary plasrna

on the production of impurities; (2)impul･ity transport in the boundary plastna

and impurity flow iTltO the tnain plasma; and (3)influences of accumulated

impurities on the main and the boundary plasma. All of these processes and

impurity control are deeply connect:ed to the Hboundary plasmasfl･ Therefol･e}

it is very important to
understand the boundary plasma. The possible

controls on those processes are also shown in the figure with itnportant para-

tneters in bourLdary plasma: temperature and derLSity of the boundary plasma

(Tb and nb), Particle flow velocity,vf, and electric field, El/, Parallel to

the magnetic field lines and the parpendicular particle diffusion coefficient

>
Di･

The plasma interacts with the surrounding first walls, including

limiter/divertor-neutralizer-plates, in various ways, e.g. sputtering by ions

and charge-exchange neutrals aTld arcing. These processes strongly depend on

the bourLdary plasma, i.e. 1imiter or divertor scrape-off plastnas. In亡his

section we summarize the characteristics of the boundary plasma昏.

Boundary plasma parameters are related to the naiTI Plasma through
energvand particle balance: The energy balance in the stationary phase

of a tokamak discharge is as follows. Total input power, P工N, is balanced

with these loss processes Such as radiation and charge-exchange} PR and Pcx'

亡o the entire wal1事and conduction-convection loss) Pccl mainly onto the

limiter/divertor neutrali2:er plate. Therefore, it can be expressed as,

Ps主Pr〟- PR-Pcよだた｡ t?)

Here the

q, as Ps= pl;
er loss onto the surface, Ps, is the integral of local heat flux,

ds. Then, the problem is bov亡o evaltはte q.

Frotn-a nortnal sheath theory the heat flux is given by the following

equa亡lon【6】王

宮宇YfpTe,
(?)

where fp is the particle flux density onto the tnaterial surface and y is the

hea亡transtnlssion rate across the sheath including the effects of the sheath

potenし1al,LXTe, secondary electron emission coeffcient, 6, and the correction

to the distribution function? F and F'･ That is:

7-i2(七訂l)+叫宇, Li)

小一ふ皇浮･Fl,
c4)

where ち is the ratio of the electron to ion saturation currents, and m and M

are the electron and ion masses事reSpeCtively. The value F exceeds 10 in a

runaway discharge, but is around uTlity in a normal discharge･ Fl is [11so

around unity in a normal discharge･ The maximum value of 6 is given by

space charge litnit[6] aふqnax-i-8･3応布 and is 0.81 for hydrogerL and O･86

for deuteriutn plasmas. CorresFOnding to this, y varies between 6･7-13･5(a)

and 7.0-17.0(D), respectively, in a normal discharge.

As long as the sheath is formed on the tnaterial surface) the total

power loss onto the zzla亡erial surface is then deduced as･'

ち--J咋-TF璃
-2-
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Theh, the. power

balarLCe, eq･(i),
can be rewritten a昏.

y倉石- pIり--PR- P"
写

て増(T'･十毛トPR-たx.where Ti and Te are the average ion and electron temperatures in the main

plastna. From this, we can obtain the relation between the boundary tem-

perature and the cqie temperature aS

罵-一手竜(l一驚)-T･
'i)

Otber important parameters are the width of亡be scrape-off layer, a,

average boundary density, nb, and particle flux density, fp, aS

A;I DIL//uj
,

帆b=鴇含
二_

____=≡

fp,,-b-i屯,
and the electric field, E. a is亡he plasma radius, Di the perpendicular

diffusion
coefficient主nd L and vf are the path length of the charged

particles and parallel flow velocity along the field line in the scrape-off

layer. Among these parameters,the essential paratne亡ers are Y, Vf, Dl., and

E. These are reasonably obtained in DIVA tokatnak: y=

and E=Te/L where Cs is ion sound velocity, DB the Bohm

1.2 Model CAIculations[1, 7, 8]

7言i言f::i.?三8三.:1f'[;よ≡芝t●

In order to understand impurity transport} =omputer simulations based

on 亡he pbysic息1 model oもtained above vere perfomed･ 工n也e background

scrape-off plasma事Characteri2:ed by Te● Ti} ne† Vf and E, a nuznbet= of test

particles (impurities) are traced under the following processes by the Monte-

Carlo method: (1)free motion.of sputヒered itnpurity atoms, (2)ionization in the

backgrouTld plasma, (3)Coulomb scattering, (4)charge exchange, and (5)per-

pendicular diffusion of ions.

The results of the simulation with the observed boundary plasma para-

meters give reasonable values on average ionic charge and the meanenergy
●

of the carbon ions in the burial chatnberl aS Shownin Llig･2･ MoreoverI亡he

temporal impurity behaviour of each ebarge state亡hrougb CI工to CV is sboⅥ1

亡oもe well simulated by亡bis calculation, as shown in the figure･

From these results the calculation can be applied to a large de寸ice･

The boundary plasma condition was investigated for JT-60･ For the main

plasma亡be parameters are given. Ion叩ut亡ering on the limi亡er/dlvertor-

neutralizer-plate is added to the aforementioned Monte=Carlo calculation･

The fortnulae for the sputtering yields were given by SigtnuntI9] ･ These

values are, however, several times higher than亡he e‡perimental data for

other heavy ions[10,11】; we have, therefore, divided Sigmund-s sput亡ering
･ The energy and the angular dis-yield by two for this calculation) Sol

_

亡ributions of sputte･red impurity atoms have been obtained experimenta11y[12,
13

''Wesf(;,m議蒜odi蒜;tEi/ounos%.:.,QC,

s(cJ卵=禽wsg 川)

where Uo is the surface binding energy, sublimation energy, β is the fitting

constant, r(n) is the Gamma function and 0 is the angle from the nor]nal

direction of the sputtered material-s surface. Integrals of
eqs.(iO)

and (1t)
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over E and e are normalized to So,
respectively[8]. For simplicity, βis

taken to be unity.

Assumed typical

neo-niO=7Ⅹ10且3/c皿3 and parametersT芸reel;…i…Oi至急r:一恵o謡e:e2…≡i2;s7霊芝昌t.BT=4T･

be made of molybdenutn･ Sput亡er由王nolybdenurn is the only assumed irnpuri亡y

Source.

The results are as follows･ The average ionic charge of the molybdenum
ions <Z工〉,near亡he tna亡erial su.rface is around 5 in the case with the divertor,

and becomes up to 10 without the divertor. These tend to saturate because

the sputtered tnolybdenllm ions are forced to returtl in a shorter time as the

temperatures increase (Fig.3(a)).The average energy of the itnpiTlging molybde-

rLun ions, (Et), is reduced by a factor of 2 by etnploying the divertor cor-

respondi喝tO the decrease of iorLic dharge, as (Et)-ia(Zt)Tb+T工,Where TI is

ヒhe temperature of the molybdenum iotlS (Fig･3(b))･ The stagnation uEl <E工〉
is due to亡he effect of secondary electron emission･ 工f we neglect this ef-

fect, the result becomes much differeT1亡. 工mpurity growth rates are shown in

Fig･3(c)･ The growth rate is defined by a ratio N工(t+△t)/N工(i), Where At is

the impurity recycling charac亡eris亡ic time･ Molybdenun impurities continue

to iTICreaSe When the boundary temperature且s above 160 eV without the divertor.

Owing to radiatioTI COOling, the bouTldary temperature is in equilibrium at 80-

160eV.

In the case without the divertor, we tnust lose a large portioTI Of the

input power, e.g. 80-90冨, by radiationand charge-exchange losses (Fig.3(d)).
In opposition to this事the molybdenum l叩uri亡ies corL亡inue亡o decrease if the

divertor is employed aTId thus the boundary temperature is not detertnined by

ion sputtering･ The boundary temperature iTLCreaSeS uP tO a few hut)･dred eV

When radiation and charge-exchange losses are greatly re血ced･

1.3 Dense and Cold Diver亡or Plasna[14]

Dense and cold divertor plastnas with electron density and tetnperatures

o土ne ≧ 5Ⅹ1013cm-3 and Te忌7eV have been observed previously iTI Joule-heated

Doublet工Ⅰ工discharges[15]. Such a dense and cold divertor plasma provides

the following advantages

･
･

(a)Because of strong density buildup, the diverof plasma can radiate

considerably high power, which leads亡o a reduction of the hea亡load oTltO the

diveror plate without deleterious effects to亡he main plasma･

(b)This sort of divertor is capable of effective particle exhaust, i.e.

the exhaust of unused fuel particlesl heliu皿aSh and other itnpurities･

(c)Because of a Sufficiently low temperature, the erosion of the

divertor plates caused by ion sputtering becomes negligibly small･

王n this divertor experiment, deuterium plasma is heated for 200tns with

a neutral beatn injection power of PNB叫･2m･ Ttle tOrOidal field is BT=2T

and the plastna current is Ip=290kA･ The range of the line-averaged electron

density of the tna･in plasma is五e-(1･0-3･4)Ⅹ1013cm-3 and亡he central electron

temperature is Te(0)=1.2-0.7keV, at looms after the start of beam injection
(t=700ms) when most of the measuretnents were taken.

The separatrix surface intersects the incorlel divertor plate on the in-

ner wall of the vacuuzn vessel･ Amarray of 21 LarLgmuir probes and 28 thermo-

couples are installed in the divertor plate in order to tneasure the vertical

profiles of the plasma paratrLeterS.

The electron density ned.and temperature Ted at the peak of 1:he density

profile on the lower divertor charmel are shom in Fig.4 as strong functions

oi;n…;rot;誓;…mp芸:f152恕∝t三e;ミ;Ⅹ1.14cn-,,with岩e
increasing.nl.) by a fact.r

Tbe electron density ned increases non-

of 3･4･ At the same time事Ted has cooled down from 30 eV to 3･5eV･ The two

points profile measuretnen亡S by the Langmuir probes near the divertor plate

show that the temperature gradient along the magTletic field line is found to

be very steep (Te=36eV in front of divertor plate and Te=8eV at the divertor

plate)･ The coTlneCtion lerLgth between these two point苧is 380cm(poloidal

-4-
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projection lengthだ16cm). Tbis result(shoⅥ1 With error bars) is well

sitnulated by self consistent fluid
model【16]

as shown in Fig.5. The total

茸≡慈賢蓋諺喜妻要語幹
●

●

●

t
1一

■

a丘alogous 亡o the divertor plasma investigated here,the erosion of the

divertor plat色due to ion sputtering would be negligibly small because of

sufficierLtly low Ted and thus low sheath potentia1･ The threshold etlergy

for ioTI SPu亡tering is approximately severa1亡erLS Of electron volts for

tnaterials such as titanium, iron, nickel, carbon【10】.

2. IMPROVEMENT OF ENERGY CONF工NEMENT CHARACTER工ST工CS BY工凹PURITY CONTROL【17 ]

Low-Z materials are attractive for the first wall in a reactor because

･of the following reasorlS.

(a)Radiation loss from low-Z impurities is rather small in a high
temperature plasma.

(b)The the-al properties of sotne low-Z皿al_erial, e.g. carbot7., are aS

good as those of copper or molyもdenum.

(c)The self-sputteriTlg yield, which is tDOSt Closely related to the

impurity origin, is smaller亡hanthat of亡he high-Z materials･such as Mo.

Therefore, the wall erosion is rather low.

Eere we show an example of itnprovemen亡of energy confinement-time with

controlling impurity by tneans of applying carbon wall.

Figure 6 shows the profiles of electron temperature and deTISity for (a)

carbon wall and (b)Ti-flushed wall･ For carbon wall case, PR+Pcx that domi-

n畠亡ed by carbon line radiation is shownto be increased and coTICentrated more

in plasma periphery compared with Ti wall catie. Consequently, the boundary

electron temperature is cooled down due to iTLCreaSe Of PR+Pcx obeying eq･(6)
･

As the result事 the effective radius of plasma Pressure profile increases and

thus the energy confinetnent tithe is improved by a factor of 2 by employing

carbon wall with divertor as shom in Fig.7. The effect: of the i皿Pulity

control by a divertor on inprovemen亡of energy confinetnent time is also shom

in the figure.

Chemical sputtering is shown to be easily suppressed by prebotnbardment

of hydrogenic ions a亡the substratum tetnPera亡ure above 5000c･

3. Ⅰ肝ROVEMENT OF ENERGY CONF工NEMENT Ct払.RACTER工STICS BY FUEL PART工CLE CONTROL

The good confinemerLt discharge with divertor beam-heated plastna, so

called tl-mode, can be cria亡ed by optimaized gas fueling in Doublet I工Ⅰ【18] as

shown in Fig.8. Increasing edge recycling (lbLIM) leads to degradation of

corLfinement characteristics. This implys that the control of fuel particle

is responsible t･o the improvement of confinement properties･

pellet injection is shown to be effective to reduce edge fueling and

be able to improve confinement characteristics especially in highderLSity

r･egion itl both Joule- and beam-heated discharges[19,20] ･

In gas-fueled diver亡or ohmic dischargesナtheこreCyCling and the neutral

pressure both a亡the edge and亡he dlver亡or reglOnl increase nonlinearly as
●

the density is raised above 4Ⅹ1013cm-3･ The energy confinement time

saturates:arOurM 60ms (Fig.9). 工n contras亡亡o that, the pe11e亡fueled

confinement time continue to improve with increased density･ This is proba-

bly due to the fact that in the pellet fueled discharges both the edge pres-

sure and the limiter recycling ligh亡are maintained a亡rela亡ively low levels

(Fig.9)and/or the successfuユdens･1tyrise at the plasma center which has good

-5-



confinemen亡properties･ Prelitninal analysis with 1-D tokamak code shows good

agreement with experimental resultsI i･e･ low edge recycling℡ peaked density

profile aTld proportional increase ofてE With五eI W王･th assuming no change in

ion transport characteristics before and after pellet injection[21r which is

in contrast to the result froth ALCATOR-C[2 2].
During continuous Tleutral beam heating of very highdensity plasmas,

the confinement times remain Tlear the improved ohmic level for the first

巴60ms but･ then rapidly deteriorate corresponding to the increase of edge

ablatior>･ Figure 10 shows･ the successful central electron density rise due

to pellet fueling during Joule-heating phase of a limi亡er discharge. But in

the NB-heating phase, the edge density and the edge recycling start to increase

When the fast ions from tleutral bean build up.

A scheme was ヒested to enhance pellet penetration aTld reduce pellet ab-

1ation at'plasma edge by briefly interrupting the neutral
beatns 3'ust before

eaeb pelle亡甘aS injected. Thまs is based on亡be relativelyねs亡slowing-down

tine of fast ions in the edge plastna which is less than ions, arid the expected

dependence of the ablation on the fast ion
population[23].

The energy con-

finement time and pellet penetration are improved over the continuous beaTn

case for delay tithes not less than8ns. Furter delay shows little additioTlal

improvement (Fig. ll).
A comparison of pellet abla亡ion profiles for continuous vs. inter-

rupted beam (Fig.12) shows that there is no significant difference in pellet

peTletration. 甘owever, the pellet ablatioTl in the outer lOctn of the plasma

is reduced by interrupting the beam. The reductiotl in the edge derlSityand

slower central density decay time as tneasured by the vi畠ible bremsstrahlung

array. This reduction of edge ablation may account for the tnaintained im-

provement of the energy coTlfinement time keeping low edge recycling (Fig.li-

も)).
The cotnbination of the improved confinement and the high densities has

produced a significant extention of the五e, T*E diagratn (Fig･13) for Doublet

工工工. The Lawson product ne(0)･T芸is
increased by a factor of 3 to 4 irk

both liniter and divertor discharges. The neutron production rate has been

improved by a factor of 10 over limiter beatn-heated plasmas of coTnParable gas

fuelid discharges. These results are very encouraging for large nondivertor

tokamaks that will rely heavily on neutral beam bea比ng to produce energy

breakeven conditions.

4. D工SCUSSION Am CONCLUS工ON

physical models of divertor/boundary plasmas and the diver亡or functionE3

about impurity control are empilical]y obtained･ Ⅰ亡is shown that the active

controls of both impurity and fuel particles are highly responsible to improve

the plastna confinement characteristics.

Ttle Control flow-chart of plasma-surface interacl=ions is presented in

Fig.14. It is demonstrated tha亡the control (decreasing) of plastna-surface

interaction can improve energy confinement time･

For more precise tnodeling or urLderstanding of such a systetn, following

atomic data base are required:

(1)Cross sections or rate coefficients of following various proce･sses

三:≡;h.…2b_;諾4≡三三買d
plasmas for the parameter ranges Te=4-200eV and

o

ioni2:a亡ion
o

charge exchange

oradiative cooling rate (e叩eCia11y at several tens eV)
orecycl土ng rate for various tnaterials
odissoeiation

(2)Pellet ablation model vith big.a energy ions

The methods of controlling of the recycling rate (e.g. control the wall

temperature eec/) and of optimized impurity radiative cooling should also be

inves止ga亡ed.
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A cornmhent from a plasma spectroscopist-,--Ionizing plasma and recombining

plasma

Takashi Fuj imoto

Department of Engineering science, Kyoto University, Kyoto 606, Japan

Most generally, a population of an excited ion n(p) iTrmerSed in a plasma

consists of two components: the contribution which is proportional to the

ground-state population nし1) of the ion concerned and that which is propor-

tional to the ion density of the next-ionized stage, =f the first contribu-

tion is domir.ant in all of the n(p)
Ts, this situation is called the ionizing

phase for the ion species concerned or sjhply the i()nizing plasma. On the

other hand, if the second is dominant the plasma is called to be in the re-

comblnin9 phase.
1)

Figure i shows the t-mapH of the exci.ted-state populations for the ion-

izing plasma and the recombining plasma･, Griem's.DOundary divides the low-

density regions and the high-density regions, While ByronT's boundary divides

the low-lying levels and the high-lying levels. The ordinate p is understood

to be the principal quantqm nur由er of the level, Griem-s boundary derives

from the dominating depopulation mechanism of levels子 for lower density than

the boundary or for the lower-lying levels than the boundary level, the domi-I

nant depopulation mechanism is the radiative decay, while for the higher den-

sity or for the higher-lying levels it is the co13_isional depopulation･ Nu-

merically the critical level is approximated 8.S

pG生95 (ne/z7)--2/17･l (1)

-3
where n is in cn and 2: is the core charge争Cting on the running electron･

e

Byronls boundary is glVen from the comparison of the collisional exL･itation

and deexcitation from the level: for levels lying above the boundary the

collisional excitation is more probab],e than deexcitation, while for lower-

1ying levels the dominant collisional dei30Pulation is cLeeXCitation to still

lower-lying levels･ The q.ritica1 level is approxilnated as
■コ

ゝ
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wh占re
A is

one帥erg'(13.6 eV).

Let us consider as an example the AIcator plasma with T
-- l･5 Ⅹ 107 K

and ne-- 3 Ⅹ 1014 cm-3 at the center･ Argon was mixed as an elm,urity･and a

spectr皿Of the resonance-series lines (1ls -

nip)
was observed of the heliⅦn一

-3like argon伽16+)･2) The rLeduced electron density is he,z7望106 cm I

the electron temperature is Te/名2ご5 Ⅹ loヰ K･ and Griem-ら boundary is pG

～- 19･ Therefore, the lower-lying levels of p£
19areey･pected to be in the

corona phase if the plasma is ioni之ing, while they are in the capture-radia-
1

tive-cascade phase if the plasma is recombining. Figure i shows that the

population-density distribution
n(p)/gb)

is almost independent of p (- p-0･5)

for both the cases since the reduced temperature is sufficiently high･ Thus,

the observed intensity distribution of ∝p-3 can be ascribed either to the ion-

izing phase or the recozrbining phase. Actually the helium-like argon is found

to be ioniヱing or equilibritm at the center, and in the outer regions it is

in the recombining phase. Thus, in the central region the emission-line in-

tensities are proportional to the ground-state argon ion density, a (Ar16+) ′

while they are proportional to the hydrogen-like argon densityl n(_Ar17+)
in

■

the outer regions.

The information whether the plasma is ioni2:ing or recornbining is derived

from the intensity ratio between the singlet resonance line (lls
- 21pl de-

noted as --w･f) and the triple･t lines Lil- 23s, ･fヱ",
and lls - 23pl,2･ ･･y"

and "Ⅹ'-) ,･
in the ioni.dng plasma the ratio Lx+y+2i)/w is about i, while in the

recombining plasma the ratio is about 3 - 5, depending on the te叩erature･3)

Now let us turn to the neutral hydrogen pres宇nt in the AIcator plasma･

since T is several ord6rs larger than the ionization potential, hydrogen is
e

e写peCted to be in the ioni2;ing･ plasma phase. Griem-s boundary, eq. (_i) , is

pGだ2, and Byronls boundary, eq･L2)･ is pB≪ 2･･ then, all of the excited

levels p乙2 are in the saturation phase and the ladder-like excitation mecha-

nism is established among these levels. The sketch of the population flows

among the levels is shown in Fig. 2. The population balance is described

roughly by

n(pll)C(p-l･p)ne
I

n(p)C(p,p+i)n
=

-
≡ (-indpendend of p)･ (3)

e

J

where C(q,p) denotes the excitation rate coefficient by electron co11isions･
･●

-(1r6
-



since the excitation rate coefficient C(ptp+i) is proportional to p4 the

-4 -6
population density is proportional to p , or n(p)/g(p)c( p . The numer-

ically computed population-density distribution is shown in Fig. 3. For the

hell--like argon the enhancement of the populations n(nip) with n = 9 and

10, and with 20 < n < 40 has been observed in the outer regions and attributed
●

～ ′ヽ′

to the charge exchange population from the gr.ound-state hydrogen for the

former and the excited-state hydrogen for the latter.2) =n analyzing the line

intensities from these levels, the excited-state hydrogen populations ac-

cording to n(p)/g(p)GC P-6 should be taken into account.

=t has been shown that the concepts of the ioni2iing plasma and recom-

bining plasma, and those of the reduced density and temperature are useful

in interpreting the plasma spectroscopy date in t.ems of atomic processes.

Lt is emphasized that the population characteristics in dense plasmas (_Figs･

2 and 3) are different from those in low-density plasmas as shown in Figs･ 3

and 4. For instance, among the populating mechanisms of a level′ say level 5,

the direct excitation from the ground state is 80 % in the low-density plasma,

while it is only about 2 % in the dense plasma. Figure 5 depicts the charac-

teristics of the populating and depopulating mechanisms for level 5 of ioni-

2;ing hydrogen= the blank areas denote the collisional transitions and the

shaded areas denote the radiative transitions. Percentage contributions from

various levels from which level 5 is populated La), and to which level 5

is depopulated (b) are shown. The corona phase for low densities (Fig･ 4)

and the ladder-like excitation mechanism (_Fig. 2) for hi9h densities are

seen, and the transition between these two phases takes place at about n^ at
e

which pG I 5･ or ne/z7･き101l cn-3

References

1) T･ Fujimoto' J･ Phys･ Soc･ Jpn･ 47, 265 (1979), 47, 273 u979!'月旦′ 1561

(1981), 49, 1569 (1981),塗. 2905 (19851･.

2) J.E. Rice, E.S. Marmar, J.L. Terry, ≡. K且11ne and J. K且Ilne, (private com-

mun土cation).

3) T･ Fujimoto and T･ Kato'Astrophys･ J･型旦. 994 (1981)･

-17-



F igu羊_e captions
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Fig.. i. I-z4ap-I of excited-level populations of ioni盗ing La). and reco印bining Lb) ,

hydrogen-1i】与e ions iTEmerSed in a plasma. Griep-s
Eboundary

and Byronls boun-

dary are given by eqs･ a) and (2), respectively･ For each phase 望聖旦t

上population mechanism】 with its sketch, and population-density distribution

are given. =n the CRC phase of the reco血ining plasma n(p)/g(p)cc p-0･5 if

Te/z2 is high･

Fig･ 2･ Dominant flows of electrons in the energy-level diagram)for ne/之7

≡

1016占m-3 and Te/z2 = 1･28 Ⅹ 105 R G{neutral hydrogen･ "ct･ denotes the

continuum state. The- width of an arrow indicates the magnitude of the flow.

Flows to and from level 5 are given in some detail. The net ioniヱation flow,

scRnu)net is given on the right･ All of the transitions except for that from

p = 2 to p - 1 are collisional. The ladder-like excitation mechanism is es-

tablished over all of the levels.

Fig. 3. The population-density distribution over the excited levels of

hydrogen for several value声Of ne/ヱ7･ Te/z2 is l･28 Ⅹ 105 R and nil)一=
i x

1016 cm13 is asstmed. Griem-s boundary, eq, (i). ( for the transition between

the corona and saturation phases is glVen by the･ dash-dotted line･

Fig. 4. Dominant flows of electrons in the energy-level diagram of hydrogen

-3for ne/z7
= 106 cm and Te/z2 = 1･28 x 105 K･ The hatched arrows indicate

J

radiative transitions. Flows to and from the level p = 5 are given in some

detail. A11 of t上e excited levels are in the corona phase.

Fig･ 5･ Percentage contributions from γar-ious proce3SeS tO La) populating

to, (b) depopulating from･ the level p = 5 as a function of ne/写7 (cm-3)･

The hatched areas correspond to radiative transitions. Hs'V 卓enotes ioni2:a-
t

t土on.
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Effects of Accuracy-of Atpmic Data on Tokama_k Impurity Tran叩Ort Model=ng'
●

★

Takaichi KAMAMURA, Tadayoshi ONO and Akira MIYAHARA

王nstitute qf P一asma Physics, Nagoya University

Nagoya 464, Japan

Abstract

The effects qf accuracy of atomic data on the lmPurity transport
●

modelljng based on a one-dimensional tokamak mode一 are discussed. As an

example the difference between the results using two different formulas for

the dielectr･onic recombination rate coefficients is analyzed, and it is

concluded that in order to draw out reliable evidence of anomalous impurity

transport considerably accurate atomic data should be needed.

§1. Introduction

Plasma modellings are widely recognized as a procedure necessary for

analyses of exper-imental resu一ts obtained from existing machines as well as

for the d_esign and operation of new devices. A p一asma modelling includes

theoretical calculations and numerical simulations, where knowledge on

●
●

atomlC Processes is indispensable in addition to the characteristic

parameters of a plasma concerned. Especially many kinds of atomic

processes should be taken into consider.ation for the calculations of

lmPurity transport in plasma. Therefore, in view of a plasma modelling, it

is verッimportant to know how the accuracy of a reaction rate of each

atomic process has an effect on the mode一ling results, from which we want

to determine the experimenta一 evidence of anomalous impurity transport.

●

In this paper we wil一 report the resu一ts obtained from lmPurjty

transport analysis using a one-dimensional tokamak model, in which the

･anomalous
diffusion and convection of impurities in host hydroger.I P一asma in

+ Presented at Advisory Group Meeting on Atomic and Molecular Data for

Fusion Plasma Modelling, IAEA, Vienna, 18-20 September 1985.

* Permanent AddireSS: Department of Physics, Nagoya University
j
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steady state are assumed, and we wil一 point out remarkab一e effects of the

difference of the reaction rate data on the radial impurity distributions.

The tokamak par.ameters adopted here are taken as those of JIPPT-IIU in

IPP-Nagoya (torus major radius A : 91 cm, plasma minor radius a
=

22cm).

rron (Fe) is assumed'as a representative impum'ty s

code used here is basica一ly deve一oped by T. Ama''10.

52. MQdel of lm urit Trans
or1

The computer

The impurity transport in a one-dimensional tokamak model is described

by the followin9 equations:

ank
二---_1l一二

-_
一-

~ -㌢告(㍗rk)･Ik (1)
at

where nk(r･ t) is the radial density distribution of impurities of an

ionization state k (k = 1 for neutrals) and lk lS a term Which includes the
●

ionization. and recombination coefficients as

Ik王-nenk(Sk +
αk_1いnenk_1Sk_1

+ nenk.1αk (2)

where ne is the electron density} Sk is the ionization rate coefficient

(k + k+1) and ak -S印e recombinatio‖ rate coefficient (k+1 ◆ k)I The

radial impurity flux rk ln eq･(1) is
●

㌔壬-Dk一賢一vknk
(3)

where Dk is the diffusion constant and Vk is the -Qdial inward convection

velocity･ The diffusion constant of impurities Dk is glVen by
●

where DknC

DkニDknC+DA

is the neoclassical term and DA is the anomalous diffusion

constant･ The radial convection velocity Vk is taken as

vk‡VkE十÷vA

126-

(4)

(5)



where VkE is the radia- ve-ocity due･to the pinch eff,JCt Caused by tokamak

plasma current･ and rVA/a is the phenomenological aMalous convection

velocity･ Ⅰn this study DA and VA are treated as free parameters which are

given identica一 va一ues for all charge states of the impurity ions.

In the followlng analysis we assume the stationary density and
●

temperature prof†1es of the hydrogen p一asma

(トr2/a2)十n

(1 -

r2/a2)
equations

誓'+

eq(1

nc≡ 1xlO14cm-3, nw=5x

Tew,

) (k=

1;;2Chcニ:3:ei:≡r言皇n盲T:ncw'
一丁ew)

Tee -- 1000 eV, Tew -- 30 eV and only the impurity

2, 3,..., 27 for Fe) are numerically solved. The

neutra一 impurity distribution nI(㍗) is assumed to have a form of

n=(r)
: (rI(a) / VI) exp

{-*!ardrne(r) SI' (6)

where vI IS the therma一 veloc化y of neutrals (三10 eV) and SI -S the
●

ionization rate coefficient. The neutra一 impurity flux at the plasma

boundary is taken as rI(a)
=

-

∑k,2rk(a)where the recyc一ing coefficient is

unity. The steady distribIJtion of the impurity ions should be attained at

a time sufficiently long co叩ared with impurity confinement time (～a2/2D)

after the start of calculation, therefore we have examined here only the

distributions at t = 75 msec after the start in the following analysis,

where the partic一e confinement time for JIPPT-ⅠⅠL] is about 20 msec.

53. Radial lm Distribution

In a static plasma the shape of the radial distribution of the

impurities of each charge state, nk(r), may be deci･ded by the e一ectron

temperature profile Te(r)･ However･ the transport process of impurities

modifies a radial distribution in such a manner as the diffusion may spread

the width and as the convection may shift the maximum position.

The full width at half maximum dk Of the distribution of the k-th

ionization state is approximate一y expressed as

dk= (dkT)2 + (dkD)2

(dkT)2･+ 16 Ln 2 ･ Dktk

-27-
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where dkT is the width caused by a temperatu虎profi-e a-nd

dk?
is the one

due to radia一 diffusiton. The latter is de'te佃ineTd by the diffusrll'oTi

constant Dk and the mean life-time tk'between creation and

an ion of the k-th ionization state which is estimated as

lpn Eq･(7) it is worth wMe to point out that dkT depends

ionization and recombination while dkD depends princIPa"y
●

rate coefficient. The radia一 convection affects a mutua一

annihilattion of

tk

On

= (neSk)-

both of

on a ionization

spacing, 1kk,

between maximum positions of the distributions of the different charge
l

states, k and k. A maximum position of the distribution is also related

to the competition between ionization and recombination. Then it is

interesting to study how the accuracy of the data on ionization and

recombination rate coefficients affects the characteristic parameters of

impurity distribution such as dk and lkkI･

54. Rate Coefficients of Atomic Processes

Me car? calculate impurity distributions uslng Various different rate

coefficients in our computer code. However, as an example, we here report

the effects of different dielectronic recomb7'nation rate coefficients

be(.Ll.use the dielectronic recombination has a leading effect on

recombination process in the region Of electron temperature concerned.
●

As a standard case our modelling code includes ionization and

recombiI-Qて.ton rate coefficients which are prepared by Post et al.2), where

the ionization rate coefficients ayle electron impact ionization rlateS

combined by them referring to Lotz3) and others and the recombination rate

coefficients are the sum of radiative recombination rates given by Seaton4)

and the dielectronic recombinat1.On rates in the basic scheme of Burgess

In this report we have used another dielectronic recombination rate

formula given by SMl ･& Van Steenberg6) wh
● ●

1'ch is based on the emplrlCal

formula proposed by Aldrovandi and Pequignot7). we have compared the

calculated results of impurity (Fe) distributions using the above two

different subroutines for dielectronic recombination rate coefficients when

the anomalous diffusion and convection are taken into account. In the

●

followlng We refer to the computation uslng Standard data as Case A and to

the case as Case B when on一y the dielectronic recombination rate

coefficients are replaced by the ones glVen by Shull and Van Steenberg.
●
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55. Results Sand s'tuss1'ons

For example we present the results of computations for the case when

DA = 5 x 103 cm2sec-1 and VA = 300 cm see-1 in Fig･1 and Fig･2･ Fig･1a

shows the resu一t using standard data (the dielectronic recombination rate

coefficients in the form by Burgess) and Fig..7.b disp一ays the one in which

on一y the dielectronic recombination rate coefficients are rep一aced by the

new ones shown by Shull and Van Steenberg. In Fig.2a and 2b we i一lustrate

the dlげferences between the two cases about the FeXVI and FeXVII

distributions, respective一y. From these results we can deduce strong

dependence of distributions on the difference between the cases of

differ･ent dielectronic recombination data.

In Fig･3 we plot the full widths at half maximum versus different DA

values (VA : 0 is assumed) to clarify the difference between the two cases･

These results show the fact that the change of dk in the wide range of DA

values is buried under the change due to the different dielectrom'c

reconlbination formulas. But the results in the two cases agree with each

other for sufficiently large va一ues of DA, therefore, the qualititative

tendency given by Eq.(7) seems to be confirmed, because we have here used

same 7-onization rate coefficients Sk jn the two cases･

The peak spacing,･ 1kkl between the radia･1 distr7'butions of d71fferent

charge states should be related to convection velocity. In Fig.4.we

川ustrate the re一ation between the spacings IIX,
XIV

Versus VA(DA I 0 is

assumed) in the above two cases with the different dielectronic

recombination data. This shows that the discrepancy due to the different

dielectronic recombination data becomes larger for large VA Values･

The anomalous lmPurity七ranspor't is a very Important Prob一em in the
●

■
● ● ●

■
●

nuclear fusion researches because it is related to radiation loss from the

core plasma as well as plasma edge cooling. However, our results show that

considerab一y accuFtate atomic data shou一d be needed in order to draw out

reliable values of anomalous Impurity transport coefficients from the
●

plasma modelling researches.

-29-



The authors are gratefu一 to Prof. S. Hayak叫atjQP h1',S uSe[ful

suggestions and a一so to Prof･ T. Amano for his advices on a'ctomputer code･

The computation has- been'-pe-rformed at the- Compu-ter･ Center
_of

-theL王nstl'tute

of P一asma Physics, Nagoya University and we thank Dr. Y. Abe and the

･

members of the Computer Center for their contributions to the code

development and computation.

-30-



References

1) T. Amano, J｡ Mizuno and M. Kako, Research Report of lnstitute of P一asma

●

PhysICS, Nagoya, IPPJ-616 Nov. 1982.

2) D. E. Post, R. V. Jensen, C. B. Tarter, W. H. Grasberger and W. A.

Lokke, Atomic Data and Nuc一ear Data Tables,壁(1977) 397.

3) u･ Lotz, Astrophys･ J･ Suppl. iA (1967) 207.

4) M. Seaton, Mom. Not. Roy. Astron. Soc., 119 (1959) 81.

5) A･ Burgess, Astrophys･ J. A (1965) 1588.

A. L. Mertz, R. D. Cowan and N. A. Magee, LASL Report, LA-6220-MS, Los

Alamos (1976).

6) J･ M･ Shull and M. Van Steenberg, Astrophys. J. Suppl.,壁(1982) 95.

7) S･ M･ V･ Aldrovandi and D.. Pequignot, Astron. Astrophys.壁(1973) 137.

Figure Captions

Fig.1 a) The radial distribution for FeK (K = X ～ XVIII) computed using

the standa,d data2) in which the dielectronic recombination ,ate

coefficients are given in the form of Burgess. (Case A)

b) The resu一ts using the data in which on一y the djelectronic

recombination ･rate coefficients are replaced by the rate

coeffl･cients given by Shull and Van Steenberg6). (case B)

Fig.2 The comparison of Case A with Case B in Fig.1 for FeXVI (a) and

FeXVII (b).

Fig.3 The full width at half maximum for FeXV plotted versus anomalous

diffusion constant DA (VA = 0)･ C) corresponds to Case A and A

to Case B in Fig.1.

Fig.4 The radial spacing between the peaks of distributions for FeIX and

FeXIV plotted versus anomalous convection velocity constant VA (DA =

0). Ocorresponds to Case A
and△ to case a.
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Jb

Multistep ioni2:a亡ion and K-she】.1 ionization

for Plasma Modelling of Tokamaks

*

T. KATO and T. FUJ工F10TO

工nsti亡ute Of Plasma Physics, Nagoya University, Nagoya,

●

Depar亡皿ent Of Engineering Science, Kyo亡o University, Kyo亡o,

Japan.

Anong various atomic processes which take part in

plasma modelling, the ioniza亡]'_on process is very inpor亡ant

to determine the distribution of ionic states and the ra-

diation loss for energy balance. We describe here the effect

of nul亡is亡ep ionization 主nd K-shell ionization on 亡he ion

aburLdances and the rate of radiation
loss necessary for

l

plasma modelling of Tokanaks.

There are several ionization processes :

a) direct ioni2;ation

b) exci亡a亡ion au亡oioni2:at:ion

c) ioni2:ation autoioni2;ation

a) inner-shell ionization K-shell ioni2:ation

e) ionization frozzl excited states

f) multis亡ep ioni2:atiorL

a) and b) play major roles in any plasma and have been

studied more ex亡ensively 亡han 亡he other processes. We would

like to renark亡hat 亡he coムヒribu亡ions of c)
- f) on Tokatnak

plastnas be占ome as importan亡 as 亡hose of a) and b) under some

condi亡ionsb, though 亡hey have been less
studied so far.
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I) Nul亡i岳亡ep i?niza亡ion

i) Ion abundance

The nechanistn of the tnultistep ionization has been

-discussed in several papersl) as the ladder like excitation-

ioni之ation process in the ioni2:ing plastna.

The nultistep ionia:ation is effective when the rate

for the collisiona-i de-populating process is larger tharL

the叩OntaneOuS亡ransitioTl prObali亡y Ar(a, n)･ This process

tnakes亡he collisional radLa亡ive ionization rate ScR large

because 亡he st:epwise exci亡a亡ion-ioni2:a亡ion b色come dominant.

The critical level n亡for the collisional process

∑ C(nt,n)
a

aS

ne之‡A(n亡, I)
Ⅰ

is given for･'hydrogenic ions
●

nt -1･8X1017z6Tl!2(ev"ne(cn-'3"2/17 (I)

For ions wi亡h 亡he ground s亡a亡e With the principle quan亡un

number no 空2, =lAr(n,I) c--3･] for n<6 in contras-o

∑ A . .､ー_ 一冬.5 __ー.__.ーL _._ _,_ー_.__ー,
Lー_ ._"._ーー___._

_.▲ー_

r (A,I)色くn
T●~

which is derived for hydrogenic ions.

The error of applying the hydrogenic approxination 至or

de亡ernining the value n亡for i-shell ions is色Stina亡ed to

be snail.

The ioni之a亡ion po亡en亡ial o-f the level n亡Cran be cal-

culated using the h-ydrogerLic approfXi,tn･ation,
}p

王t三三2IH/n2t (2-)
4

Then亡he effecr亡ive ioniza亡ioTl, energy工zl for塊e ilon of

●

charge 2: Can be given aS
'･

工I 工†工亡,

2: 2:

-
<
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vhere工is
the ionization po亡ential at low densi亡y lil

之

nit.
We calcula亡e亡he collisional radia亡ive

scRWith the use of Lotz

SCR-6･7Ⅹ107亨…l
where T is the electron

e

the equivalent electron

xjヨ工I之j/kTe,

El(Ⅹ)
- I00exp(一亡)/t dt･

Ⅹ

scR=CR

formula
2).

aj ∈j

3/2
T -Il一(eV)

e

temperature,ミj
is

of 3-the sushell,

a.壬4.5Ⅹ10-14and
J

■
■ ■

10nlZat10n rate

El(Xi) (4)

the number of

(5)

is assuned･ for the value of n亡<2, where CR is亡he excitation

rate COe王ficien亡 of 亡be resonance line･

▲

we have studied the nultistep ioni2:ation for oxygen

ions in a To'kamak pl上ISm･･l･ The collisLollal radia亡ive ioni-

za亡ion rムヒc cocffiぐi-･L ScR are Shovn in F7'･g･1 for several

degree of ions wi亡h a function of density. This process is

inpor亡an亡for low ionized ions･ ScR increases at A >1013cn-3
e

as seen in Fig.I.工n Fig.2,the calcula亡ed spatial dis亡ri-

butions of neutral oxygen and ions in a Tokamak are shown.

The solid line indicates the result with the tnultistep

ioni2:ation included, the dashed line shows the result wi-
●

thout tnul亡is亡ep ioni之●a亡ion. The spatial distribution of the

electron density ne and electron temperature T were亡aken
e

as JIPPT-IL Tokanak which is shown in Fig.3
2).

For Fe ions,
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this effect.would be more sLgnifican亡 亡han for 0 ions, be-
●

cause the exci亡ation energies Of low ionized Fe ions are
●

snaller. This process is par亡iculary important for the low

I ioni2:ed ions Which have stnall excitation energies in a pe-
●

●

riphery regLOT1. The existence of the netastable states also

changes亡he distributions
3).工n

our calcula亡ior., impor亡an亡

exci亡ed states of n三2 are also included.

ii) Reconbination rate

Generally in a Toka皿ak plasma, itnpurity ions are in a

●
.

ionizing phase. So the recombina亡ion process is not so im-

portan亡 fot attaining an.ionization state. The role of re-

combination becomes important in 亡he case where highly io-

ni之ed ions produced in a plasma d･en亡erdiffuse out 亡o peri-
1

phery where the electron temperature is low, or 亡hey stay

long･tlear the plasma center where 亡he diffusion is slow and

the ionization is alnos亡in equilibrium.■■

The dielectronic reconbination is important in high tenpe-

rature plasnas, compared to the radiative recombination

and this is affected ･Jery much by the collisional process

in highly excited levels■ beca･use electrons are often cap-

tured in highly excited levels. The rate decreases due to

the density effect.

post et a13) save the empirical formulae for the density

effect of the dielectronic reconbinatiotl based on the ddt.a
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.f Ca'{--I) and Ee-1i･ke i.n5s!These f.rmuiae give亡.. large

suppression especially for An=…O transエ亡ions. Summers
ち)

has calcula亡ed 亡he ion abundances for a large nutnber of ele正en亡s

using
the collisional radia亡ive tnode1, and shovrL ScR and

αcR in graphs in his paper･ On the other halld, Jacobs e亡

a14) cal.culated the dielec亡ronic reこOTnbina亡ion rate COeffi-

cient ccd including the au亡oionization to excited levels at

low density linit. We compare the dielectronic rec.otnbina-

lion rates by Sun凪ers and Jacobs for MgX in Fig.4. A very

large discrepancy is found especially in high 亡enpera亡ure

ranges･ we calculated the suppression of αd for
neご1016cn-3

by亡he use of Post
3)ls

fo-ula and compared vi亡h亡he

sunner's calculation. The value by Post's formula is one

o･rder of maLgni亡ude stnaller than 亡ha亡 by Sumners. There is

ot･-viollSly more亡o inve･s亡iga亡e abou亡αd･ CLd for I and He-

1ike high Z ele7nentS are Snaller 亡han 亡he radiative recon-

へ

bina亡ion rates αr, where as αd is much larger亡hanα for
V CL

I

r

L-shell ions.

iii) Radiation Loss

The radiation loss by impurities are one of of 亡he

nose serious erLergy loss in Tokanak plasmas. The radiation

loss including亡he multis亡ep ioni之ation LcR is studied for

an ionizing plasma of hydrogerL･ LcR is glVen aS
■
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LcR=∑ ;a(p)A(p･gL) AE (p,昏)

p g.

(､5)

Where A(p,g) is 亡he 亡ranSi亡ion probability and AE is 亡he

energy between the level p and g.

The ioni之a亡ion loss工cR is expressed as

=cR -- ScR a(I) ne Ryd･ (6)

=cR increases as the density increases, vhere^as the
′

radiation loss decreases due to the decrease of the populaE一

【ion d色nSity of highly excited state.s by tnul亡is亡ep ioni-

2;ation. The total energy loss by both radiation and ioni2:a-

tionL (LcR + =cR)/nan(1) is shown in Fig･5･ The total erLer-

gy loss does not change so much for the increase of the

electron density･ The radiation loss LcR decreases †ery

rapidly a亡n > 101qcn-3･ when the亡enp色raturehis low, LcR is
e

much higherrthan IcR at low densities, but IcR increases

steeply until the sane level of LcR a亡high densi亡ies･ The

total energy loss is nearly coTIStant at any densiこ.,:_e5.

When the plasma is in the equilibriutn or recotnbining

phase,the con亡ribu亡ion frotn 亡he ions of the next-ionized

S亡age Should the ihcluded.

2) K-shell ioni2:ation

i) ioni2:a亡ion autoioniza亡ion

This process results in the double ionizati叩 through

au亡oion12:ation
･.

●
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K-shell ionitation autoion.

冗+z + e-ヰⅩ+(Z+りま
+ 2e- Ⅹ+(Z+2)+ 3e･ (I)

1s22s22pn ls2s22pn ls22s22pn-2

adiative decay

ls22s22p屯-I + K-又rays

This process operates for lions with two or tnore L-shell

elec亡rons. In Fig.6, the a-shell ioni之a亡ion rate cOeffi-

cients
are compared with the direc亡ionization rate

coefficien亡S for 0 and Fe ions based on 亡he Lotヱ formula.

The ionization ra亡e coefficien亡s of K-shell ioni2;ation have

the values of 亡he same order as 亡hose of tl and He-like ions,

which are stnaller by nore 亡han one order of tnagni亡ude 亡han

the L-shell ioni2:ation rate coefficieTlt. Generally the den-

si亡y of lc･･4;tr ionized ions is stna11er 亡han that of 亡he next

higher ioni:乙ed ioTLS in.Tokatnak plasnas.
So this effec亡 has

been considered 亡o be unimportant in Tokanak, except in the

case when suprathernal electrons are abundant which will be

discussed in ii).

tlowever, this process is found
effective if Be-like

ions are much more abundant than Lillike ions. The K-shell

ioni2:a亡ion of Be-like ions produce tie-like ions by autoio-

TLizat:iorL, Vhile 亡he direct ioniヱa亡ion and excitation
au-

toioni之卑亡主on of Li-like produce He-like ions.工f 亡he abun-

dance of the Be-like ions i$ 10 times larger than Li-like

ior▲s,the double ioni2;a亡ion is no亡 negligible.
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ii) Suprathernal electrons

We do血t-t know how s[:rong are superthernal electrons in

a Tokanak plasma. We have tried to see the effect of K-shell

∫ ionization by supra亡herna,1 elec亡rOnS. As the ionization rate

coefficiヒn亡 of i-shell is nore 亡han one order of magnitude

larger than tha亡 of K-shell, the effect on 亡he L-shell ion

distribution would be very small.工n Fig.7, is shown the

contribu亡ion of supra亡hernal electron of 30 KeV for 亡he

assutned density of O･l x ne(r)･ The effec亡of double ioni-

za亡ion caused by K-shell ionization is negligibly small.

Odly the small increase of ioni2:a亡ion by supra亡hertnal elec-

tron for OV=I appeares.

iii) K - X rays

I

The K-shell ioni2:ation processes followed by radia亡ive

decays produce fluorescent K-lines for the ions with i-shell

elec亡rons. The fluorescent yield for oxygen ions is very

snail (wk ～ 0･007), and the contribution to the radiation

loss is expected n色gligible･ For iron ions, h)k rb O･3, but

still ineffective since 亡he direc亡 exci亡ation rate is about

two orders of magnitude larger than that of the K-shell

ioni2:ation rate a畠 seen in Fig.6.

Bu亡 the K-shell ionization process of the Li-like ions

is differen亡frotn o亡hers｡ The process ls22s + eーl･岳2s

(I,3s) + 2e increases the population of the tnetastable

s亡a亡eS Is2s(3s) s亡a亡e fron亡he畠rOu血d s亡a亡e of亡he He-like
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ions is not large due to the SPITL exchange transition,
●

whereas the K-shell ioni2;ation rate is sufficiently large.

Fro皿 Fig.6, we can see 亡he K-shell ionization rate is almost

the same as that for the exci亡a亡ion rate of rp_sonance in 亡he

high temperature range. The forbidden line intensity ls2s

(3s)
-

ls2(ls) considerably increases by the K一塁hell ioniza-

tion of Li-like ions, and accordingly the radiation loss

due-to the forbidden line emission increases. This process

is very important for plasma diagnostics. Dubau and Loulergue

and虻ewe
12)

have calcula亡ed亡hese effects. The r.ontribution

from K - Ⅹ rays are larger than that from direc亡 exci亡ation

if n(tie)
～

n(Li) at T > 5 KeV as shown in Fig.6b.
e
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Figure Captions

Fig. 1 The collisional radiative ioni2:ation rate coeffi-

cien亡s ScR for oxygen ions as a function of亡he

electron density. Dotted lines indicate the level

of the thermal limit n亡･ The electron temperature

で is 20 eV.
e

Fig. 2 The calculated spatial dis亡ribu亡ions of the oxygen

ions in a J=PP-I= Tokanak plastzla. The solid lines

indica亡e the result with mul亡istep ioni之a亡ion,

whereas the dashed lines show the result without

nul亡istep ioni2;ation.

a) neutral oxygen

b) ioni2:ed oxyge血

Fig. 3 The spatial distribution of the electron tenpera-

ture T and the electron deTLSity ne in JIPPT-II
e

Tokanak, which
data vere used for 亡he calculation

of the distribution of the oxygen ions in Fig. 2.

Fig. 4 The dielec亡ronic recombina亡ion rate coefficient

αd Calculated
by Sun凪ers 6)(solid

lines)and Jacob- a17)

¢ashed line)for MgX ions. Do亡t-dashed line shows

亡he suppressed values calcula己ed by Post-s fornu-

1a
3)

for ne ･! 10]6cm-3 on summers values (ne=104cm-3)I
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Fig･ 5 The radiation loss LcR and亡he ioni之a亡iqn loss ‡cR

as-a function of electroTl density.

Fig. 6 (a) Ionization rate coefficien亡i' for oxygen ionsi

Solid line･s indi亡a亡es 亡be direc亡ioniza亡ion, do亡亡ed

lines 亡he a-shell ioni2:a亡ion, do亡t-dashed lines the

excitation rate coefficient of the resonance line

(a) and the forbidden line (F) and the satellite

line (q). The reconbination rate coefficient are

also shown by thin lines for the comparison.

(b) Ioni2:ation rate coefficients for iron ions.

Fig. 7 The calculated spatial dis亡ribu亡ion of oxygen ions

in J工PP一工工 Tokamak wi亡h 30 KeV suprathermal electrons

uil.ll a number densi亡y ‖)完 of 亡herm且1 elec亡rons

(solid lines) and withou亡 suparthernal elec亡rons

(dotted lines).
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Plasnla Spectroscopy for Plasma ModBlling
･1 L1

1

-- VUV and 汰-ray Spectroscopy of JIPP-T-ⅠIU Tokamak Plasma ---

T. Kato, K. Masai and S. hurita

Institute of Plasma Physics, Nagoya University, Nagoya, Japan
■

In order to make a plasma modelling and to check the validity

of a plasma modelling, it is necessary to measure the plasma parame-

ters and the distribution of impur.ities. Plasma spectroscopy has been

used as a powerful tool for diagnostics of high temperature plasmas.

We present here the spectlr･oscopIC measurement Perfomed for
●

JIPPT-ⅠI Tokamak plasnla and discuss the coy.relation with the p一asma

modelling as well as the at,omic data. In the first section, the basic

concepts for the analysis Of the spectr10SCOPic data ar.e mentioned and
●

the experimental results are discussed in the next section.

$1. Diagnostics by plasma spectroscopy

To study the behavior of impurities in plas印aS, 1-nformation on

the e一ectron temperature Te and the electron densILty ne -s of primary
●

1mPOrtanCe･
Te

and ne are usually measured independent一y by difT-erent
=

methods, such as Thompson scattering, but such methods become often

inapplicable in the peripheral reglOn Where ne is low･ Besides it is
●

not generally easy to measur-e the spatial distribution of each ions･

Therefore, it is very helpful if we know Te and ne from the line emis-

sion itself.

i) Plasma phase

Generally a popu一ation of a hydrogenic ion in a p一asma is des-

cribed by superposition of two terTnS Which repr･esent the population

format紬n from the ground stateni(1) and from the next ionized stage

ni-+1

n(p)
=

Z(p)ro(p)ni.1ne '(I(p)/I(1))rl(P)ni(1) (1)
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The first two tenns in七he right hand side are cal一ed the recombl'ning

and ionizing terms, r･espectively. For non hydrogenic ions, the ioniza-

tionffrom the 一ower ionized stage nト1 and the recombination from the

upper ionized stage ni+1 Shou一d be included ;

n(p)
-

I(p)ro(p)ni.1ne '‡Z(p)/I(1))rl(P)ni(1)

+ S(p)ni_1ne +

a(P)ni+1ne (2)

where S(p) and α(p)
are the ionization and recombination rate coeffi-

cient to the level p of ion ni･

In a Tokamak p一asma, the ionizing terTn is dominant for 一ow ionized

紬ns, because the temperature is high compared with that giving equ1-
●

1ibrium ion abundan{es due to the inward trap?sport of ions･ The ioni-

zation tenn S(p) is expected to七he 一arge and this was confirTned by

the spectroscopi{ measurement of OIV and OV lines2) which will be

discussed in'与2. The ionizing term is a一so important for high一y ionized

ions in the central reglOn.
●

On the other- ha.nd, if high一y ionized ions diffuse out of the center to

the periphery regions, the recombining term dominates. We a一ways have
●

七o pay attention to the distinction between these p一asma- phases, whe-

ther ions under consideration are in the ionlZlng Or reCOmbining phase.
● ●

From/the 一ine intensities of the resonance series事We Can See

whether the plasma is ionizing or recombining. The 一ine in七ensities of

resonance series of he一ium like Fe ions in two p一asma phases (ionizing

phase and recombining phase) are shown in Fl'g. 1. The line in七ensities

decreases rapidly for ionizing phase and slowly for recombining phase3).

This is a一so possible by the observation of the intensl'ty r'a七io between

the sl･nglet resonance line(lls - 21p, referred to as
w) and the trip一et
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line (lls - 2T3s･ z and lls - 23pl,2･ y and x)I This is illustrated in

Fig. 2. Note that the ratio is very high ～ 5 in the recombing phase at

low tempey'atur+e. The contribution of recombining phase have been stu-

died on the spectroscopic data of ions from the so一ar corona4) and Al

ions from 一aser produced plasnas3).

ii) Temperature

lt is well known that the line intensity ratl-o for different

principal quantum members n shows an electron temperature dependence

■

due to a large difference between the excitation energies Of two lines.

For example the intensity ratio of I(3p-2s)/Ⅰ(2p-2s)for Li-like ions

can be used to measure 'the electron temperature. Resonance ser･ies lines

are suitable for this purpose. The temperature dependence of the inten-

sity ratio lt/Iy. of OV and O王V ions arte shown in Fig･ 3 as an exampIG'

(see Tab一e Iト

iii) Density

The density measuy.ement can be performed with use of the line

intensity ratio of the line produced by excitation from/to a metastable

state to the resonance line. The famous lines to be used are 23s-lls

and 23p-lls of He like ions. The line intensity ratlLos of OVII and Fe

XXV are shown ln r7g･ 4 as a function of ne for a equilibrium plasma･
+ - J

In an equilibrium plasma, the intensity ratios at low density are deci-
●

ded by the excitation processes. The forbidden line Z decreases and

the inter･combination line (x+y) increases by the excitation fr10m the

23s to the 23p state when ne lnCreaSeS･ But the excitation from 23p
●

to 21p state and the ionization from 23p make (x.y) decrease, and on一y

the r･esonance line w can be observed at very high density as shown in

Fig. 4･ The contribution of the recombination from the hydrogenic ions

ay･e shown by dotted lines in the figur.e. In a recombining plasma,
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the recombination rates detennine the 一ine intensity at 一ow dens†七ies.

But the 一ine intensifies of七riple七states decreases due tJ3 the exci-

tation from the trip一et.states to the single七s七ates and to the ioni-

zation at high densities. The line l'ntensity ratio (x+y)/w for AIXII

ions in the recombining phase are shown in Fig. 5 as an example.

The intensity ratios of Be-like, B-一ike and C-一ike ions have

been studied for oxygen ions6) and are app一ied to Tokamak plasmas2).

The energy level diagram for these ions are shown in Fig. 6. The two

successive excitation processes makes the line intensity ratio density

dependent･ For examp一e the 2p3(3p) level is mal･nly popu一ated by the

excitation from the metastable state 2s2p(3p) while the 2s2p(3p) is

populated from the ground state. Then the population density of

2p3(3p) has a quadratic dependence on ne･ wh"e the 2s2p(1p) for the

resonance line is directly populated fr珊the ground state. Therefore

the intens軸ratio li(2p3(3p)-2s2p(3p))/Ir(2s2p(1p)-2p2(1s)) is pro-

portiona-七-e at -ow densities6)･ we have to be careful for the

inner･ suhshell ionization by which the.metastable states populate

very much2). In Fig. 7 we show the density dependence of the 一ine

intensity ratios of OIV and OV ions with and wi七hout the inner subs-

hell ionization.

iv) Satellite l,ines

Sate11ite lines of Li-like ions have been studl.ed extensively

by Bely-Dubau et a17)･8). These lines can be used to know both tempe-

■

rature and dens.:ty. In a density reglOn Of Tokamak, satelli七e 一ines

are used to know the e一ectron temperature and the †on abundance,

whereas they can be used as the density measurement at big,her densi-

ties such as laser'produced plasmas.

Sate11ite 一ines are pr･oduced by dielectronic capture and a一so

inner she一l excitation/ionization. The satellite 一ine caused by die-
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l由七ronic~ r如ohb-ination glVeS 't紬〒electron te向perature, whereas those
●

pf･oduced by inner she一l excitation or ionization the ion abundance.

uh如the plasma isl'n the recombining phase, the intensity of the

resonance line Ir is proportional to the ion density of the upper

ionized stage. For example, the intensity of the dielectr.onic satel-

lite line of Li-like ions ls(Li) should be compared to that of the

resonance line of the LトIike ions lr(Li) instead of the He-like ions

to know the electron temperature･ In Fig･ 8 saOter=te -i°e ratios are

shdwn for ionizing7) and recombining plasma3) respective一y.

v)
Ion distribution

The spatial distribution of ions in Tokamak is lmPOrtant for
●

plasma modelling. The distribut1.On Of the degree of ionizatl-on deviates

from that in the corona equilibrium due to the tr'ansport of ions. The

neutral impurities are eJ'ected with a velocity Vo from the wall, and

they enter. into the plasma and are ionized successively. The ion dis-

tributions "e determined by Vo, the diffusion coefficient D, and the

convection ve一ocity V as wel一 as ne and Te distributions･ The compari-

son of the oxygen ion distribution for Vo = 0･025 eV and 10 eV are

shown in Fig. 9 for a JⅠPPT-ⅠⅠ Tokamak plasma. The distribution of

neutral atoms great一y affects-the distribution of ions･ A deviation

from the corona equilibrium glVeS the infoyTnation on the drift of ions
●

and the shell width gives that on the diffusion.

$2. VW and X-ray Spectroscopy of JIPPT-IIU Tokamak

i) VUV Measur'ement

● ●

The 一ines of OIV and OV ions were measuナed by VUV grazlng lnCi-

dent monochromater. The measured lines ar･e listed in Table I. The in-

tensity ratio !JIr is a density indicat'or whereas lt/Ir gives the
l

七empeI･a七日re-as discussed in $1･ One set of data for llV ions ar.e shown

in Fig･ 10･ From the ratio It/Ir･ the electron temperature decreases
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,161Si)i･=:
rnetastable state when the electr･on temperature decreases. Hence, the

Ii/Ir in Fig･ 10(b) implies that ne in the region where OV is most

abundant does not change Very much. This may be understood as follows ;

after ne lS increased, OV is abundant in the outer region compared to
●

the ohmic heating phase < 120 ms. However the other possibility七hat

the e一ectron density outside do not change very much by puffing or RF

heating, remains. The time evolutl'on of the mean e一ectron density

measured by Thompson scattering is shown in Fig. 10(c). The intensity

ratios of OVI and OIV iG.His a一so show the -1/Cry clear'temperature varia-

tion as OV ions. These li.Res are found to be useful for the diagnostics

in the periphery of plasma･Ii and lr from Fe XXII ions (Table I) have

been also observed as shown in Fig. ll. It can be clea†-1y seen that

ne stays constant in the case (a) whereas ne increases after gas puf-
●

fing in七he case (b). These 一ines are approved to be good indicators

■■

OT ne･

ii) X-ray Measurement

a) TixxⅠ (;Je-一ike)一ines

A high reso一ution spectrum of TiXXI ions was measured by means

of a Brags curned crysta一 spectrometer from JrPPT･王U Tokamak in a Ne
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gas (30 %) discharge. Fig. 12 shows'the spectra from 2.60 to 2.65 A.

The most prominant peaks are identified as the He
-一ike lines w, x, y

and z, the Li-like n
I 2satellitesq, 3'and k and Be-1ikeline a.

The key letters refer to Gabriel ,s
notation9).

Te is derived from the observed values a/w and k/w with the use

of the theoretical calculation7) and the results are shown in Fig. 13.

We take into account the了ntensity increase of the resonance lines due

+･o unresolved dielectronic satellite with n > 31 Te increases from

1 keV (40～ 60ms) to 1.5 keV (60～80ms) as the time advances and

decr.eases to 1.3 Rev in the period of 80 ～ 100 ms as seen in Fig. 13.

Me calculate the ion abundances n(Li)/n(He)
from q/w and n(Be)/n.(He)

from a/W using Te values derived from satellite lines･ Both the den-

sities of Li-like ions and Be -like ions decrease very rapidly from

the first period (40～ 60 ms) to the second period (60～ 80 ms), but

increase a little towards the third period (80 ～ 100 ms). This is

interpreted that the plasma is in the ionlZlng Phase in the first
■ ●

l

period but the ionization stopps and reachs equilibrium at the second

period. The recombination phase may begins at'the third period,

because
g/w and a/W Show a little increase.

Me have studied the line l'ntensity ratios G ≡ (x+y+z)/w, x/w,

y/w and z/w. The observed points of G are plotted in Fig･ 2. They are

too high to be in the ionlZlng Phase or the equilibrium phase･ The･
● ●

contribution of recombination suspected in the third and fourth periods･

The contribution of H-一ike ions are shown in Fig. 2 by dott-dashed

lines for n(H)/n(He)
= 10-2 and 5 ×10-2･ The ratios x/w'y/w and z/w

are plotted and the theoretical va一ues in the equilibrium phase are

indicated by solid lines for y/w and z/w in Fig･ 13･ Large discrepancy

from ionizing/equilibrium phase is observed especially for x and y･
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The dotted 一ines for z/w is the val･ues includ†ng the i柵errJ shel一 ii-ow'-

zation of Li-like ions. The contribution of supra七hemal electrons to

w is found small in this. Ne disch王rge. The collisional radia･tive mode一

deve1.ped fo, the population analysis of He
-like.･onslO)

is used for

the spectr-al analysis Of w, x, y and z lines.
=

b) K X-rays

Broad band spectra of K-一ines of sever.al ions wer.e obtained as

shown in Fig. 14 during the LHCD operation. The time dependence during

the LHCD operation of the total emission in all the wavelength range

are observed. Although the e一ectron temper.ature decreases very rapiLdly

after the gas puffing at 100 msec, the K X-rays emission still remains.

This indicates the contribution of suprathermal electrons. The supra-

thermal component is obtained from these data.

c) The wave一ength of K X-rays cf low ionized■ ions

K X-rays specty.a of low ionized ions of Ti and Fe ions are

measured'as shown in Fig. 15 as an examt)1e. The available data of the
l

wavelengths of low ionized ions for K X-rays ar'e very poor, bL)t are

lmPOrtant fort plasma modelling which uses the K X-rays as diagnostics.
●

We can obtain the ionization stage by measurlng K X-rays. From the
●

precision measurement of the wavelength, it would be possible to

verify the QED theory by extracting the Lamb shift.

The precise wavelengths would be available from our measu'rement.
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Table =

Observed lines

Lit?. e

工

-r

エ.
ユ

エt

工

FeXXII

r

工.
1

エセ

Ir

Ii

でrans土七土on

2s2p(1pl) - 2s2(l≦o)

2p2(3p2) - 2s2p(3p2)

2s3p(1pl) 2s2(1so)

2s2p2(2D3/2′5/2)

2p3(4s3/2)

2s23d-2D5/2′3/2)

2s2p2(2sl/2)

2s2p2(2p3/2)

- 2s22p(2p3/2)

I 2s2p2(4p5/2)

- 2s22p(2p3/2)

- 2s22p(2pl/2)

- 2s22p(2p3/a)･
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629.73

760.445

172.17

790.1′.2

625.85

238.57

117.12

114.39
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Figure Captions

Fig. i. The intensities of resonance series lines of FeXXrV for Ioni-

zlng Phase and Recombing phase in the plasma at Te = 1 keV and
●

ne= 2× 1013cm-3･

Fig. 2. The intensity ratio G ≡ (x+y+z)/w for He-like TiXXI ions as

a function of electron temper.atur･e. The solid l1-nes indl'cate

the r'atio for an equilibrium phase and a rLeCOmbing phase, and

dotted lines for an ionlZlng Phase, respectively. The contrト
●

●

bution from H-like ions are shown by dott-dashed lines for

n(H)/∩(He)
≡ 10-2 and 5 x 10-2.

Fig･ 3･ The intensity ratio rt/Ir (see Table I) for OIV and OV ions

as a function of electr'on temperature.

Fig･ 4･ The intensity ratio of He-like ions as a function of ne･

(a) For OVII ions in the equilibrium plasma at Te ≡ 2 x 106 K･

Dotted lines indicate the contributions of the reccmbination

lEr.om the upper ionized ions.

Dott-dashed 一ines are the results by Gabriel and Jordan5).

(b) For FeXXV ions in the equilibrium plasma at

T
=5二8×102K.e

Fig. 5. The intensity T･atio of (x+y)/w

for AIXII ions in the recombining phase at T ≡ 106 K,
e

3× 106 Rand 107 K3).

Intercombination line (x+y) decreases due to the excitation

from the 23p to the 21p state as the ne increases･

Fig･ 6. A schematic energy level diagram for OIII90IV and OV ions･

Fig･ 7･ Intensity ratio li/Ir for a)
OV and b) OLV ions･

Fig･ 8･
a)

The intensity ratio of the satell■ite intensity lj(Li) of

LトIike ions to the resonance 一ine ㌔(He)of He-一ike ions

as a function of temperature for the ionlZlng Ti plasma.
● ●
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b) The intensity ra℃10 0f the satellite line ls(He-).to the

resonance lie Iw(He) of the He-like Al ions in the

recombing plasma.

Fig. 9. The calculated spatial distr･i'bution of oxygen ions in a

JIPPT-ⅠI Tokamak･ a)
V｡三0･025 eV, b) V｡ ≡ 10 eV･

Fig･10･ a) The observed 一ine intensities lr, It and lt/Ir of OV ions

as a function of time.

b) The observed 一ine intensities lr, Ii and li/Ir of OV ions

as a function of time.

c) The time variation of the mean electron density.

Fig･11･ The observed line intensities li, Ir and the intensity ratios

li/Ir of FeXXII lines as a function
･of

time･

Fi･g.12. Experimenta一 spectra of TiXXI in the four per･iod ;

1 (40～60ms), 2 (60～80ms), 3 (BOへ..looms) and

4 (100～ 120msト

Fig.13. The observed line intensity ratios J'/W, k/w, q/w, z/w, x/w

and y/w as a funct●icn of time･ Te derived from j/w and k/w,

n(Li)/n(He)
from q/w and n(Be)/n(He)

from β/w are a一so shown.

Fig.14. Br.oad band spectrum of K X-rays of Fe ions. Solid line is the

spectra obtained during the LHCD operation and dashed line

during the ohmic discharge, respectively.

Fig. 15. K X-ray spectra of low ionized ions of Fe畠罷看.
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A比data for Fe

-data available and data needed-一

首. ℡awara

=PPr Nagoya

Data for a n一皿ber of AH processes involving Fe atoms and ions in

different ioni2:ation stage are re可Ilred for plasma and fusion research.

也 the foiユovin9 is qlVen a Short sⅦ弧aごy Of A比daモa compilation and

evaluation of various姐processe5 Of FePeq+ which have b喝n done

mainly at RエC佃qoya.

I) Sptltterinq of _>e
by ions (stored aきdatabas色SPm)

a) Data available

Data for total sputtering, yieldsr their弧guユar distributionl)弧d

their dependence on incident anqle2) have bee皿土nvestiqated and

co甲iled. Zhpirical fo血Ias for estizhatinq the叩tltterinq yields for

叩ion- (znDnatOnic) solid tzLr9et CO血binatま○【･ inE,3tJ.ding a, 管 and Z!e ions

have been proposed and fotzzld to 91'.i,e fairエy good agreement With

experimental and 5izmエation data. Also the tkLreShold behavior of

Sputtering yields has been analy2:ed and found to 】】egiven by
●

y ～ (ヱー=th)i/2,姑ere =th is the threshold energy for -tterinq,

depezl血叩On the incident aLnqle and m己SS ratio of ion and t詑甘et3).

ら) Data needed

i. t九e fractionく】f ions aLnd atoms in the ground state and excited

Sta七es

2･也e vBLriation Qf sputtering yields ill 02 enVironn-t

3. sputtering of aエIoys and conpotmds= preferential sputtering?

c) Reference5

i_ 好.比atsuzlani. Y. Yamamra, Y.工tik純.打.工toh, Y. E己之tmta, S.

ALiya9aWa. K.ぬrita, 良. Shizniヱtl and苫. Tawaエa,エPPJ-AH■32 (1983)

aLld Atoznic Data aLnd恥clear Data ℡able5 31 (1984) i.
こ二~二~=
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2. Y_ Yamanurap Y. =tikawa and N.エtoh, ‡PPJ-且比-26 (1983),･ Y.

Ya皿amura. Nuc1.工nstr. B4eth. B 2 (1984) 578.
~二_

3. Y. YamaJnura and Y. B4iヱtnO, =PPJ-AH-40 (1985).

エ=) Backscattering of ions from Fe (8tOred as BACRS)

a)
D∂ta avai1由Ie

坤rimental and sizBtllat:ion data for backscattering of ions from Fe

targets have been coqpiled and eval_uatedl). universal empirical

fQmlas on number- and energy- backscattering coefficients including

the dependence on the incident angle for ZIP D′ Tt
3=e

and
4=e

have been

found over the energy of 10-3Ⅹ104 ev2). Furthemore these formulas have

been modified to include heavier ions such as Cs3).

a) Data needed

i. eat:a土or veエアlow energies (ヱ < 10 eV) Where cheELical effects

becone iznportant. Some calculations have shown that badくSCattering

becomes extmely low and practically zero for 0.i cV a on

● ●

2. Enhanced trapping Of ZZ atoms at very low ener91eSJ

Ni4'J.

c) Reference$

t. A.エto. ℡. ℡abata, N.エtoh, R.朗brita, ℡. Ra七o and王王. Tawwat

=PPJ-AH-41 (1985).

2. T. Tabata, R. =to, ～.エtikawa, N. Itch, a.拭orita and耳. ℡awqa,

エPPJ一且比-34 (1984),･ ℡. Tabata, 氏.工to, ZC. hrita and E. Tavara, Rad.

ヱff. 85 (198引 45.

■~~~~■
3. 良. =to, T. Tabata, B:. brita and Zl. TawaLra, uユPublished.

4.班. I. Baskes, J. Nuc1.出at. 128/129 (1984) 676.

ェ=エ) Charge traLISfer and ionization of Fe/ Feq+ in collisions with f=r

托2, a+, He, Ee+ and Ee2+･

a) Z)ata available

･･ Feq'･ a(H2- Fe(q~l)'･

E'(H{)
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瓜aごge七ごan5fer (stored as CfZAZtT)

Experinehta= data for this process have been conpi=edl) for 4 ≦ q ≦

15 over the energy r弧官e leV ～ 102
eT7/aLnu and ～ 105

e･Ⅴ/ann and

e喝irical fo-Ia has been pro_nosed2).

2. Feq+ +荘+◆Fe(q+i)+ + E (AE = 12.0 eT7)

取e calculated cross sections for q芦i behave like near-resonant

process and increase With decreasing the collision

皿2 at i et7)3). AIso也e cross sections for甲7′

energy (3x10-15

15, 23 ovsr the

energy range 10 key/azm ～ i GeV/amu show broad maxizntzn (～ 10

皿2) at 500 key/肌for qF74)

show znaxinun (～ 4Ⅹ10-25 cm2)

-22

and those for qF25 over 1～100比eT7/aLnu

5)
at 10 出eV'/azm .

3. Feq+ + Ee2+ + Fe(q+i)+ + f!e+

℡he cross sections for q戸25 over 10～500出色V'/m have been

calculat色d with a naxizBun (4Ⅹ10-25皿2 at loo Meヮ/孤)6).

4. Fe+E+◆Fe++ZZO

血e calculation shows naxiznn cross sections (～ 6Ⅹ10-16 cm?･ at 5

keV/nu)
7).

5. Feq+ +琵+∫ ZIe+, Z!e2+ + Fe(q+i)+ + e + zz.+, Ee+, fZe2+

刊Ie5e iく)nil:ation cross sections could be caエcuエated in principle at

least for high energies, thotlgh no experimental data are available

except for

Fe-+ +ZZ++Fez++ e +ヱ+

over i.5～27 keV8) (Note 2).

b) Data needed

i. systemtic meastuenents of cross Sections over a wide range of the

co11ision energy

2. partial cross sections oveL- (A,且) distributions (compilation is

tmder way at RエC/封a90Ya)

3. Feq+ + Z7e + Fe(q-i)+ + zle+

4. ionization a_-oss section (see the process 5
above)
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c) Refe=ences

i_ ZZ. Tawiua. T. Rate and Y. tTakai,エPPJ-AM-28, -30 (1983) ,･ Atomic

Data and Nuclear Data Tables 32 (1985) 235.
=二二二

｢

2･ Y干 Rineko, T･ ArikawaJ Y･ =tikawar T･工wai. T･芯己tOr A.ぬtsuヱaWa(

Y. Nakai, a. Okuno, E. Rmf血u.琵. Tawara and T. WataLnabe,

エPPJ一姐{i5 (1980).

3･ U･ P･ Zhdanov and B4･エ･血ibiscv･ Soc･ J･ Plasma Phys･三(1977)
406.

4. ZC. Ftijiwa=a. J. Phys Soc,. Japan 41 (1976) 1350.

5. J4. La1' A. N. T=ipathi. and比.芯. Srivastava, J. Phys. Zi ll (1978)
J~

4249.

6･出･ Lil, B4. R. Srivastava and A. N. ℡=ipathi, Phys. Rev. A 26 (1982)
こー__二二___二

305.

7. S. Ei=aide, Y. Ei9OShi and比.比a七suヱaWa,ヱPPJ一且Hト5 (1978).

8. P. A. Eobbis et a1., tnp血Iished (1979).

Ⅳ) Excitation of Fe and Feq+ by e=ectmns (stpred as A皿エS)

馳e3qe=izne皿tal data are availabエe except for some few based upon

plasna色コ甲erinents for Fe Vエエ=-Ⅹ. A官eneraエreview is given bv BaヱYlev
■■

弧d瓜ibisovl).

エn AHD工S the n11血bers oz:.七血eoretical caエculations of excitation for

Feq+ ions by elec-on8 aLre SuZ-ized aB fo⊥=ov5壬

q

re cord皇

25 24 23 22 18 16 15 14 11 8
o也erョ

8 91 9 2 33 20 36 23 190 78 0

References

l. Ⅴ. A. Z3aヱylev and比.エ.血ibisqv, Soy. Phy8一口SP. 24 (1981) 276.
■■■-1■■

Ⅴ) Ionization of Fe arid Feq+ by eleet=ons

a) Da.J･..a available (stored as A朗D工S)

Experimentaユdata are available Only for q?lr2 over Eth～l･5 keV･l).

Systematic calculations for direct ioniヱation prQCeS8eS Over q?0-25 have
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been皿ade by Yotmge=･ Generally his calcl1ユa七ions are sznaller than the

vaiue5 based on iot= ezzl_t)irical formula and in particular the former are

about half the latter for high q.工t should be noてedモ血at for tnaLnY

eiect=on ions the indirect processes such as excitation-autoioniヱation
t

or resonant recombination-dot血Ie autoioniヱatiorT. PrQCeSS色S Play a key

role in ioni2:ation and these cross sections b占coA,.e large and sometimes

ten tines larger thaLn those by direct processes2).

ら) Data needed

i. the cross Sections for direct processes as well as those for

indirect processes

2. data for znultiple ionization processes

3. contribution from izmershell ioni2:iition processes

4. e血aLnCenent Of ioni之ation at high density plasmas

5.也e effect of radiative transition, compared with that due to

atltO io niヱation

c) Refe=ences

i. E. ℡awaLra, T. ZCato and AI. Ohnishi,エPPJ-ELM-37 (1985).

2. D. E. Crazldall, Ato血c Physics of ZZighly Ionized Atoms (Ed. 氏.

J4ai.mS, 1982, PlenuEn Press) p. 399.

Ⅴエ) ェ-ershel= iozdzation of Fe and Feq+ by eエectronsr protons aLnd

helitn ions

a) 'Data available

K- and i-shell iomiation cross sections by elec七ごOnSl) p protons

and he=iⅧ2) ions aire COnPiled and reviewed for Fe atoms･ No data

are available for Feq+ ions.

ら) Data needed

i. data for Feq+ ions (also seeエエエー5, Ⅴ)

2. the fluorescene yields for different ioni2:ation states
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c) Referepces_

1･ C･ J･ PQWe11t'Rev･ mod･ Phys･盟-(ユ976) 33;工_ZZ･某blbens七redt, J･

a_I)p1･弛ys･望(1970)
4785,･ J･ fZ･ Sqofieユd′ Phys･ Ztey7･ A 18 (1978)

=丁~~ニ

ー563.

2. 氏. E. Gaヱ血er and ℡. I. Gray, Atomic Data azld NtlCi. Data Tables 21
■■■■-

(1978) 515; a:. Pauエ. ibまd 24 (1979) 243,･'R. S. So姐i and a.
~~~~~二:

亡m申tOn. ibid 30 (1984) 49.
⊂_____=二

Ⅴ==) Spec七roscoGic血ta

a) Data available

i. A previous ve=pion of GrotriaLn diagram for Fe Vエエエー3EXV=l) is tmd色r
■

● ●

reV1$10n.

2. 0弧-6086 (1985) has sⅧmaLriヱed the present situations On i)

tr甲Sition ene巧ies (NヱR-VW) I 2) ezlergYユeveユs aLnd 3) transition

probabilities fo"e =一芯Ⅴ=2).

3. X X-ray energy data for Feq+ ions are being con_Di1色d at RエC/Na90Ya.

b) RefeごenC卓立

i. R. bri,班. Ots血and ℡. Ra七o, AtoELic Data aLnd馳cエ. Data Tables

23 (1979) 196.
こ::=

2. W. Wj.e5e (ed.)′ 0肌-6086 (1985).
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The Co-operative Workshop on Tokamak Plasma Modelling and Atomic Processes

Institute of Plasma Physics, Nagoya University, Nagoya 464,
ulapan

July8
-9,

1985

Morksho

Ju一y 8, Monday, 13:30 - 17:00

1. Present Status of Atomic Data Needed for Plasma Modelling

T. Kawamura(IPP; Nagoya Univ.)

2. Particle Control in. a Tokamak

S. Sengoku (JAERり

3. Tokamak Simulation Based on Self consistent Plasma-Mall Interaction

T. Hirayama (JAERI)

Ju一y 9, Tuesday, 9:30 - 12:00

4. Modelling for Ablation of Solid Pellets

Y. Nakamura (Kyoto Uniy.)

5. Simulation of Impurity Transport in Tokamaks

T. Amano(IPP, Nagoya Univ.)

6. X-Ray Spectroscopy in JIPPT-II Experiments

S. Morita (IPP, Nagoya Univ.)

7. Dependences of VUV Spectra on Electron Temperature and Density

K. Masai (IPP, Nagoya Univ.)

July 9, Tuesday, 13:30 - 17:00

8. Modelling of Interstellar Medium with X-Ray Observations

S. Hayakawa (Nagoya Univ.)

9. A Comment from a Plasma Spectroscopist---Ionizing Plasma and

Recombining Plasma

T. Fujうmoto(Kyoto Unjv.)

10. Effects of Multistep Ionization and Inner-Shell Ionization on Modelling

T. Kato (IPP, Nagoaya Univ.)

ll. AM Data Base in RIC-IPP

H. Tawara (IPP, Nagoya Univ.)
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