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1
1 ●
エn七ro且ue七ion

Ⅹ-ray emission has been obseTVed from both celestial

objects and laboratory plasmas, an且physical pTOPer七ies of

the plasmas are obtained by analy2;ing X-ray spec'bTa.

Plasma parameters are obtained by comparison of the

observed spectra with theoretical ones.

We review here 七he Ta七e coefficien七S of releva'nt processes

a･nd七he calculated spectra by several au七hor$1 and give useful

formulae of practical conveniehce.
we recommend the formulae

by Lots (1967, 1968) for direc七collisional ioni2;a七ion, by

Jordan (1969) for au七oioniza七ion, by Aldrovan且i arid P昌quigno七

(1973, 1974) for radia七ive reconbina七ion, an且by Jacobs e七al

(1977) for dielec七ronic recombina七ion. Burgess (1965) gave a

simple formula for dielec七ronic TeCOmbina七ionl bu七Jacobs

e七al (1977) have ealeula七ed七he丘ielee七ronie reeombina七ion

ra-be including au七oioni2;a七ion into an exci七ea s七a七e of七he

●
●

reconbinlng ion, and七heir results glVe Smaller values 七han

those by Burge遠s (1965). For the co11i8ional exci七a七ion rate,

the formula with use of 七he gaun七 fac七or proposed. by Mewe

(1972a) with classification of△n
= 0 and △n / 0 for

a11owed七ransi七ions (E瓦七o, 1977) is recommended.

Landini and Fossi (1970), Tucker and Koren (1971),

Mewe (1972b, 1975) and X瓦七o (1976) have calculated line

in七ensi七ies for solar coronal conditions wi七h七he density

effec七discussed･ in 5.1 , whereas Raymond
and Smi.th (1977) and

S七弓rne七al (1978) gave the results for in七ers七e11ar condi一

七ions wi七houセ セhe density effect. We silOW七he calculated.
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results based on atomic data byぬ七o (1976) in七his article

for,a 七hin plasma of in七ers七ellar abundances. The ion a.bun-

dances given by Jordan (1969) for C七hrough S and by Jacobs

e七a1 (1977) for Fe are used for七he ioni2;a七ion equilibrium.

This model asstmes a七hin plasma where 七he density effect

for dielec七ronic reconbina七ion is negligible, and七his assⅦ呼-

tion is valid forn < 1014 cm-3 at 100 eV for ions of charge
e

2; = 10. The calcula七e且 resul七s are Shown 七o be useful for

analy2;ing ob5erVa七ions.

X-ray 8PeC七ra 七o be observed by represen七a七ive de七ec七ors

with vari.u8

thicknessg#he
wind.w are sh.wn. They are

u8ed七o de七emine七he七empera七ureI七he abundances of elemen七SI

the in七er8七ellar abs'orp七ion and七he emission measure.

2. Con七inuous Emission Mechanism from a Thin Ho七 Plasma

2.1. The王Ⅶal bremss七rahlung

The spectrum of七hermal bremss七rahll皿g from elec七TOnS

which obey aMaxwe11ian丘is七ribu七ion is wriセセen a8

dPff

甘-欝~芸5･
z2菖ff(k･ K"e-k'KT

nenz pho七ons

(cm3 see key)-1, (2.1)

where-k and KT aTe 七he eneTBy Of an emiセセed pho七on and七he

elec七r9n七empera七ure in key, reSpec七ively, ne and n are
2;
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the electron density and･七he ion density, respectively, z

is the ionic charge･ and卑f
is the average gaun七fac七or･

The values of菖ff(k, KT)
are calculated n-erically by Earzas

＼

l

and LaセセeT (1961 ). simple approximate analytic expressions

==

for gff are given in Table l･

The energy generation rate by七hermal bremss七rah11mg

is ob七aine且by in七egra七ing eq. (2.1)

u= 4･8 Ⅹ 10-24(KT)･1/2
<
gff (KT) >乞2 nenz erg (cm3 see)-1･

(2.2)

where 'gff(KT)'七akes the value between l･15 and l･45 for the

七empera七ure range Of XT <

13.6Ⅹ芳子keV.
The detailed explanation is given in Ea七o (1978).

2.2 Reeombina七ion radiation

Recombination radiation is emitted when a free electron

is 七rapped by an ion into a shell of principal q1凪n七um

mmber n and with 8 holes. The spectrum by recombina七ion

radiation for a Haxwellian electron gas with a.七empera七ure

KT, is glVen by

且k

_

8.4Ⅹ10-17
工 2

畑,3 2□悠)n'号丑,
BXP i(Iz,ニーk,'KTinen帥1

photons (cm3 see key)-1 for k , I

= O for k く 工
2;I nl

- 3 -
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where (言/2n2) is the imcomple七e且fTaC七ion of shell, I
2;1 n

is 七he ionization po七en七ial of七he s七a七e n, and七he gaunt
r

factor is asstmed七Q beuni七y. For hy･drogenic ions, (e.g.

o=x + e → ov===)I (言/2n2)n(=z,
n/=H)2

can be replaced by

言z4/2n5, where Z is the atomic nⅧber of ion. As言/2n5
-

1/n3, the intensity a七k
< =z,

n.
1S much s-ller than
●

tha七for 汰 > Iz,
no
where no is the principal quan七- n-her

of七he ground s七a七e.

we lis七地e values S/Z4 in Table 2, where S - (言/2n2)n

(=z,
a/=H)2･
The energy generation rate by recombina七ion radiation

is

u -

1｡3Ⅹ.0-25(K"-1/2

z4母･
1･202

-整15lne㌔･1
erg (cm3 see)-1 (2.4)

where 2; i8 七he charge of七he ion after recombina七ion.

2.3 Two photon a.ecays

Two photons are emitted with a continuous spectrum

from me七as七able 2S s七a七e of hydrogenic and helium-like ions.

The spec七王､Ⅵm Can be wriセセen as (Tucker and Xoren 1971),

蛋-
-iPi2iB=出(#)-I(1

-

#'pho七ons(cm3 see keV)~1ET

- 4 -
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where ET is the energy difference between 2S and lS s七a七es･

P(2S
-

1S) is the pho七on emission Tale in the七wo pho七on

Processes

P(2S
-

1S) =n(2S)A(2S
-

1S),

where n'(2S)
is七he level population of the 2S s七a七e. The

two-photon transition probabilities are A(2S
-

1S) I 8z6

see-1 forhydrogenic ions
andA(21s

-

lls) I 16 (Z
-

1)6 see-1

for helium line ions. In the case of low density plasmaI

P(2S
-

1S) - C(1S
-

2S)nenl Where C(1S
-

2S) is the colli-

sional exci七a七ion rate which is discusEied in 七he nex七 sec七ion.

3. Ra七e Coeffieien七s

Empirical and semi-empirical formulae for ionization

and exci七a七ion by electron impac七are reviewed byぬ七o

(1977). Here we describe only formulae we recommen且the

readers to use.

3.1. Co11isional excitation rate coefficient

The collisionalェ-ate coefficien七 for exci七a七ion from

level i to level a is given by

E. .

cia -2･5Ⅹ 10-9かi-1 (-1/2 e-･耕cm3
s-1 ,

(3.1)

where.El lS the mean collision strength, LL7i the s七a七is七ica1

- う ー



weigh七of lower level i and Eij the exci七a七ion energy in keV･

r The rate coefficient

Bethe-appTOXimai;ion as

can be wriセセen with use of 七he

cia = 5･0 Ⅹ 10-10fij -g (Ei]佃)Eij-1(-1/2 e-Eij/KT

cm3s-l (3.2)

where fiョ is the abso印紙on oscillator strength and g is

the in七egra七ed gaun七fac七or. Hewe (1972a) a?Ve the following

expression for -g(y) with y -苫ii/KT･

-g'y'-A. (By- Cy2

･D'Eln'E?'-T#]･
cy ｡

(3.3)

The values of A, B, C and I) are given in X瓦七o (1977) for H,

He, Li and･ Ⅳe isoelec七ronic sequences. For all other

Seq.uenCeS l

A=0.1う,B=C=0,D=0.28(allowed,△n≠0)

A=0.6,B=C=0,D=0.28(allowed,ムn=0)

A ≡ 0.15, B = C = I) = 0 (forbidden monopole and

quadTuPOle七ransi七ions )

A =B
= D = 0, C = 0.1 (spin exchange七mnsi七ions)

In the case of forbidden七TanSi七ions, the value of fij
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may be assljmed.七o be eql温1七o 七ha七 of 七he neares七allovL:ed

七TanSi七ion｡ The ae-exci七a七ion rate C]i is glVen aS

cji
≡

C-也eEij/KTlコh)j
(3.4)

3｡2. Ionization

(1 ) DiTeC七 co11isional ioni2;a七ion

I}o七z (1967, 1968) deduced an empird_Gal fomula of

cross section refeTring七o many experimental results and gave

the rate eoeffieien七

sd-2･1Ⅹ103鼻語簸itEi(Xj)一帯c･i
Ei(Xj ･ Cj,

(3.ラ)

where X]･ -

I/KT･ i･甲e
binding energy of七he j-the

コI

subshell'(j-1 means the

oute-os七subshell),ラ3･
the mmber

of equivalen七elec七rons of 3--Subshell, and Ei(Ⅹ)
≡

S';e-七/-七. The nⅦnber Ⅳ of subshells 七o consider is

七aken七o be 1 for H and･ He,七o be 2 for Li七hroughA, and七o

be 3 for K throughZn･ The values of parameters a]･, bj

and cj are七abula七ed
by Lo七z (1967･ 68) for ions ionize且

七ill七hree a.egrees from H七o Zn. For ions ionized more 七han

four七imes, Lo七zass-edaj = 4･5 冗 10-14 andb]･
=

ca･
= 0･

Irmer shell ioni2;ation by electron impact can be

neglected as far as七he ioni2;a七ion equilibrium i8 COnCemedI

- 7 -



b止七i七 can have a considerable influence on七he forbidden

line in七ensi七yl especially Ⅵnder七he non-s七a七ionaTy COndi一

七ion (Mewe and Schrijver, 1977). They consid･ere且processes

such a$ 1$22s2sl/2 + e →1s2slso or
3sl

+ 2e･ and ls22p2p

+ e - 1s2plp or
3p
+ 2e, respec七ively｡

(2) Au七oioniza七ion

Gold.berg et a1 (1965) have shovm that the rate by

autoioniza七ion is comparable 七o or grea七er 七han七ha七by

direct ioni2:ation for certain ions such as Fe XV and

Fe XVIl for which七he nⅦ血eT Of elec七rons in七he first

irmer shell is large compared. wi七h七ha七in七he ou七ershel1.

The au七oioniza七ion rate is glVen

sa

=亨cg3･
●

where Cgj

Aaコ

Arコ+Aaコ

is 玉he exci七a七ion rate of an inner Shell electron

七o a s七a七e lying above the firs七con七inuum, Aa and Ar

are 七he au七oioni2:a七ion and. mdia七ive 七ransi七ion

probabilities, respec七ively･ As Aa >> Ar for the lowest

level, Sa =

J oTdan

with

静Ve 七he following empirical fomula

sa = 1･0 冗 10-10 f W-1(ⅩT)1/2 e-W/KT cm3 s-1 (3･6)

_ 8 _



f=0.70s, W

f=0.13s, W

f=0.049s, W

f=0.023s, W

Wl forWl>工1,

工1 forWlく工1く1･8wl,

Il forl･8wlくIlく2･4Wl,

工1 for2･4Wlく工1,

where Wl
=
=2 - Il, Il and =2 are the energies Of the first

and second ionization limit, respectively, and s is the

number of electTOnS in the shell from which the excitation

takes place.

We show in Fig.1七he calcula七ea rate coefficients of

both direc七ioniza七ion and au七oioni2ia七ion for OXygen and iron

long.

3.3. Recombination

( 1 ) Bad.iative recombination

Jordan (1969) used the following formulae for the

radia七iv畠 recombina七ion rate

i) For ET > 0.05 keV

αr(Ⅹz+1 -Ⅹz)
= 3･5 Ⅹ 10-15 (z+1)2=zl/2/KT cm3 8-1･

where =z is the ionization po七en七ial of an ion XZ･

ii) For KT < 0.05 keV

(3.7)

･r(Ⅹz'1 -Ⅹz)
- 2･8Ⅹ 10~13工zn.蹄cm3 8~1, (3.8)

- 9 -



where no is the ground s七a七e principal quan七- n皿ber, gニ4
P

for iron and: nickel an且- gニ3 for lighter atoms.1

Recen七1y Aldrovandi and P昌quiBmO七(1973, 1974) have

calcula七ed七he recombina七ion ra七es 七o 七he ground level from

the pho七oioniza七ion cross 'sec七ion and七o excited s七a七es

wi七h七he hydrogenic approximation for七he ions C 七hrough

Ar an且Ca. For qⅦ乱n七i七a七ive use we recornmend 七heir formula

αr=Ar (1160 KT)-1 cm3 s-1･ (3･9)

The numerical values of Ar and a are listed in Table 3･

=n mos七cases, eq.(3.9) gives the rate coefficients in

agreemen七wi七h七he numerically calculated results beセセer

than lOFo in the range of七empera七ure Tmax主Te ≧ Tmax/103･

For some ions indica七e且by as七eri8ks,the same accuracy is

1

obtained for Tmax i Te i Tnax/300･

(2) Dielec七ronic reβonbina七ion

The 且ielec七TOnic recombina七ion i8 七he process 七ha七

a free elec七TOn is captured. and produces a doubly exci七ea

8七a七e of七he ion. The energy level diagram is shown in

Fig. 2 for七he case of IJi-like ion. This process is

wriセセen as

Ⅹz(i) + e言コⅩ(z-1) (i･, i･･), (3.10)

Ⅹ(z-1)(i･, i-･)-Ⅹ(z-1)(is･ i") + hV (sa七elli七e line),･

- 10 -



and七his pTOCeSB Produces sa七e11i七e linesI Which we shall

discuss la七er･ The dielec七ronic recombina七ion rate r且and･

the al止oioniza七ion rate Aa are Tela七e且by the principle of

detailed balance

rd(iうi-, i--)

AaiI, 1日ぅi
2LU(i)(2,tmKT)3

exp (- Es/KT), (3.ll)

where uJ (i-, i--) andhl (i) are the s七a七is七ical weights of

the sa七e11i七e level o'f i.on (2; -

1) and of the ground s七a七e

of ion z, respec七ively･ Then the七o七al rate αd is

-Es/KT
EsAr(i'･i''→is･i'-)Aa(i- ･i--→i)

I/

淳Ar(i',i'--,1s･i'-)+ 5"Aa(i.,i→r′)･
(3.12)

BurgeEiS (1965)静Ve a Simplified general expression for αd

αd(Ⅹ㌔ⅩZ-1･)
=

7･6Ⅹ10-1-4(KT)-3/2ヨ(z) = I(i'j)A(Ⅹ)e-i/KT
]

e皿3 ら-1

池ere A(Ⅹ､) ≡ Ⅹ1/2/(1
+ 0.10うⅩ + 0.015Ⅹ2) for x > 0.0う,

B(ら) ≡

Zl/2(z+1)5/2 (z2
+ 13.4)-1/2 zェ20,

and 豆/kT =0｡0136(帥1)2∈ija-1 (KT)-1･

with a=1 +0.015 z3(z.1)-2

∈ij =Vi-2 :ゾi-2

Ⅹ ≡ (z+1)6,i]･,

- ijil -

(3.13)



z is地e char･ge number, f(i, a) is the i-a oscillator

strength,リi and
'i) ･ are effective principal quan七-
コ

r

nⅧbers of the s七a七e i and a of七he TeCOmbining ion XZ,

respectively. Aldrovand･i and Pe'quigmo七(1973, 1974)酔Ve

a four一七em parame七rie expression

αd
=

Ad(KT)-3/2exp(-wl/KT)(1 + Bd eXP (-W2/KT)) (3･14)

from the expression (3'12)･ The values of parame七eTS Ad,

Bd., Wland W2 are given in Table 3･ The n-erical results

are fiセセed七o beセセer than lO7o in the range Tcri七- Tmax.

for all ionsl eXCeP七 for Ⅳ==I O=I=1 ⅣeV and SX and･ for MgVII

MgVII, SiVI==, SiIX and SiX= for which七he accumcies are

no七worse than 157oand. 2うFo,respectively.

Several authors have calcula七ed 七he rate coefficients

for七ypical ions; Ansari e七a1 (1970)伊Ve七he results

based on eq. (3, 12) for C, Ⅳ, O, Ⅳe, Mg, Si, S and Fe ions.

Nakamura e七al (1977) also calculated them for C, 0 and Fe

ions from eq. (3, 12) buセセaking into aeeo1皿七only one

七ransi七ion in七he su皿七ion. Maセセioli (197う) showed七he

results calcula七e且with the formula by BeiBPan e七al (1968)

abou七 O and Fe ions.

We compare七heir TeSul七s abou七O ions in Fig.3(a).

For OVII and OVI=I ionsl agreemen七be七ween Ansari e七al

(1970) and Maセセioli (197う) is very good buセセhe results

by･ Nakamura e七a1 (1977) is larger by a factor of 2 than

- 12 -



others. Bu七 for ions o七her七han OV== and OVI==,the results

l

by Aid,TOVandi and. PequiBpO七(1973) are greater than others

(e.g. 2.う 七imes Maセセioli (1975) for OV= and OV). This

inaica七es 七haセ セhe one 七ransi七ion approximation is noセ セoo bad

for王王an且He-like ionsl bu七no acceptable for o七heT ions

whose resonance 七ransi七ion isムn = 0.

We also compare 七he calculated results for Fe ions

in Fig. 3(b). Ansari et a1 (1970) calculated the rate

coefficients for FeX=-FeXVII ions, Jordan (1970) tabulated

the rate coefficients (ar 'o･d) for FeXVI=
- FeXXV= ions,

and. Nakamura e七al (1977) showed七heir results for FeVII=-

FeXXV=

_ions.

Ansari et al (1970) took into account several

七r笥nSi七ions, so 七haセ セheir rate coefficients are always

larger七han others. One 七TanSi七ion approximation iB not

enoughespecially in the high七empeTa七ure region (e.g.

smaller by a factor Of 4 at 1 keV for FeXV=). we have found

large differences be七ween七he resu1七by NakamuTa e七al

(1977) and others. Differences are cause且by small values

of 七he Pad.ia七ive recombina七ion ra七e8 aS Well as 七he values

of dielectTOnic recombination for FeXX-FeXXIV ions.

Allen (1965) gave a simple approximation formula de.rived

from Burgess (196う), and I'andini and Fossi (1971) modified

Allenls fomula.

Recently Jacobs et al (1977) have calculated the

- 13
-



aielectTOnic TeCOmbination of Fe ions and showed that the

inclusion of au七oioniza七ion into excited states reduces 七he
r

values of αd･ ForT FeXV=I, the dominan七3d-2p con七Tibu七ion

i8 reduced by almos七an IOTder of magli七ude as a resul七 of

the inclusion of au七oioniza七ion in七o 七he 3p exci七ea s七a七e of

the recombining ion･ Thevalues (αr､+ αd.) for Fe ions by

Jacobs e七al are shown in Fig.3(c). Jacobs e七al (1977)

calcula七ed 七he ioni2:a七ion equilibrium and compared 七heir

results wi七h七hose of Jordan (1969) and Su皿皿er8 (1974).

The 七empera七ures of maximⅧl equilibrium abⅥndances obtained

by Jacob8 e七a1 (1977) are loweT七han他ose by Jordan (1969)

because of 七he inclusion of au七oioni2;a七ion into excited s七a七es

Qf 七h色reCO7nninlng ions. The co皿Par･ison between- Jacobs e七al.

(1977) and Jordan (1969) is shovm in Fig.4.

When the electron a-ensi七y i8 high's七a七es of n 'n七

(≡ themal limit) should no七be included in the s1皿a七ion

in eq (i.12), since the further exci七a七ion and ionization

-七e8 from all levels above n七are gTea七er七han those for

radia七ive decay (Jordan 1969). For Fe ions, this density

effect is not importan-or ne - 1012 cm-3 (Jordan 1970)･

I)ielec七ronic recombina七ion is a 且ominan七 recombina七ion

proce5S for many ions a七 1low densities and hi由1七emper-

ature5.

(3) Two-electron recombina七ion (Three-body TeCOmbina七ion)

The 七wo electron reco血bina七ion becomes efficient

- 14 -



a七very highdensi七ies and low七･empera七ures. This process

is 七he inverse process of electron impac七ioniza七ion.

℡わe rate eoeffieien七is given by Wilson (1967) as

α2(Ⅹ- Ⅹr1-1)･= 4-･･6･一方1O･一号う.･n･･e'･z-2(KT)-21 C･m3 s-1,
(3･15)

and 七he reeo血bina七ion rate by eollisional de-exei七a七ion of

levels above the t.herna1 limit nt is given (Wilson 1967)

by

αb
= 1･5 Ⅹ 10-34 ne z-2 nセー2(KT)-2 exp (=セカ打) cm3 s-1･

(3｡16)

4. Line tn七ensi七ies from a Thin, Ho七Plasma

Since the intensity of line emission is proportional

七o the ion densi七yl WeLfirs七consider the popula七ions of

ionization s七a七es｡

4.1.工oniza七ion equilibrium

The ion且ensi七y of ionic s七age 25 i8 0b七ained. by

solving a se七 of equations

dn

粛邑-sz_1 nenz_1 -Sznenz -oznenz.az.1 nenz.1

(4.1)
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where S iEl七he 七o七al ionization coefficien七 fTOm S七age 2;

2;

七eo stage z + 1 and a is 七he 七o七al recombina七ion coefficient
2i

from s七age 2:七o stage z
- 1. When七he ioni2;a七ion 日七a七e is

steady (dnz/d七- 0), the relative population of七wo successive
l

stages of ioni2;ation is given by

nz+1 Sz

I---■■--I-=
-■■■■■■■

n2; αz+1
(4.2)

The equilibrium density of an ion･ nz/n(Z)I where n(Z)
is

七he 七o七al nⅦnber density of七he element, wa8 Calcula七ed by

Jordan (1969, 1970) for C, Ⅳ, 0, Ⅳe, Mg, Si, S, Fe and.Ni

for七he 801ar corrlOna COndi七ion and for low density plasmas.

We use her results for low density plasmas (including

collisional ionization, autoionizauion, direct radiative

recombination and full dielectronic recombination) in order

七o calchla.七e 七he line in七ensi七y in the steady s七a七e. Jordan

za七ion
(1969) employed Seaton's (1964) fo glVeS an

overes七ima七e for XT > I2;･ As the ionization equilibri-

is aモモained for XT < Iz, the resul七should be essentially

the same as七ha七 ob七ained. with eq. (3.5). sumners (1974)

calcula七ed七he a.ensi七y dependen七ioni2;a七ion equilibrium of

hydrogen-1ike 七hTOugh Ar-1ikt∋ ions. He included 七he

dependence on 七he highly-excited s七a七e population with use

of z-dependence simplifica七ion七o calculate a and Sz･
2;

- 16 -'



a) Ionizing plasma

When a plasma is rapidly hea七ed 七o a high 七empera七ure

with a七ime scale七H, ioniza七ion七akes place with a七ime

scale of七I
-

1/Szne七i11 geセセing七he ionization equilibri-

for七H >七=, since Sz > a for a high七empera七ure plasma･
Z

The d･egree of ioni2;a七ion is sma11er七han七ha七 of七b.c steady

State value if tI > tH･ In this case the spectnm is

sof七er七han七ha七in七he steady s七a七e. GeneTally七he

maximⅦ abun且ance of each ion is propor七iona1七o 1/Sz･

Ⅳunerical examples of ion ablmdances for an ioni2;ing

plasma a七 a cons七anセ セempera七ure as a function of 七ime is

shown in Fig.ラ(a). =七oh (1977) calculated the emission

spectrum of a young supernova remnan七in七he ionizing

phase.

b) Recombining plasma

When a highly ioni2;ed plasma is cooled rapidly with

the七ime cons七anセセc, degree of ionization is greater than

七ha七in the steady s七a七e model for七c <七R, Where七R
≡

1/azne is the time scale for･ recombination･ and consequenuy

the spectrum is harder七han七ha七in 七he steady s七a七e.

Ⅳ1ユmerical examples of ion abundances for r'ecombining plasma

is given in Fig. 5(b) for a constant temperature.

Shapiro and Moore (1976) calculated a time dependent

equilibrium as a function of七empera七ure for七he gas which

- 17.-



is initially in the steady 8ta七e a七106
o1{
and cools

P

by ra･aia七iv.e cooling. =n七his case, highly ionize且ions

survlVel and the spectrum i;here from is hardeT･七han for a

S七ea且y s七a七e gas aセ セhe same 七empera七ure. Non-s七eady' cooling

has been she.led. also by E瓦fa七os (1973) and by E瓦fa七os a.nd

Tucker (1972).

4.2. Level population aensi七y

･The po･pula七ion density･
nz(p) of

level p fort an optically

thin plasma is expressed for七he collisional Tadia七ive model

by

#- El.cq去nz(q,ne一帽cpqne
･

qS.1
Cpqne ･

Spneう

p-1 ､ 空
･･

qE.A,q了nz'p'･qE.1‡cqpne
･

Aqpトz'q'･
a,nz･1ne,

(4.3)

Cqp :

where

collisional exci七a七ion or de-exci七a七ion rate

coefficient from level q to p

Apq: radia七ive七TanSi七ion probability from level p七o q

-

18

■
-



α :七o七al reeo血bina七ion rate eoefficienセ セo level p
p

nz+1: ion d･ensi七y of charge z+1･

The population density for七he steady s七a七e is determined

by solving the se七of eql温七ions for dnz(p)/d七- 0･ Generally

the population of七he groun且 s七a七e is much larger七han七ha七 of

o七heT S七a七es for low d･ensi七y plasmas of steady s七a七e,

such as for七he solar corona. The population den日i七y' of

level p is wTiセセen, neglec七ing七he cascade effects from

levels higher七han level p, as

a(p) -clpn(1) ne/ (4.4)

which is sometimes called the coronal condition or the

ionizing phase･ 1Nhen nz+1 >> nz for a low d･ensi七y plasma of

Steady state, the cascade effect and. the recombination cannot

be neglected and

nz(p,冨A,q
-

qi.1
Aqp n(q, ･･o, nz.1 ne･

(4.5)

which is called七he TeCOmt)ining phase. We show example岳

of七he level population of OVII for七he ioni2;ing phase

(nz.1 -

0) and for the TeCOmbining phase (nz - 0), respectively,

in Fig. 6 (Fujimo七o and E瓦七o 1978). For high elec七TOn

densities (eq｡ (5.1)), the collisional processes are dominant

and. n(p) reaches七o
local thermodynamic equilibrium.
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, 4.3. Line intensity

The line in七ensi七y from level p 七o q is glVen aS

Jpq=n (p) Apq, (4.6)

where n(p)
i日Calcula七ea from eq. (4.3).

For the ca.se of thin hot plasmas for which electron

collisional exci七a七ion from七he ground. s七a七e is dominant,

the line intensity is given from (4.4) and (4.6) as

Jpq = CIp n(1) ne Bpq pho七on8 Cm-3 see-1, (4.7)

where Bpq is the branching ratio of radia七ive decay･ from p

七o q.

4.4 Sa七elli七e line

Sa七e11i七e lines from an ion of charge a are located in

the long wavelength side of七he resonance lines of ion

2; + 1. They are Observed from SOme PlasmasI Such as laser

plasmasI Vacuum SParksl and solar flares･ Sa七elli七e lines

of ion z are produced by七wo mechanisms; (1) dielec七ronic

recombina七ion from 2: + 1 ion七o 2; ion, an且(2)
inner shell

exci七a七ion of z ion. Examples of七he observed sa七elli七e

lines from a laser plasma a･re Shown in Fig. 7.

- 20 -



(1) sa七elli七e lines from dielec七ronic recombina七ion

Sate11ite lines are emitted by dielectronic recombin-

ation as shovm in eq. (3.10) and in Fig.2.

The in七ensi七y- of sa七elli七e line in pho七ons peTuni七

volume is given from eq. (3.ll) by

A
r

Js(z-1) =rd Aa
+一云Ar)

nzne

3 A

exp (-Es/KT) ne nz

5.24Ⅹ10-27 u;･
_

J + L~-T一- I
〉

(KT)3/2

pho七ons cm-3 see-1

aAr
(r', r'i+rs, iT')

Aa +∑Ar

A A

萱a･T=AreXP (-Es/KT)ne nz

(4.8)

The in七ensi七y ratio of七he sa七e11i七e 七o 七he resonance

lines glVeS informa七i()ns on七he elec七ron 七empera七ure an且

ion a'o一皿dances. VVhen七he plasma is ho七and七hinI SO七ha七

a resonance line is produced by eollisional exei七a七ion from

the ground s七a七e,the in七ensi七y of a resonance line is

obta.ined. from eqs. (4.7) and(3.2)
as

JRl(z) I 5･0 Ⅹ 10-10 fi]･ a(y) Epq-1(KT)-1/2 exp

(-Epq/KT)Bpq nz ne･

- 21 -
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From eqs. (4.8) and (4.9), we ge七the ratio

Js(z-1)
-I- ≡ 1.05Ⅹ10-17

JRl(蛋)

Aa Ar exp((苫 -Es)/KT)

(Aa +∑Ar)
f -g (y)

(4.10)

which has no density dependence but on].y the temperature

a.ependence. For七he recombining phase plasma,the resonance

line is pro且uced by recombina七ion as given by (Fu3'imo七o

a_Tld E瓦七o 1978)

JRrく広一1)

-.U'#
( exp(I(p)/KT)r｡(p, z-1)Ar(p)nz

ne

(4.ll)

where ro(p'z-1)
is the population coefficien七which

coincides wi七h 七he Saha decremen七in 七he case of 七he

reconbining phase and i8 a function of七eホperature and

densi七.y. The ratio

Js(a-1)

JRr( z-1 )

(r-,T'-)Ar(rT,r'. →
rs'r--)

p.-+1

exp(一(Es '=)/K℡)
r p, 2;-1

A
a

耶丁

(4.12)

has nO且ensi七y dependence either, excep七in the factor ro･

=f we know七he electron density by other meansI七he valued
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of ro is ob七ainable･ Then, we can know the七empera七ure from

the ratio Js(a-1)/Jpr(乞-1)･ When the final s七a七e (rs･ r-I)

of a satellite line coincides with the initial state (p)

of the resonance line･･ Es + I is
equa1七o苫(r-I rt'-ラp)

which is 七he 七ran8i七ion energy of a sa七elli七e line.

Generally'for七he lowes七Ievels, Aa ', Ar and then Aa/

(Aa ' Ar) = 1･ The calculated ratios of the satellite to

the resonance line in七ensi七ies for七he ioni2;ing phase an且

for the TeCOmbining phase are shown in Fig.8, respectively.

(2) sa七e11i七e lines from inner-shell exci七a七ion

払一e Sa七elli七e line in七ensi七y produced by inner-shell

excitation of ion z is written

I

Js

=nz(p)ne
c-

∫

(Aa +∑Ar)

(4.13)

where CI ●is 七he collisional rate of inner-Shell exci七a七ion

and nz(p) is the population density of states from which the

exei七a七ion七akes place. ℡he imer-shell exei七a七ion rate

C. can be calculated by eq. (3.1) or eq. (3.2) with use of

the effective oscillator s七rength雪(Gabriel 1972, Bhalla

et al 1975). The excitation from an excited level is

negligible in七be low deⅡsi七y plasma. Generally七be

Satellite line intensity Js by dielectronic recombination

†

is larger than that by inner shell excitation Js
,
but
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the laセセer is no七always negligible.

5. Calculated Results

We presen七here 七he emission spec七rl皿 Calcula七ed for

thin ho七 plasmas under ionization equilibria

5.1. Assumptions and applieab土1i七y

Plasmas considered here are so thin that all the

den8i七y effec七S are n･egligiblel aS Shown in wha七follows.

When七he electron den日i七y is high, exci七a七ion七o all

levels above a certain level n七Can be res?rded as ionization,

since 七he exci七a七ion and. ioni2;a七ion rates from 七hese levels

are larger than the radiative decay rate. The electron

density and the 'value of n七are rela七ed七o one another as

(Griem 1964)

ne -

7Ⅹ1017(a..)7[◆ET/'z..)2IH了1/2exp(
4(z+1)2=H､17/2

) n七-]''乙･-17/2
1 7n七3Ⅹ℡

(ラ.1)

The density effec七is fo皿且impor七an七if n > 108 cm-3 for
e -

neutral atoms and ne = 5 I 1014 for ions of charge lO･ The

exci七a七ion energy of the level n七is glVen by

Eセニ1･3 Ⅹ 10-4(=z/KT)1/7 n 2/7 ev･
e

- 24 -
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The collisional ioni2;a七ion rate via such bound levels is

given by Wilson (1964, 1967) as

s七- 1.4 Ⅹ 10~8 z~2 (ET)-1/2 n七~2
exp〔-(Iz･Et)/KT〕

em3 s-1. (5.3)

Recombina七ion processes are also modified a七high electron

densi七ies･ Levels with n 'n七Should no七be included in

the sum七ion over levels in calcula七ing七he dielec七TOnic

recombina七ion rate. On七he other handl radia七ive decay

from bound levels above n 七o lower levels is equivalenセ セo
七

recombina七ion. The TeCOmbina七ion rate for七his process is

given by (Wilson 1967) as

a七(ⅩZ→ⅩZ-1)
= 3･0 Ⅹ 10-17 z4(KT)-3/2nセー1 exp (E七佃)

cm3 s-1. (5.4_)

Three body･ recombina七ion becomes impoT七an七for n >> 1017z7
e

(KT/=z) cm-3, and the rate coefficien七is given in eq･ (3･15)･

In order to calculate the line intensity? we use the

ioni2;a七ion equilibrium calculated by Jor･dan ( 1969, 1970)

for C - Ni ion and by Jacobs e七a1 (1977) for Fe ions.

They considered collisional direc七ioniza七ion, au七oioniza七ion,

radiative recombination and full dielectronic recombination.

The rate coefficients of七hese process;eS are discussed in

$3. Three-body recombination and the density-dependence1 0f
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direc七 ra且ia七ive an且 且ielec七ronic recombina七ion are neglected.

A七omic data for line emission are based on E瓦七o (1976).

Sa七e11i七e lines and K X-ray emission associated. with K-

electron ioni2;a七ion for ions which have outer E;bells are

neglected, whereas K文一rayS associated with K-electron

excitation are taken into account.

We neglect the excitation from levels other than the

ground. level. In mos七 cases 七he cascade processes are also

negligible, bu七we 七ake into accoun七 casca且e effec七S for

He-like and. Ne-like ions (Ⅹ瓦七o1976).

We use the cosmic abundances by Allen (1973) ((a) in Table

4) in this article, although slightly differen七abundances

((b) in Table 4).were used by Tucker and Koren (1971) and

also a丘op七ea byぬ七o (1976)･ The value n(Z)/nH
for

each elemen七is shown in Table 4.

▲

5.2. Proninent lines

The line in七ensi七y in a 七hin, ho七plasma is glVen

from eq. (4.7) as,

Ji,_i - ne

nH晋
Clp Bpq,

and 七he line emission power is wriセセen a日

upq-ne

nH%
kclp Bpq
pq)A

- 26 -
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where kpq is the energy of an emiセセe且pho七on･ As hydrogen

and helium are far more abundanセ セha.n o七heT elements and

are fully ioni2;ed in X-ray emiセセing celestial objects,

there holds ne -nH ( 1 + 2n(He)/nH)･

Hence eq. (5.ラ) is expT･eSSed as

2
ne

Jpq

=与1･ 2n~.He nH) 晋c.,Bpq･
(5･ラ)

we show in Fig･9 the in七ensi七ies Jpq/nenH Of represenセ-

a七ive lines as functions of七empera七ure for ionsつf 0 (Z = 8).

s (z ≡ 16) and Fe (Z
= 26) in the energ㌢mnge 0.06 - 1.0 key.

In七he energy range 0.う ー1.0 key strong lines are emiセセed

from OV==I (H-like), OV=I (He-like) and FeXV== (Ⅳe-like) ･

The emission from SV== - SX and ]Trom Fe=Ⅹ and FeX is･･

strong i'n七he range 0.1 - 〇.う keV. Ions OV=, OV, FeVI=I,

FeIX and FeX emi七 5七rong lines in七he energy range 0.06

- 0｡1 key. We use 七he ion abⅥndances calculated. by Jacobs

e七al (1977) fっr Fe ions which are iol I.2;ed more 七han七he ninth

degrees and for the temper;ature range higher than log

T = 6.2. For comparison we also give ●the in七ensi七ies

obtained from the ion abundances by Jorda.n (1969, 1970) by

a.oセセed lines in甘ig.9. The 七empera七ures aセ セhe maximⅧ

in七ensi七ie8 by Jぐrdan are higher七han七hose obtained with
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the results o.TI Jacobs e七 a1.
ヽ

t

InFig･ 1〇, the values of CIp Bpq, whichare eq-1七o

the pho七on emission rates per ion and per elec七ron･ Jpq/

nenz, are given for七he lines shown in Fig･ 9, and the

transitions and wavelengths of these lines are listed

in Table 5.

5.3. Comparison with other results

Abou七40 lines from l七o 100 a were七aken into account

by I,andini and Fossi (1970, hereafter referred七o as LF),
0

230 lines in七he wavelength range of 1
- 60 A and 90 lines

O

of 60
- 220 A respectively by Mewe (1972b, 1975), 459 lines

O

from l七o 70 A by Tucker and Koren (1971, hereafter referred

O

七o as TK), and 79う1ines^fTOm 1.七o 250 A byぬ七o (1976)七o

calculate the emissions f'oT SOlar coronal conditions. Raymond

and Smith (1977) and. S七erne七al (1978) have calcu.1a七ed 七he

O

line in七ensi七ies from l七o 200 A and from lOO七o 1000 R,

respectively, for inteTStellaT Plasma conditions. As they all

静Ve the emission powers in units of (erg cm3 s-1), wavelength

in R and temperature in
01(,

we use the same i,nits in this

section. Mewe (1972b, 197う), Tl(, H瓦七o (1976) s七erne七a1

(1978) used七he ion abundances calculated. by Jordan, whereas

I,F and Raymond and Smith (1977) eval1凪七ed七hem by七hemselves.

We have compared the spectra at log T
= 6.2 calculated

by LF, Tl(and X瓦七o (1976) in Fig. ll. In comparison with

the results by馳七oI TtE glVeS laTgeT POWerSI Whereas T'F
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glVeS Smaller ones･. The reason for the smaller values by

LF is considered as due 七o 七he facセ セha七 a. small numbef･ of

lines are 七aken into account. The in七ensi七ies for 七he

lines from Si and S ions by TK are generally larger七han

those by E互七o (1976). The difference arises fTOm七he

difference in the values of collision strength, as discussed.

in Appendix of H瓦七o (1976). A good agreemen七is obtained.

'be七ween七he results by Ⅸ瓦七o (1976) and七hose by Hewe (1972b,

1975) for strong lines.

We reealcula七e 七be line 土n七ensi七ies for a 七enuous

plasma in this article. The ion abundances of H瓦七o (1976)

are Changed from七hose wi七b 七he dens土七y effec七 of七he solar

corona condition to those without the density effect, and

the elemen七 abun丘ances from 七he TK abundances 七o 七he Allen

abundanees. We eompare 七he results wi七h 七bose by Stem e七 al

(1978), by Mewe (1972b, 1975) and by Raymond and Smith

(1977). some examples of the comparison for iron lines

are given in Fig. 12. Genera11y our values are larger by a

factor of 2 to 3 than those by Sternet al (1978) even for

七he 七ransi七ions for which 七he same values of 七he oscillator

*

strength and 'oranching ratio are used. vie guess that

the difference cones from 七he values of 七he 七empeTa七ure

米The numerical results given in S七erne七a1 (1977) are Subject

セo er.rors in 七heir computer code. The revised results are

in good agreemen七wi七h ours within 3,0/ofor七wo lines in Fig. 12.
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averaged. gaun七fac七or菖(y)
in eq. (3.2). s七erne七al (1978)

men七ione且 七haセ セhe values of 七he branching r-a七ios assⅦned

to be the same for a given transition for all members of

an isoelee七ron土c sequence may lead 七o a s1血s七an七ial error.

Howeverl七hisJ argumen七 dc,es no七holdI Since generally七he

values of branching ratio for a given allowed transition

do no七vary so much)a七mos七within a factor of 2･ The

main reason for the difference Of the intensifies is consider-

ed七o be due七o且ifferen七values
of菖(y).

we also compare

ourresu1七s with Mewe-s un且er七he same conditions and get

good agreemen七wi七h each other as seen in Fig. 12. We have

七o 七a.ke into accoⅥnセ セhe difference of 七he ion abun且ances

for the comparison With Raymond and Smith (1977), because

they use且 七he ion abundances calculated. by七hem｡ GeneTa11y

七he 七empera七ure aセ セhe maximum in七ensi七y by Raymond and.

Smith (.1977) is higher than others. This difference is

prol〕ably due 七o 七he difference in七he ionization Ta七e co-

efficients, sゴーnce they used those of Su-eps Which glVe Smaller

4J

values七han those used by Jordan (1969, 1970) and also by

JOtZ (1967).

ラ.4. Radia七ion losses

We calcula七e 七he radiation loss rates for 七welve

elemen七sI HI HeI CI NI OI NeI MgI SiI SI CaI Fe and Ni in

the七empera七ure range 104 - 107
ox
Lmder ionization

O

equilibrium. For七he lines of wavelengths from l七o 2うO A
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the atomic data. employed by Ka七o (1976) are used. V･le

O

add 139 lines of wavelengths longer than 250 A, so that

their con七ribu七ions accolユn七 for prac七ically七he 七o七al

rad･iation loss by line emission for all the wavelength range.

The Tadia七ion loss rate calculated. for each

elemen七is presented in Fig. 13. Fig. 13 (a) showsヤhe

radiation loss rate U/men(Z) of each element, whereas Fig･ 13

(b) presents the cooling Ta七e U/nenH for七he in七ers七ellar

plasma of七he Allen●abun且ances. The 七o七al emission rates by

bremsstrahlung (B) and by direct recombination (R) are also

shown. The ions of degree of ionization lower七ha･n

Ca=VI FeVI== and ⅣiX are no七considered in this calcula七ion･

The total cooling rate in Fig. 13(b) is in good agreement

wi地七ha七by Raymond e七al (1976). one Can see七ha七

bremsstTahlung is of negligible importance for T < 5 I lO6K.

Recombina七ion radia七ionキs also negligible excep七for T <

2 x 104 K. I)ielectronic recombination contributes more than

Tadia七ive recombina七ion for iわns with shells o七her 七han 七he

hT-shellI ye七is unimpor七an七 compaTed with line emission･

Howeverl dielec七ronic recombina七ion affec七s 七he ionization

equilibTiumana accord.ingly influences 七he loss rate by

line emission, as discussed below.

Contributions of representative lines to the total line

emission are glVen for each of 七hTee impor七an七 elemen七s,

0, S and Fe in Fig. 14｡ For 0 and S 地e con七ribu七ions of

strong lines are Shovm in Fig. 14(a) and, (b), respectively,
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wher･eby地e 二:i('n abundances are adopted from Jordan (1969).

For Fe i;he ion abuⅡdances calculated by Jacobs e七al. (1977)
■

are adopted, and･七he emission power of七he 七o七al甘e ions

thus obtained is compared wi七h 七ha七 based on Jordan-ら

ion ab1皿dances in Fig｡ 14(c)｡ The emission rate based on

the ion abundances of Jacobs e七 al shows a minimum a.七

abou七1og T = 6.ラ, whereas 七ha七 on Jordan-s abundances shows

a mono七onic decrease aセ セempera七uTeS Of log T > 6.1. This

is because the dielectTOnic recombination rate is reduced

土n eompariso‡1 Wi七b 七be rate wbicb does no七include 七he

au七oioniza七ion into excited s七a七es. This res1】1七s in 七ha七

the ion abundance reaches a maximunat a lower tempera.tu･re,

and consequentltv in that the rate of line emission is reduced

for ions with a closed L-shell plus a few electTOnS and a

few holes. Al七hough七he ion abundances of 0 and S with

revised dielectronic recombination rates are not available

yet, this effect is considered to be of little practical

importance; AS七he L-shell is no七fi11ed up)for O this

effect is
small;

for S this effect can be important, but

its cont;ribution to the total radia.tion is of minor im-

POr七ance in the七empera七uTe range Of in七eres七,ラ.3三1og

℡三う.8.

6. Observed X-Ray Spectrum

6.1. PTOPOrtional counter

Propor七ional colm七ers are commonly used･七o obser･ve 七he
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Ⅹ-ray spectra of celestial objects, because of七heir

app]_icability over a wide energy range of interest, of high

efficiency, of large area and of low cost. We consider

here proportional counters as de七ec七ors of pTaC七ical use.

The efficiency' of a pTOPOT七ional counter is de七eTmined

′

by the transmission probability through the counter window

ar).a loy七he absorption probability of 七he counter gas, both

depending on the photoll energy. We E;how in Fig. 15 i;he

energy a.epen且ences of 七he 七ransmission probability for七hree

typical thicknesses 0.8, 1.5 and 3.9ドOf the polypropylene

wind_ow which is of curren七 use for cosmic sof七Ⅹ-my experiments

(Hayaka.wa e七a1 1972, K畠七o e七al 1974). The七ransmission

pTObabili七y has -a sharp minimum associated wi七h 七he K-

absorp七ion edge of Carbon a七 284 eV and decreases rapidly as

energy decreases below lうO eV.

The absorption probability by gas can be made practically

100 '7oa七low energies by using appropriate gas a七a consider-

able pressure. I七 aecreases as energy increases and peaks

aセ セhe at)soTP七ion edge. A slglifican七 frac七ion of energy

absorbed. by K-elec七TOn ioni2;a七ion is released as a K X-ray

pho七on if七he K-fluorescence y'ield is large, and K X-rays

escape ou七 of 七he gas. In七his case 七he energy absorbed in

七he 8声S foTmS 七he so-called escape peak, which appears a七

an energy equa1七o 七he inciden七 eneTgy minus 七he K X-ray

energy.
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When I-rays are absorbed by gas,they produce 七he

primary elec七rons whose average nⅦ地er is nearly equal七o

the absorbed energy divided by a constant energy which is

charac七eris七ic of 七he counter gas and is abou七 30 eV for

Ar. The n一皿ber of primary elec七TOnS Obeys a Poisson

distribution, and its dispersion relative to the average

number gives七he energy resolu七ionムk/k.

℡bis is expresse且as

△k/k -R/JT,
(6.1)

where R ≡ 0｡4･8 is atypical value. This glVeS七he value of

20序a七5.9 key, the K X-ray ener･gy of a radioactive source

55Fe
co皿Only used for calibration. Since △k/k三1 for

k < 0.2 key,the line energy can be hardly determined by

pulse height measurements in the very low energy region.

払e puユse heigh七dis七ribu七ion measured with a coun七eT

i日eXPreSSed as P(kx･ 汰)dk, where kx IS the文一ray energy

and k七he pulse heigh七in energy units. The function

p(kx, k) has the main peak centered at kx and the e=,cape

Peak a七about k ･- ko, where ko is the energy of the Eo
X

phoもbn5･ For the inciden七Ⅹ-ray Spec七rⅧ f(kx)dkx, the

pulse heigh七 spec七rum i8 glVen aS

g(k)
≡ f(kx)巳(kx)p(kx, k)dkx

-34
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where E(klJこ)
is七he counter ef･L:'icienc･v･ Generally r'(kx, k)

can t)e expressed. as a Gaussian dis七ribu七ion.

The inciden七spec七Tumf(kx) can be obtained by solving the

in七egTal eq1凪七ion (6.2). In practice we assume a spectrum

which depends on several paTame七ers and find a bes七fi七by varying

the values of the parameters. SpectTa for the thermal

emission from 七hin plasmas are often ad.opted. as 七he assumed

spectra, and the emission measure, the temperature and the

eiemen七abundances
Pare regarded as variable parameters.

Since the contribution of several st.rong lines dominate over

othersl it may be useful to show relative contributions of

七bese lines a七 dif■ferenセ セempera七ures.

Fig. 16(a)
- (f) show the photon emission coefficient

七imes 七he counter efficiency agalnSセ セempera七ure for each

strong lines. If two lines are very close to each other,

such as 七wo closely弓PaCed lines of OVI=,they are combined･

七o form one line. The value of f(k)こ(k) can be obtained from

Fig. 16 as

f(汰)こ(k) -J(k)E(k)訂(k -ki)耳M/4n
(6.3)

where ki is the pho七on energy for a glVen line and EM is

the emission measure, the integral of nenH over the I-ray

source along the line of sight. The element abtmdances

compiled by Allen (1973) are assumed. The calculated results
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for七hree win丘ow七hicknesses, 0.5, 1.3 and 3.9トとm hydrocarbon

film, are pTeSen七ed for the L (0.1 - 0.4 key)- and lTIyl(0.4
-

1.0 Rev)-bands separately. Some strong lines, such as the

CV= Lycr･I are OmiセセedI Since七hey are strongly absorbed by

the window film because of七he a-absorption edge Of carbon.

These figures may be useful for 1皿ders七anding how one can

obtain the relative contributions of strong lines.

An example for spectral fitting is given in Fig. 17.

The spectra of七he I'upus Loop region observed with lドand 4ド

propoT七ional coⅥn七ers are fiセセed. by a mixture of fou'r'1ines,

OVII (0.56 key), OV==I (0.65 keV), FeXV=I (0.83 keV) and

Ⅳe=Ⅹ (1｡016 key). The f11Ⅸ Of each line is 七hus obtained with

a reasonably small九2 value.

6.2. Pulse heigh七 spec七rum

We show examples of the pulse heigh七spec七rum g(汰)
in

eq｡ (6.2) which i8 folded wi七h七he counter efficiency and

energy TeSOlu七ion. As a star)･dard proportional counter, we

七ake七he value 0.48 for R. The calculated pulse height

Spec七ra from a. ho七 plasma of Allen-s abundances for several

七empera~bures and for七hree 七hicknesses of polypropylene window

are given in Fig. 18. The con七rit)u七ions of respective elements

七o 七he pulse heigh七 spec七rlユm are also shown. I)ominan七 con七ri-

bu七ions come from Fe† Si an且S in七he energy TeglOll below

0.5 keV a七Iow七empera七uTeS, Whereas a七high七empera七ures Fe,

ぐ and lqe are dominan七in 七he energy range 0.5 - 1 key.
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Continuous em土ss土on becomes impor七an七below 0.5 keV, as

shown by dotted lines.

The pulse heigh七 spec七ra obtained from七he calcula七c,a

spectra by LF, by TK and by馳七o (1976) a七Log T ≡ 6.2

(which are shovm in Fig. ll) are compared in Fig. 19. They

are normalized. by 七he in七ensi七y a七1 key. The slope by TK

is 七he s七eepes七and 七ha七by LF is 七he leas七s七eep. The reason

foT七his difference is discussed in $5.3. Ås TK overes七ima七es

line emissions in the energy range 0.18 - o.4 keV from Si

and S ionsI七he 七empera七ure derived from an observed spee七rum

with use of the results by TK gives a higher value than that

by臨七o (1976). The pulse heigh七spec七Tum below 0.2 keVby TK

declines more rapidly七owards low energy七han七hose by

others Since TK discarded the lines below 0.18 keV.

The proportional scintillation counter has a better

resolution than proportional cotmters, since scintillai;ion

ligh七 emiセセed fTOm七he counter gas is measured. The resolution

is beセセer by a factor of 七wo 七han 七he ordinary proportional

counter a七presen七. The pulse heigh七 spec七ra with R ≡ 0.24

and R
= 0.12 ar'e shovm in Fig. 20.

Since cosmic sof七三-rays are subjecセ セo absorption by

neutral in七ers七ella･r maセセer,the pulse heigh七 spec七ra with

R = 0.48 modified by interstellar absorption are shovm in

Fig. 21. The absorption cross section per hy且rogen atom is

taken from王)Town and Gould (1970).
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Table 1.

Gaun七fac七or gff (汰, KT) for bTemSS七rahll皿g

琴(keV)
2:

u-k/KT-gff(u)

0.0014-0.0136
く0.ll.12u-1/6

>0.1-1

0.0136-0.136
く0.1u-0.19

>o.ll.2u-0.1

0.136-1.36 ･o.1花/nKo(普)eu/2
>o.1u-0.3

l.36-l3.6
allrange¶/73-Ko(普)eu/2



℡able 2

The values･.f S/Z4 f.r rec.mbinati.n radiati.n

可
Z n=1 n=2n=3

HⅠ-like
)

一

alュ 1 0.12う0.037

HeI-like

CVI工I'iOVII

一

I

』

8 0.36 0.0730.022

SiXVづSiXⅠⅤ 14 0.42 0.0930.028

FeXXVIうFeXXV 26 0.46 0.1070.032

LiI-like

0V工 8 0.0440.012

SiXⅠ工工

FeXXIV

14

26

0.0670.020

0.0870.027



Table 3

parameters for recombina七ion coefficien七8 0f eq. (3.9) and eq. (3.14)

WI Bd

(keV)

二on Ar

____也HeI 4.3(-13)

cI 4.7(-1う)

cII 2.3(-12)

c=== 3.2(-12)

CIV 7.ラ(-12)

cv 1.7(-ll)

NI 4.1(-13)

Ⅳ工工 2.2ト12)

ⅣⅠⅠ工 5.0ト12)

ⅣⅠV 6.うト12)

NV* 1.5(-ll)

ⅣⅤ工 2.9ト1-i )

oI 3.1(-13)

0ⅠⅠ 2.0ト12)

OII= 5.1(-12)

0工V 9.6(-12)-

OV★ 1.2(-ll)

OVI* 2.3(-ll)

OVI= 4.1(-ll)

ⅣeI 2.2(-13)

Ⅳe工I 1.ラ(-12)

Ne工IT 4.4(-12)

NeIV 9.1(-12)

rleV 1.ラ(-ll)

ⅣeVI 2.3(-ll)

NeVtI* 2.8(-ll)

NeVIII* 5.0(-ll)

ⅠすeIX 8.6(-ll )

て
言芸;)言…記号言_dcE?s-1keV,,2

.672 .0086

.624 .0026

.64う .0086

.770 .026

.817 .086

.721 .026

.608 .oo86

.639 .0086

.676 .026

.743 .026

.tSう0 .26

.7う0 .86

.678 .0043

.646 .0086

.666 .026

.670 .026

.779 .0う2

.8o2 .26

.742 .86

.759 .00ti6

.693 .00t56

.67う .0■17

.668 .o26

.684 .052

.704 .086

.771 .086

.832 .う2

.769
2.6

.oo43
4.8(-14)

.oo10 1.7(-14)

.oo10 1.d(-13)

.0009 9.6(-14)

.o38
1.2(-12)

.060 1.2ト12)

.0016 1.3(-14)

.0016 4.3(-14)

.0021 3.0(-13)

.0013 1.4(-13)

.0う9 1.9(-12)

.06とi 1.7(-12)

.0023
3.5(-14)

.0019 3.ラ(-14)

.0021 7.1(-14)

.0022 4.つ(-ll,)

.0014
1.t5(-13)

.086 2.8(-12)

.13 2.2(-12)

.0026 3.3(-14)

.002とi 7.8(-14)

.002とi 1.9(-13)

.0030 1.4(-13)

.0031
2.5(-13)

.0031 1.0(-12)

.oo2う
2.8(-ll)

.13 4.6(-12)

.31 1.',(-12)

- Table 3-1 -

.041
0.3

.0081

.009う
3.0

.0042

.011
0.う

.020

.0078
2.0

.032

.29
0.2

.044

.35
0.2

.066

.011
3.8

.012
4.1

.016
1.4

.0095
3.0

.41
0.2

.47
0.2

.0041

.0059

.033

.0う1

.062

.084

.01う
2.う

.011

.01う
ぅ.3

.0050

.016
6.0

.0078

.019
2.0

.0う1

.011
3.2

.069

.5_1
0.2

.082

.60
0.2

.ll

.027
1.つ

.013

.025
0.6

.015

.022
0.7

.039

.021
4.3

.015

.021
4.8

.o?0

.02う
1.6

.〇9う

.01う
う.〇

.ll

.84
0.2

.12

.9う
0.2

.22

Note: Table 3･2 and Table 3･3 are
to be found after

Tables 4 and 5 due to a printers
error.
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γable 5

=soe1. Tilan.

No. TTanSition

冗 1

3p
′ヽ

乙

斗

6

5

H

He

Ee

He

k(Rev)

1s3p(1p)1s2(1s) _

2s - 3p

2s 一 斗p

5p

(3p) _

2s3d(3D)

-

3d(2D)

-

2p23d(叫p)

p)
-

2s2p33s(叫p)

P)
叫s)

也(ち

3p)
-

2p33d(3D)

p

2

(

p

(

2s

2s2

(
3

2

む

2p

2p

2s

2p5(2p) - 2p叫3d(2s,

2
p
,

2D)

(1s) -

2p53d(1p)

(1s) -

2p53s(1p

2p(2p) - 2s2p2(

2p3(斗s) - 2s2p叫
′ヽ

(jp) - 2s2 :p

3l
) -

2p33d(

)
2p)

｢(

〉5(

D)

6

6

2

2

2p

2p

2s

2s

2s22p叫

2p斗(3p

(1s) -

2p53s(1p)

(1s) -

2p53d(3D)
-

2p53d(1p)

3s3p斗p(2D)

3d(3D)
23d(斗p)

2斗d(叫p)

(3s)

(2D)

(2p,

3p

3p

3p

P)

2p6

2p6

2p6(1s)

3s23p(2

3p2(3p)

3p3(叫s)
-

3p3(斗s)
-

3P叫(3p)
- 3p34s

3p5(2p)
- 3p斗3d

LIB

斗d(2D,
2p)

3p5(2p) - 3o叫

3p5(2p)
- 3p斗

p53d(1p)

p5斗s(lp)

p5叫d[3/2], [5/2]

3p53d2(2F)

3p53d2(2D･)

3p6(1s)
- 3

3p6(1s)
- 3

3p6(1s)
- 3

3p63d(2D)
-

3p63d(2D)
-

3

5

2

1

6

6

1

ち

1

2

5

7

10

6

6

1

7

6

5

1叫

3

斗

1

3

4

2

1

斗

2

1

7

5

1

i

1

e

L

L

L

B

B

N

N

0

F

Ⅳe

Ⅳe

Ne

Ne

Ne

AI

Si

S

CI

CI

CI

A

A

A

X

E

0.653 19.0

0.775 16.o

0.57叫 21.6

0.561 22.09

0.569 21.8o

0.666 18.63

0.083 150.10

0.10`f 115.8o

o.118 10斗.81

0.06L1 192.85

0.3斗o 36.50

0.292 斗2.50

0.238 52.0

0.252 叫9.20

0.23叫 53.0

0.20斗 6o.8

0.172 72.03

0.102 121.0

0.115 108.o

0.919 13.50

0.739 16.77

0.8o2 15.叫6

0.827 15.0

0.221 56.20

0.06斗 195.1斗

0.139 89.20

0.073 170.90

0.128 97.0

0.161 77.0

0.072 17.1.06

工工

工工

工

工

Ⅰ

工

0

0

0

0

0

0

Ⅴ工
r

V工

Ⅴ工

Ⅴ工

Ⅴ工

Ⅴ工

OV工

OV工

OV工

OV

SXII

SX

SX

SV工工工

SV工工.

SV工工

FeXX

FeX工Ⅹ

FeX工Ⅹ

FeXV=

FeXV工

FeXV=

.FeX=V

FeX工工

FeX=

FeX

FeX

Fez



WI Bd

(_key)_
_ _

.0044
0.0

.0うぅ
0.0

.03日
3.0

.034
3.2

.029
3.2

.027
6.7

.027
4.4

.031
3.5

.018
10.0

1.2 0.2

1.3 0.2

W2

エj望丈

.03う●

.075

.o86

.046

.0?.l

.14

.18

.21

.30

℡eri七 Ad

(keV) ･(cm3 s-1 keV3/2

.o9034
4.3(-14)

.oo64
8.6(-14)

.oo57 9.9(-14)

.0047 2.4(-13)

.oo38 3.8(-13)

.oo39 3.0(-13)

.oo39 3.5(-13)

.oo43 9.6(-13)

.oo29 3.ラ(-13)

.21
6.6(-12)

.34 4.3(-12)

Ion Ar

蒜=⊥⊥
h皿3′ ㌔

N[g工斗

_｣L.4(-13)
MgII* 8.8(-13)

MgIII 3.5(-12)

MgIV 7.7(-12)

MgV l.4(-ll)

MgVI 2.3(-ll)

MgVII 3.2(-ll)

MgV=II 4.6(-ll)

MgTX井 う.8't-ll)

MgX★ 9.1(-ll)

卦岬I l･うト10)

SiI う.9(-13)

siII★ 1.0(-12)

SiII工 3.7(-12)

siIV う.ラ(-12)

SiV 1.2(-ll)

SiV工 2.1ト11)

siVII 3.0(-ll)

siVIII 4.3く-ll)

siIX う.8(-ll)

siX 7.7卜11)

siXIr* 1.2(-1O)

SiX工工 1.ラ(-10)

SiX工Ⅰ工 2.1(-10)

S工 4.1(-13)

S工工 1.8(-12)

3工工工 2.7(-12)

c'l=Ⅴ う.7(-12)

sv 1.2(-ll)

SVI米 1.7(-ll)

3VII 2.7(-ll)

1丁;;≡

._855
. Oq_26

.838 .0086

.734

.718

716

69う

691

.026

.043

.o86

.086

.086

.771 .17

.8o4 .26

.830 .86

.779 .43

.601

.786

.693

.821

.71う

.716

.702

.688

.0

.0

.0

.0

o26
.0009う 1.6(-13)

052
.00095 3.5(-13)

o86
.0009う 2.8(-13)

26
.01う ?.ラ(-ll)

.0う2

.o86

.o86

.o86

.703 .17

.714 .27

.85う .86

.831
2.6

.765
4.3

.630

.686

.74う

.0

.∩

.0

026

∩う2

086

.7うう .026

.701 .026

.849 .086

.73.3 .086

.oO82
2.つ(-ll)

.oo69
4.0(-ll)

.oo64 5.8(-1_V

.oo59 2.8(-13)

.oo57 2.8(-13)

.ooう6 1.2(-12)

.oo39 4.6(-13)

.32
8.6(-12)

.う4
5.3(-12)

.oo19 1.8(-15)

.oo10 1.2(-13)

.oo12 2.ち(-1｢)

.oo11 1.1(-12)

.oo12 6.ち(-1?)

.02う

.011

7.8(-ll)

3.3(-13)

- Table 3-2 -

.009う
0.0

.010
0.0

.oo86
0.0

.010
0.0

.047
10.0

.042
4.0

.o36
8.o

.033
6.3

.032
6.0

.036
う.0

.022
10.ラ

1.6 0.2

1.7 0.2

.009う
0.0

.010
2.ラ

.011
6.0

.016
0.0

.013
0.0

.16
0.0

.0う6
22.0

.o86

.ll

.1う

.0う2

.09う

.22

.24

.27

.38

.0076

.01?,

.16



7Tr?I(

1 T

.‥､.‥‥.
.
Yl･:1.…. Bd.‥. W2.

keV3/2) keV

.0う1

.047

.041

.036

.043

.026

2.1

2.2

______⊥也｣

6.4
.17

･

13iO
.20

6.8
.10

p1

6.3
.ll

4.1
.29

12.0
.31

0.2
.40

0.2
.47

二こニ1
-i-r

- tl-=:1Ⅹ-I--=｡ri｡一三ミ--

__ _
(_cmii:ユL _._

"_
1k_eV)_

_ _Lk_eVL_"LBg3i-]
svI== 4.0(-ll) .696 .086 .do95

5こj(-13)

sIX 5.5(ゴ11) .711 .13 .0076
8.占▲(-13)

sx 7.4(-ll) .716 .13

sxエ 9.2ト11) .714

sxエ工★ 1.4(-10) -

.7うぅ

SX工Ⅰ工★ 1.7ト10) .832

sxIV 2.5(-10) .852

sxv 3.3(-10) .783

.22

.52

.86

8.6

8.6

.oo76 7.6(-13)

.oo76 7.8(-13)

.oo72 1.6(-12)

.0052 う.8(-13)

.43
1.1(-ll)

.77 6.I(-12)

- Table 3-3 -



Figure Captions

Fig.1. Ionization ilaもe■cbefficien七s (a) for oxygen ions and

(b) for iron ions′. The solid line repre百en七s七he

ra七e by au七oi()niza七ion, and七he dashed line by d.irec七
′

eollis土onal ionization.

Fig.2.｢ Energy level diagram
･Of'dielec七ronic

recombina七ion

from王ie-1土ke 七o IJi-like ions.

Fig.3. Comparison1.･between the rate coefficients of dielectro-

nic recombina七ion od Calculated by several authors I

The dashed line represents the r'adiative recombination

coefficien七or･ (a) For C ions; the solid curves

l

ind･ica七e the results (Gd) by Aldrovandi and Pequigno七

･(1973)'the doセセeq
curves (od) by Ansari e七al (1970),

ana the doセーdashed curves (od 'Or) by Nakamura e七al

(1977)･ (b) Forge ions; the solid curves (od) by

Ansari e七a1 (1970)I the doセセed curves (or 'od) by

Jordan (1970) an丘the doセーdashe丘curves (or 'o･d)

bylbkamura e七a1 (1977)･ (c) oT + ｡dbyJacobs

et a1 (1977) for Fe ions.



Fig.4. The ioni25a七ion equilibrium for Fe ions calculated I)y

Jacobs e七al (1977) (solid lines). The TeSu1七s by

JoTdan(1969, 1970) are shown by dashed, lines for

the sake of comparisop_+:, Adop七ea from Jacobs e七al (1977).

Fig.5. Time his七oTy Of ionization of 0 ions. (a) Ioni2iing

plasma for a cons七anセ セempera七ure KT I 0.3 keV. The

ini七ial ion abundances are七aken七o be
a(OVII)/n(0)

= i.0. Solid curves: with dielectronic TeCOmbination

and. au七oioni25a七ion. Dashea curves: wi七hou七 dielec七ro-

nic TeCOmbination and autoioni2;ation. (b) Recombining

plasnn for a cons七anセ セempera七ure KT = 0.1 keV｡

n(OIX)/n(0)
= 1.0 for七he initial ion abundanceE;.

Fig.6. The population density of OVI= for T = 106
oK
and

e

ne
= i,018 cm-3･ (a) Ionizing phase; n(OV===) =

0･o･

(b) Recombining phase; a(OVl'=) =
0.0.

Fig.7. Observed白a七色11i七e lines from a laser Plasma.

(yamaguchi et a1 1978).

Fig｡8. The calculated ratios of七he 5atelli七e七o resonance

line in七ensi七ies for 0 ions as a function of

七empera七ure. (a) =oni2:ing phase, (b) Recombining

phase. The dashed line represen七E)the results for

ro(P,z-1)-1･0･



Fig･9･ Line in七ensi七ie8
Jpq/ n弓rlH Of s七TOng

lines as

func七ions of.i;empeTa七ure for plasmas of ioni2;a七ion

equilibriⅦn,with Allenls abundances. The numbers

in七he par'an七heE;eS in°.ica七e 七he energies Of lineF: in

keV.

(a) 10 ions. The energy range of七he lines is 0.ラー1.0近eV.

(也) o ions, 0.06-0.1 key,

(e) s土ons, 0｡1-0.うkeV,

(a) Fe ions, 0.5-1.0 key,

(e) Fe ions, 0.1-0.5 Rev,

(f) Fe ions, 0.06-0.1 key.

Fig･10･ Pho七on emission rate per ion per electron Jpq / ne nz

foT七he lines shown in Fig.9.

(a) o ions, 0.5-1.0 key,

(也) o ions′ 0.06-0.1 key,

(e) s ions, 0.ト0.うkeV,

(d.) Fe ions, 0.5-1.O keV,

(e) Fe ions, 0.1-0.5 keV,

(I) Fe ions, 0.06-0.1 key.

Fig.ll. Compari日.dzl./ Of spec七Ta a七log T = 6.2 (ET = 0.14 key)

calcula七ed･ by Landini and Fos8i (1970), by Tucker and

KoTen (19了1) and by E瓦七o (1976).



Fig.12. 〇ompaTison be七ween七he line in七ensi七ies of iron ions

againsセセempera七ure calculated byぬ′七d (1976) (solid

curves), by Stern e七al (19T76) (dashed二curv占s), by

Raymond and

_Sm_i坤(19.7ウ)
(doセーdashed･ cuTVeS)

bE M.ewe

(1972b, 197う) (doセセed curves). The n1皿bers indicate the

O

waveleng七bs of 七be lines in A.

Fig.13. (a) Radiation loss rate per electron and per atom of

atomicnumber･?1.U･/ nenz (erg cm3 see-1) for H･ Her C.･

Ⅳ, (), Ⅳe, Mg, Si, S, Ca, Fe and Ni ions. (b) Radiation

los･s Ta七e U / ne nⅠi for七he in七ers七ellar plasma of Allen-s

ab1皿1dances.

Fig.14. ContTibution of each line to the toi;a1 line emission.

(a) o ions, (b)s ions, (c) Fe ions. 'ilhe dashed. line

sbow∈ヨ セhe 七o七al emission rate obtained wi七h 七he ion

abundances by Jordan(1969, 1970), whereas the solid

lines by Jacobs e七a1 (197. ). The numbers repTeSenセ

セhe wavelengths of the lines in a.

Fig.15. The energy dependences of 七he 七ransmission probabili七土es

foT 0.81 1.5 and 3.9けPOlypropylene windows.



Fig.16. Pho七on emission ra七e 七imeE5 七he counter efficiency as

a funci;ion of temperature for each strong lir)e.

℡he n1皿ber in七he parentheses glVeS 七he energy of

the line in Rev. The element abundarlCeS by Allen are

′

used. (a) 0.うけPOlypropylene window,the energy range

of thelinesis 0.4･- 1.0 key. (b) 1.3ド,0.4- 1.0

keV. (c) 3.9Ll, 0.4-.1.0 keV. (a) 0.うー, 0.1 -0.4

keV. (e) 1.3p, 0.1 -0.4keV (f) 3.9p, 0.1 -0.4keV.

Fig.17. An example for spectral fitting of the spectra o'f

Lupus Loop observed with lト1 and 4い PrOpOr七ional counters.

Four strong lines r･VIT (0.56 key), r}VrIT (0.65 keV),

FeXVII (0.83 key) and NeIX (1.016 keV) are used 七o fit

セhe spectra. The sum of 七heir con七ribu七ions is shown

by a step-wise solid line.

Fig･18･ The pulse height spectra g(k) /ne2 obtained by

propor七ional counters from a ho七 plasma of Allen-s

abundances for severa1七empera七ures and 七hree 七hick-

ness of polypropylene window. The counter resolution

R = 0.48 is assⅧed. The con七ribu七ions of七he line

emissions of respective elements and the continuous

emissionaTe also shown. (a) 1.うu, 1ogT -61.1, (b)
=

1.うーu,log T=6.3, (c) 1｡うー, log T=6cう, (a) 0.8u,



log T=6.1. (e) 0.8u, log T=6.5, (f) 3.9p, log TL=

6.1, an且(g) 3.9u,･log T=6.5.

Fig.19. CompaTiEiOn ; be七ween七he pulse hei由1七 spec七ra

ca1.cula七ed by LF, by TK and by･馳七o (1976) for1?.g

T = 6.2 an且 七he window 七hicknes$ 1.5ド.

Fig.20. The pulse heigh七spec七ra for七he resolutions k =

1

R†首withR
- 0.24ahd a- 0.12.

Fi套.21 ∴ The pulse heigh七 spec七ra modefie且by in七ers七ellar

absorp七ion. The dashed lines indica七e 七he con七ri-

bu七ions of 'con七inuous emission. The nⅦnbers represent

地e hydrogen colu- densities ⅣH in H atoms cm-2･
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