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BY
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Department of Astronomy, Faculty of Science, Kyoto University, Kyoto
                 (Receiyed Noyember 1, 1972)

ABSTRACT
   The total intensities of Hcr, Hp and P. Iines emitted from a finite uniform plane-

parallei atmosphere are calculated for all combinations of electron temperatures of
6000, 7000, 8000, 1OOOO, 15000, 20000QK, total number densities of 10iO, IOii, 10i2, IOi3

cmH3, altd geometric thicknesses ef 1000, rOeeO, 1000eO km. The turbutent velocity is

taken as IO km/sec. The atmosphere, standing vertically upon the solar surface, is
illuminated on both .gides by photospheric radiation and chromospheric UV radiatioR.

The model atom has four discrete leve]s and a continu"m. The line is assumed to be
purely Doppler broadened. Detailed balance in Lyman Iines is assumed.

1. Introduction

   Balmer lines are very strong in most of visual emission spectra of cosmical objects

because hydrogen is the most abundant. For atmospheres which are optically thick in
Balmer lines, it is a complicated problem to calculate their intensities. It is necessary to

solve simultaneously the transfer equations of several lines and continua with the steady-

state equations. With the recent advance of the numerical solution of the transfer equation,

several authers have solved the hydrogen multi-level problem (see Athay, Mathis and
Skumanich 1968). There are some investigations concerned with a comparison with
observations. Hearn (1966, l967) has calculated the total intensities of Lyman ev and Blines

emitted from a finite slab and tried to determine the physical conditions of the emitting

region. Cuny (1968) has calculated the profiles of Lyman cr and B lines for a few models ofthe

chromosphere and further obtained the absorption profiles of "El. and Hp lines assuming
detailed balance in Lyman lines and compared them with the observations. In the study of
early-type model atmospheres Mihalas and Auer have studied the effect of hydrogen lines

and continua on the model atmosphere and obtained the absorption profiles of Balmer
lines (see Mihalas, 1970)

    However no exact calculation has been made on the emission intensities of Balmer lines

as yet. The physical conditions in spicules and prominences are wellknown as compared
with those in other cosmical objects showing emission spectra. By comparing the thebretical

intensities with their observations, we can understand the properties of Balmer Iines better.

Such knowledge would be usefu1 for the study of cosmical emission objects whose physical
structures are unknown. Thus we calculate Balmer emission intensities in the conditions of

chrornosphere and prominences.
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2. Steady-stateequatiens

    Throughout this work we use a model atom with four discrete levels and a continuum.

The model atom is governed by Rydberg formula with a Rydberg constant Rff==
109677.576 cmmi. Oscillator strengths are taken from Goldwire (1968). Photoionization
cross sections are obtained from the approximation formulae for bound-free gaunt factors
given by Mihalas (l967). Following the suggestion of Sampson (l969), we adopt the col-
lisional transition rates used by Peterson and Strom (l969).

    The steady-state equations are written in terms of the non-equilibrium factor b,• defined

by

           bi--NilArj*, (1)
where N,• is the population of the leveli and Nj* is the population in the local thermodynamic

equilibrium. Wethenhave

           -.Er b, C,i+bj [.X (Cj,-i-Aj,)+.2Er Cj,+CJ,{--Rj,]

             iik                    rmX bk(Ckj -l-Ak/) "= Ccj+RcJ', i<J'<k, (2)
                      in
where

           AJ•i :AJ•i gj exp (hpJ•11cT,) 6J•i, (3)
           .Rfe =gJ exp (hvillcT,)f:,. -1rrlati"(P)- 1. dv, (4)

           R., =g, exp (hv,lkT,)fT,. 4ZIa,;'(") (2//;3 +J.) exp(-hvlkT,)dv, (s)

           CiJ•= Cji==Cij" gj exp (hyjllc T.), (6)
           CJ'c=Ccl-- Cjc"' otrJ• exp (hvJllcTe), (7)
where Aii is the Einstein coeMcient of spontaneous emission, gj is the statistical weight of

the level 1', yi is the frequency at the head of the 1'-th continuum, T, is the electron tem-

perature, a,•i is the net radiative bracket defined by Thomas (l960), aj(y) is the photoioniza-

tion cross section from the level ,f, J. is the mean intensity, and Ci,•* and C,•.* are the usual

collisional excitation and ionization cross sections, respectively.

    The total number density N is assumed to be constant across the atmesphere con-
sidered. The conservation equation of particles is written as

           2Vle22bj Åëj(Te)+2Ne == N, (8)
               j
where N. is the electron density and

           Åëj(Te)=(-iir.'-il,l12n,7/7)3i2g'e-X-P2(uh","11CT.Et)rm, (g)

where U. is the partition function of the proton, which is equal to unity.

3. Transferequation

The transfer equation of a spectral line is solved on the assumptions that the source functjon
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is independent of frequency, that the line is purely Doppler broadened, and that the con-

tinuous absorption is negligible. Then the transfer equation is written as

              dl.,, (v) rm
           pt d, wwX(X) II.,, (r)mS (r)], (IO)

where I        (T) is the specific intensity, Le is the cosine of the angle between the direction
       x,p
of propagation and the outward normal of the atmosphere, x is the non-dimensional fre-
quency measured from the line center in Doppler widths, and r is the mean optical depth*
related to the geometrical depth z by

                 hyiJ•
                       Ni* %iJ• [bi-bi exp (-hyi,•flc Te)] dz, (11)           dv==
                4rr AvD

where ngi,• is the Einstein coethcient of absorption and AyD i$ the Doppler width. The

function X(x) is the normalized Doppler profile. The frequency-independent source
function S(T) is expressed in tems of its own radiation field as

                 fÅé..Jx(r) X(X)dX+ rv(r)B . a2)
           S(T) == 1+E(r) '

where E(r) and rv(T) are the parameters which depend on the mean intensities ef all lines

except the line ofinterest and all continua, and B is the PIanck function. From the definition

of the net radiative bracket we have

                 W           6J'i=s 'E' ' (13)
    For the continuum transfer equation, the overlap of continua is taken into account. It

becomes important as the electron temperature increases and as we go to higher Ievels.

Kawaguchi (l965) has demonstrated that the effect of the Lyman a radiation on photo-
ionizations is negligible. Hence the contributioll of all lines to photoionizations is ignored.

The transfer equation of the ii-th continuum in the frequency range yii < y < vh-i is written

as

             d I,,,(r) -
           'C` d, MX(",') [Iv,"(T)-Sv(T)], (14)

where r is the optical depth at the head of the continuum defiRed by

           dr=Åí Ni* aJ•(vJ•,) [bf-exp (-hvj,lkT.)] dz, (15)
               J'>/fi

and the function A'(y, r) is given by

                     ] I] IV,* a,•(y) [b,•-exp (-hyllcT.)]

           AT (v, T) == jX-erji . (16)
                    Z NI" aJ•(vii) [bJ•-exp (-hvJklkT,)]
                   j}}"fi

The source function S.(T) is expresses in terms of its own radiation field with heip of the

steady-stae equations.

 * The mean optical depth and thickiiess are v'1 times as large as those in the Iine center.
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e.(r) [if.(T) f oe 4rr ah(V)

                              ,,-, hv (i 7)           S(r) ,            " 1+E-',(T')
where

                 [bJ'imexp (rmhvlkTe)] ]Z Nv* aj(y)

           e(T)- J'>f' , (ls)            " X Arj* aj(y) [b,•-exp (-hvfkT,)]
                J'>1'i

                        B           6"(O""f.oe,, 4zf i(y) B,d,' ag)

and E- ,(v) and JZi(T) depend on the mean intensities of all lines and all continua except the

relevant continuum.

    Thus, the transfer equations of both the line and continuum lead to a uniform expression.

These equations are solved by the difference-equation technique suggested by Feautrier
(1964). We introduce discrete ordinates in frequency and angle: frequency points for the

line {xi}, iza1,..,, nt, frequency points for the continuum in the range vh (xr v <.vii-i {vi},

ian1,,.., n., and angle points {pti},J'=l,..., ni, and replace the integrals in equations (12)

and (17) by weighted sums over discrete frequencies and angles. A single frequency-angle

point is denoted by the index lc=:i+n(1'-1). Let us define

                l
           Blkimi7 [I.i, F,j(T) -i-jlr,i, maptj(r)]. (2o)

The transfer equations (IO) and (14) are replaced to the following equation

            i:{. aa, (ilil) aoStk) ==Åíyk-sk. (2i)

We further introduce discrete depth points {it}, l--l,,.., p, such that O<zi<...<ip =H12,

where H' is the geometrical thickness of the atmosphere, and replace the derivative by a
difference approximation

           k' 8, ([i:" g"S')"iililT• iri.,l,,-, [(xlt+i "iilifT•) glllM-if)?'

                           "tl dwi-1

J, (r) dy+ J7 (O B, ]

              ww (3ilr• ' xiZt`-i) msr,I;-lii-.,IM] '

Equation (21) then leads to the vector equation

           -Al Jt-1+B, Jl-Ci Jt+l=Di ,

where Ji is the column vector of dimension nÅ~nt with components l35S
the diagonal matrices, Bt is the nondiagonal matrix,

surface we use the boundary condition of Auer (1967), modified
and obtained the vector equation excluding. Jnti.

condition. For very optically thick lines it is replaced by the

In either case we obtain the vector equation excluding Jp"i.

are tridiagonal in

(22)

                                             }
                             and Dt is the column vector.
                                          for incl
                          At the center we usually use the symmetric
                                    condition of detailed balance.
                                     Since these vector equations
form, we can solve them by a standard recursion formula.

     (23)

Ai and Ct are
        At the
'dent radiation,
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    For the angle integral we make use of a Gauss-Legendre quadrature formula with one
angle point in the range O<. pt .(1, i.e., m==l. Forthe line integral over frequency we use

a Gauss-Hermite formula with two points in half the line profile, i.e., ni == 2. The continuum

integral contains some diMculty. The recombination rate has the integrand which varies
nearly as exp (-hvfkT.)lv. On the other hand, the photoionization rate in the atmosphere
which is not very optically thick for the corresponding continuum has the integrand with

the color temperature of the incident radiation in place of Te. Accordingly, we must use
frequency points and weights suitable for two different temperatures. Further the interval

of integration is finite because we take into account the overlap of continua. Making use

of exponential integral, we choose three frequency points and weight, i.e., nc=:3, so that

the integral formula

                              dv nc           fjl-i exp (mhv/kTe) v ersve iZ.,lexp(-hvti!kTe) ;ilV (24)

is accurate to less than 4%. in the temperature range 50000K<T,<200000K. Adopted
frequency points and weights are given in Table 1.

Table 1. Frequency Points and Weights for Continua

f i Pid * }viJ' *

1 i 13.36

11.87

11.15

2.06
1.23

O.412

2 i 5.13

3.65

2.92

2.06
l.23

O.412

3. i 2.40
1.8e

1.357

O.655

O.522
O.346

4 i 1.109

O.917
e.757

e.21o
O.174
O.149

* in pt-1.

    We take the primary depth point zi--10i31N in the case of detailed balance in Lyman
lines and otherwise zi==1091N, and partition depth scale into equal intervals of O.2 in log z.

When the mean optical thickness in a line er the optical thickness at the head of a con-
tinuum T<IO-"3, we put ÅíYk --Eo,k throughout the atmosphere, where Eo,k is the intensity

of incident radiation. Only when T>IO-3, we solve thet ransfer equation. Over the
range r<IOm4, ;C(Ysk is taken to be constant for the line and continuum. For the line, detailed

balance is assumed at optical depths above a critical value. Cuny (1967) has shown that
detailed balance is valid at optical depths v>1001E in a semi-infinite atmosphere with con-

stant E. Following Cuny, it is found that tkis criterion can apply to a finite atmosphere

also. For greater safety we take the critical optical depth Tcrit=10001E. At optical

depths r>r.rit we put 6ii=O and S=WBIE. Such a situation occurs in only a few
atmospheres with the highest density.

    In this study we take into account all overlaps of continua. Overlapping continua
of lower order contribute to the scattering term of the source function (l7). The contri-
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butions are calculated frorn the intensities obtained in the preceding iteration and used as

correctlons.

    We begin the iteration by putting the net radiative brackets of all lines 6ji==:O and the

intensities of all continua NCVsk --Eo,k throughout the atmosphere. In the course of one

iteration we first treat continua in the order of Lyman, Balmer, Paschen and Bracket con-

tinua and then lines in the order of Balmer and Paschen series. Lyman lines are skipped,
their net radiative brackets remaining zero throughout the iteration. The iteration scheme

is similar in form to used by Cuny (1967) and Ishizawa (1971). The electron density and
b,• factors are obtained iteratively from equations (2) and (8) whenever a transfer equation is

solved. In an earlier stage of the iteration, corrections are too large. If the full correction

is applied, the Ret radiative bracket sometimes becomes unusually negative so that some
of b,• factors become negative. This divergence is suppressed by using a fraction of the

computed correction between O.5 and O.95. In the naulti-level probiem of the hydrogen
atom, line source functions are sometimes inconsistent even after bj factors are not affected

by further iteration (see Avrett l968). Convergence is therefore checked in two ways:
whether the difference of the bi• factors obtained in the last two iterations is less than 1O/,

and whether the self-consistency of line source functions (see Avrett l968) is attained to

less than 5O/,. The latter condition is always more severe.

4. Caleu}ated results

    Calculations are made for all combinations of T,=6000, 7000, 8000, 10000, 15000,
200000K, N==10iO, 10ii, 10i2, IOi3 cm-3, and ,El==1000, IOOOO, 10000e km. The turbulent
velocity is taken equal to 10 kmlsec.

     The intensity of incident radiation is taken as the fiux incident on unit area of a
vertical surface. The incident fluxes of Balmer lines are calculated using the center-limb

variations of central intensities given by White (1962). No data of the center-limb variation

of P. Iine is available. The central intensity of P. Iine at the disk center is obtained from

Table 2. Intensities ofIncident Radiation

  e2 (A) Eo*

Ha
Hp
Pa

6565
4863

l8756

2.46(-6)
1.55(-6)
7.21(-6)

Lc
749
842
897

1.33(-13>
2.32(-12)
9.20(-12)

Bc
1949
2742
3421

5.74(-8)
6.43(-7)
1.78(-6)

Pc
4167
5557
7275

5.11(-6)
1.14(-5)
1.48(-5)

Brc
 9013
10899
13202

l.54(-5)
1.55(-5)
1A9(-5)

* erg cm'2 sec"i sterad-i and dv =--1 sec.
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Arizona-NASA Atlas (Bijl, Kuiper and Cruikshan 1969). The ratio of the fiux incident
on unit area of a vertical surface to the central intensity at the disk center is taken equal to

a mean of the ratio for the near-by darkening (O.5). The Lyman continuum follows a black
body of 66500K (Tousey, 1963; Pottash, l964). We use this radiation temperature with a
dilution factor of O.5. Limb' ciarkening aRd blanketing due to absorption lines are taken

into account for other continua. Their data are taken from Allen (1963) and Michard
(l950). Absolute intensities are obtained from measures of the solar continuum given by
Minnaert (1953) and Houtgast (1968). Adopted intensities of incident radiation are given

in Table 2.

    The calculated results are given in Tables 3, 4 and 5. The mean electron density <N,>

and the mean popularions of discrete levels <Nj> are given in Table 3. They are simple
geometrical meaRs. Half the mean optical thicknesses in lines and half the optical thick-

nesses at the head of continua T12 are given in Tabie 4. The total intensities I and the
central intensities Ic of lines are given in Table 5. If a line has the self-reversal, its peak

intensity Ip also is given. AII of these are normally emergent intensities.

   Physical discussions on the calcuiated results and their comparisons with the solar
observations will appear elsewhere.

        Table 3. Mean Electron DensiSy and Mean Populations of Discrete Levels

Te(OK) N(cm-3) H(km) <Ne> <N,> <N2> <N3> <N,>

101o

  1000
 10000
100000

4.65(9)

4.65(9)

4.62(9)

7.01(8)

7.00(8)

7.54(8)

5.01(2)

5.01(2)

4.95(2)

2.08

2.08
2.06

6.57(-1)
6.57(-1)
6.49(-1)

1ou
 1000
 10000
1eoooo

3.11(10) 3.77(10) 2.18(4)
l.30(10) 7.39(10) S.19(3)
7.05(9) 8.59(10) 1.37(3)

9.08(l)

2.16(1)

5.77

2.88(1)

6.84

1.81
6000

iOi2

  1000
 leoeo
100000

3.06(10) 9.39(11) 3.08(4)
2.21(10) 9.56(11) 1.25(4)
2.14(10) 9.57(11) 1.09(4)

1.29(2)

5.25(1)

5.29(1)

4.12(1)

1.73(1)

1.45(1)

10i3

 1000
 Ioeoo
1OOOOO

6.96(10) 9.86(12) 1.17(5)
6.87(IO) 9.86(12) 1.08(5)
7.34(10) 9.85(l2) 1.07(5)

4.94(2)

5.51(2)

1.29(3)

1.56(2)

1.50(2)

2.91(2)

101o

  leoo
 10000
100000

4.67(9)

4.67(9)

4.65(9)

6.61(8)

6.63(8)

7.03(8)

4.61(2)

4.61(2)

4.57(2)

1.91

1.91

1.90

6.03(-1)
6.03(-1)
5.98(-1)

lon
  leoo
 10000
100000

3.21(10) 3.57(10) 2.14(4)
2.40(10) 5.l9(10) 1.24(4)
2.23(10) 5.53(10) 1.04(4)

8.91(1)

5.20(1)

5.17(1)

2.82(1)

1.63(1)

1.42(1)

7oeo

10i2

  1000
 10000
100000

8.79(10) 8.24(ll) 1.64(5)
8.60(10) 8.28(11) 1.53(5)
9.52(10) 8.10(ll) 1.48(5)

7.00(2)

8.42(2)

2.47(3)

2.19(2)

2.2e(2)

5.80(2)

iOi3

  1000
 IOOOO
1OOOOO

2.93(11) 9.41(12) 1.73(6)
3.58(11) 9.28(l2) 1.70(6)
4.64(11) 9.07(12) 1.65(6)

1.14(4)

4.41(4)

8.94(4)

2.90(3)

1.43(4)

4.61(4)

10ie

 1000
 10000
loeooo

4.69(9)

4.69(9)

4.70(9)

6.23(8)

6.24(8)

6.03(8)

4.32(2)

4.32(2)

4.34(2)

1.79

1.79

1.80

5.65(-1)
5.65(-1)
5.67(-1)
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Table 3. (ContiRued)

Te(OK) N(cm-3) H(km) <Ne> <N,> <N2> <Ns> <N,>

10ii

  1000
 10000
100000

3.48(10)

3.89(IO)

4.eo(lo)

3.03(10)

2.22(10)

2.00(IO)

2.45(4)

2.96(4)

3.00(4)

1.02(2)

1 .29(2)

1.86(2)

3.22(l)

3.9S(1)

4.49(l)
8000

10i2

  1OOO
 10000
1OOOOO

2.13(11)

2.32(11)

2.89(11)

5.74(ll)

5.35(ll)

4.21(11)

8.57(5)

8.12(5)

6.38(5)

4.80(3)

1.30(4)

3.22(4)

1.32(3)

3.19(3)

1.55(4)

10is

  1000
 10000
leoooo

1.21(12)

1.67(12)

l.76(12)

7.59(12)

6.67(12)

6.49(12)

1.15(7)

1.01(7)

9.79(6)

4.94(5)

9.56(5)

l.04(6)

2.29(5)

6.00(5)

6.69(5)

10io

  1000
 loooe
lOOOOO

4.76(9)

4.76(9)

4.84(9)

4.87(8)

4.79(8)

3.24(8)

4.47(2)

4.46(2)

4.39(2)

l.85

1.84

1.82

5.76(-a)
S.76(-i)
5.69(-l)

101i

  1000
 10000
100000

4.35(10)

4.76(10)

4.91(iO)

1.29(10)

4.74(9)

1 .77(9)

4.59(4)

4.23(4)

3.88(4)

1.92(2)

1.91(2)

2.80(2)

5.96(1)

5.71(1)

6.50(1)
10000

10i2

 lOOO
 10000
looeoo

4.47(il)
4.73(1 1)

4.86(ll)

1.07(11)

5.34(10)

2.82(10)

2.76(6)

1.54(6)

8.21(5)

3.61(4)

7.12(4)

7.63(4)

8.99(3)

2.94(4)

4.98(4)

10i3

  1OOO
 ioooo
100000

4.58(i2)

4.67(l2)

4.69(12)

8.41(li)

6.57(11)

6.12(11)

2.44(7)

l .92(7)

1 .79(7)

3.51(6)

3.55(6)

3.45(6)

2.62(6)

2.79(6)

2.72(6)

loio

  1OOO
 IOOOO
Ieeooo

4.98(9)

4.98(9)

4.98(9)

4.65(7)

4.62(7)

4.I7(7)

6.30(2)

6.28(2)

5.98(2)

2.59
2.58

2.46

7.87(-1)
7.84(-1)
7.48(-1)

1on
  1000
 lOOOO
100000

4.97(10)

4.98(IO)

4.99(10)

5.37(8)

4.73(8)

2.15(8)

6.37(4)

5.90(4)

4.03(4)

2.72(2)

2.84(2)

3.23(2)

8.36(1)

8.06(1)

7.26(1)
15000

10i2

  1000
 10000
100060

4.97(11)

4.99(ll)

5.00(11)

6.17(9)

2.41(9)

6.66(8)

3.24(6)

1 .20(6)

4.61(5)

7.51(4)

7.46(4)

5.74(4)

2.05(4)

3.50(4)

4.24(4)

101s
 1000
 10000
100000

4.99(12)

5.eO(l2)

5.eO(12)

2.42(10)

7.32(9)

3.61(9)

1.20(7)

6.11(6)

4.99(6)

2.30(6)

1.79(6)

1.66(6)

2.06(6)

1.75(6)

1.6S(6)

10io

  leoo
 10000
{ooooo

5.00(9)

5.00(9)

5.00(9)

5.82(6)

5.82(6)

5.76(6)

5.32(2)

5.31(2)

5.28(2)

2.19
2.18

2.18

6.65(-1)
6.65(-1)
6.61(-1)

10ii

 iooo
 10000
100000

5.00(10)

5.00(10)

5.00(10)

6.27(7)

6.20(7)

5.33(7)

5.07(4)

5.00(4)

4.27(4)

2.2. 1(2)

2.41(2)

3.78(2)

6.83(l)

6.95(l)

8.30(1)
20000

10i2

  1000
 10000
100000

5.00(11)

5.00(ll)

5.00(11)

7.80(8)

5.80(8)

2.36(8)

2.41(6)

1,09(6)

3.78(5)

5.90(4)

7.64(4)

5.24(4)

1.59(4)

3.75(4)

4.01(4)

10i3

  1000
 10000
1OOOOO

5.00(l2)

5.00(12)

5.00(12)

5.67(9)

2.38(9)

6.71(8)

8.95(6)

3.99(6)

2.48(6)

1.84(6)

1.29(6)

1.00(6)

1.76(6)

1.37(6)

1.I1(6)
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Table 4. Half the Mean Optical Thicknesses in Lines
at the Heads of Continua

and Half the Optical thicknesses

r,(oK) N<cm"n) Il(krn>
T/2

Hff HP Pa Le Bc Pe Brc

loso

e'ggg,i,,,, 1,97(-2) 2.73(-3}
1,97(-1) 2,73(-2>
:.95 2.7e(-1)

2.55C-4)
2.5S(-3)
2.53(-2)

2,2t(-l)
2.2I
2.3g{1)

3.48(-7)
3.48(--6}
3.q(-s)

2.21(-9)
2.21(-8)
2.19(-7)

S.OS(-10)
s.es(-g)
5,02(-8)

6000

10tl

i mt S.61(-l> I.19(-1)
2,{}4 2.S](-1)
5.42 7,49C-1)

l.ll(-2)
2.ec(-2)
7,09(-2)

1.l9(1)
2.34(2)
2.71(3)

1.S2<-5)
3.60(-S)
9,54(--S)

9.66(-g)
2.3or-7)
6.15(-7)

2,18(-8)
S.24(-S)
1.4pt-7)

aett

6'ggs,i,,,, l.22
4.92
4,19(1)

1.6g{-1)
6.8oc-1)
5.79

1.57(-2)
6.43(-2)
6.65(-l)

2.9q2)
3.02(3)
3.02(4)

2.l4(-5>
S.66(-5)
7.38(-4)

1.36(-7)
S.59(-7)
S,66(-6)

3.o6(-g)
1.27(-S)
l.15(-7)

lel;

3'ggg,i,,,, 4.6t
4.27{1}
4.22(2)

I),1iIil 6.05(-2)
6,93(-1)
l,6g{1)

3.ll(3)
3.11(4)
3.11(5)

8,12(-5)
7.53(-4)
7,46(-3)

s,2q-7>
5,90{-6}
1.42(-4>

l.2or-7)
1.2et-6)
3,12(-5)

low

me,iii 1.75(-2) 2.42(-3)
1.7S<-1) 2,42(-2)
1.73 2.39(-1)

2.2q-4)
2.2q-3)
2,24(-2)

2,09(-i>
2.09
2.22(1)

3,20(--7)
3.2eq-6)
3.17{tS)

2.06(-9)
2,Oec-8>
2.e5(-7)

5.2or-10)
5,2eq-9)
5,i5(-S)

7000

1011

s'ggg,i,,,,, 8,ll(-a) 1,12(-1)
4.6g 6,47C-1)
3.95(t} S.46

l.05(-2)
6.13(-2)
6.24<-l)

1,l3(t)
1,64(2)
1.?S(3)

1.49(-5)
8.S8(-5)
7.23(=4)

9.S9(-S)
5.60(-7)
S.58<-6)

2,41{-S)
1.40(-7)
t,25(-q

lott

6,igiii 6.I9
5,78(1)
5.58(2)

8.5ec-l)
s.oo
7.75{D

S.2S(-2>
l.02
3.06(1)

2,60(2)
2,61(3)
2.56(4)•

1.14(--4)
1.0of--3)
1.03(--2)

7.55(-7}
9.11(-ol
2.7ec-4}

l.90(-7)
2,OO(-6>
6,99(-5)

lot:

i m mt 6.S4{1>
6,37(2)
6,13(3)

;s
0  234 i l.39

5.19(l)
9apa<2)

2.97<3>
2.93{4)
2,sqs)

1,2er.-3)
1.18(-2)
1,16(-1)

1.24(-S)
5r03(-4)
1,07(-2}

2,81(-6>
1,79(-4)
6.39(-3)

lote

s,ii[]ii 1 !.S8(-2) 2.i8(-3)
l.5S<-1} 2.lg(-2)
1.58 2,19(-1)

2,03(-4)
2:Q3(-3)
2.e5(-2)

!.97(-J)
l.97
1.90(1)

3.00(--7)
3.co(-6)
3.01(tS)

1.94{-9)
1.94(-8)
1,9K-7)

5.2S(-le)
5.27<-9}
5.3er-8)

800()

lotl

i'sgg,i,,,, 8,93(-1) l.23(-1)
1,08(l) l.49
1,oo(2) 1,51(1)

1.lq-2)
1.47(-l)
2.20

9.S8
7.02(1)
6a32(2}

1.7er-5)
2.05(-•4)
2.e8(-3}

1.il(-7)
1.40(-6)
2.e2(-s)

3.05(-8)
3.72(-7)
4.41(-6)

101!

6'gg,i,,,, 3,l3(1)
2.95{2)
2,28{3)

4,32
4,09(1)
3,2or2)

5.57(-1)
1.54(1)
3.22(2)

l.81(2}
!.69(3)
I.33(4)

5.9S(-4)
5.6S(-3}
4,46(-2>

5.24(-6)
1.4S(-4)
3,84(-3}

l.32(-6)
3.94(-5)
2.IS(-3)

len

6,ggigi 4.]2(2}
3.S2<3)
3.41(4}

S.77(1)
5.00{2)
4,85(3)

S,08(1)
g.49(2)
9,07(3)

2.39(3)
2,1oc4)
2.0S(S)

g.o3(-3)
7.09(-2)
6.91{-l)

S.84<-4)
1.IS(-2)
l.2g(-1)

3,04(-4)
8.40(-3)
9,38(-2)

loto

s,ggigi l.53(-2) 2.]]{-3)
].S2C-1) 2.11(-2)
1.50 2,07(-1)

S.97(-4)
l.97{-3)
1,93(-2)

1)l[lil 3.1or-7}
3.1or--6}
3.05(---5)

2,04C-9)
2.04(-8)
2,OO(-7)

6.22(-10)
6.21(-9)
6.oo(-8)

ICKXX]

10il
 1ooe

1oeoo
lOC)OOO.

l.57
1,44(1)
1,32{2}

2.lq-o
2,oo
l.83(1)

2.ou(-2)
2,ou(-1)
3.l2

4,e8
l.sq:)
S,61(1)

3.18(--S)
2.94{-•4>
2.69(--3)

2,14(-7}
2.ll(-6)
3,08(-5}

6.87{-8)
6,I7(-7)
7.IS(-6)

lon

6,gigii 9,38(1)
5.I5(2)
2.71(3)

1,3or1)
7,22(1)
3.84(2)

3,99
7,02(1)
6,2or2)

3.3S(1)
1.69(2)
S:91(2)

1.92(--3)
l.07(-2}
5.82(-2}

4,04<-S)
S.3S{-4)
9.49<-3)

i.12{-S)
4.os(-4)
7.e7(-3)

IOII

me,i 7,83(2)
6.02(3>
5,S9(4)

1,!2(2)
8,72{2)
8,11(3}

2,62(2)
2.5S(3)
2.4q4)

2,6q2)
2.eB<3>
l.94C4}

1.74(-2)
1,37<-l)
i.28

ilIE,ig, 3,63(-3)
3,S7(-2)
3.78(-1)

loÅ}e

1.88(-2) 2.60(-3)
1,g7(-1) 2.S9(-2)
l,7g 2,4q-1}•

2.43(-4)-
2,42(-3}
2.31(-2)

l.47(-2)
1.4q-1>
1.32

4.37(-7)
4.3q-6)
4.15(-S}

2.94(-9)
2,93(-8}
2.79<-7)

I.e2(-9)
l.02(-S)
9.63<-8)

]5ooO

lon
ii l,sc

1.7ql)
l.2or2)

2.62(-1}
2,43
1.6of:)

2.S2(-2)
2,68(-1)
3.16

1.7or-1)
l.49
6.go

4.42(-5)
4.loc-4}
2.8er-3}

3.Ior-7)
3.22(-e.
3,61(-5>

1,ceC-7)
1,OS(-6)
9.31{-ol

len
s'gg,i,,,, 9.59(1)

3.42(2)
1.3or3)

1.33U)
4.92(t>
l.S6(2}

7.13
6.IS(l)
3.7ff2}

1.9S
7.66
2.il(1}

2,2of-3)
8.43(-3>
3,27{-2)

S.59(-S)
8.94(-4)
7.28{-3)

2.87(-S)
5.00(-4)
6.e7(-3)

!Oss

me,i 3,27(2)
l.59<3}
1,27(4)

4,73(1)
2,34(Z)
1,88(3)

1,28(2)
g,gs(2)
8.2t(3)

7,67
2.3qt)
1,14(2)

8.59(-3)
4.4q-2)
3.66(-1)

2,98(-3}
2.34(-2>
2.18Gl)

2.89(-3}
2.43(-2}
2.29(-1)

IOte

s,gg{}{}i 1.42(-2) ),97(-3)
1.42(-1) l,97(-2)
1,42 1.96{-1)

1.84(-4)
1,84(-.a)
l.84(-2)

1,84(-3)
l.84(-2)
1.82(-1)

3.69(-7)
3.69(-6}
3.67(-5)

2,49(-9}
2,49<-8)
2.48(-7)

s.sq-le)
s.sq-g)
8.Sl{-8>

2eooo

IO"

s'ggg•,i,,,, 1.36
l,34(1)

].I4(2)

1,88(-1)
1,8S
l.58(t)

1.84{-2)
2.e4(-l}
3.34 '

1,98(-2)
1,96(-t)
l.6S

3,S2(-S)
3,47('"4)

2.97{-3)

2.S3(-7)
2.7S(-e
4.2a-s)

9.Il(-8)
9.29(-7)
l.l3{-S}

101t

ii 6.39(t)
2.82(2)
9.62(2)

g.89
3.98(l)
1.3g<2)

5.CP4

5.S7(1)
3,Ol(2)

2.47(-l)
1,83
7.50

1.68(--3)
7.61(-3)
2.71(-2)

6,74(-5}
9,23(-4)
6.71(-3}

2.2S(-S)
S.4I(-4)
5.79(-3)

lo]s

6,gl]iii 2.l8(2)
9,18(2}
5,4q3)

3.15(l)
1,3S(2)
S.l5(2)

g, S2(1)
2or2)
3g(3)

l,79
7.48
2.l4(1)

6.44(-3)
2.93(-2>
1,g4(-1)

2,42{-3)
1.72(-2)
1.34(-l}

2.49(-3)
1.92(-2)
1.S4(-l)

-

221
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Table 5. The Total Intensities, Central Intensities aRdPeak Intensities of Lines

T.(eK) JV (cm-a) JJ {km)
1. lc4i lp--

IItr HP Pa Ha Hi9 Pa Hcr HP Pa
      lOOO
10iO ICooO
     1OOOOO

2.16(3)
2,02(4)
l.15(S)

1,85(2)
1.S3(3)
1,65(4)

4.98(1)
4,9g(2)
4,87(3)

5.65(-8)
S.l2(-7)
2.29(-6)

3,59(-9)
3.55(-8)
3,07(-7)

3.73(-9)
3,72(-g)
3,63(-7)

60oo

      Joee
IOit l(X)OO
     leoooo

6,98(4)
1.18(5)
l,67(5)

g75(3)
72(4)
86(4)

2.l7(3)
5,13(3)
l,33(4)

1,oo(-6)
2.32(-6)
2.59(-6)

1,48(-7)
3.19(-7)
6,67(-6)

a.62<-7)
3,82C-7)
9.86(-7)

       1OOO
IOt! 1{XX)O
     1ooOOO

8.8S(4)
1,63(5)
2,56{5)

1.0S(4)
3.60(4)
1.06(5)

      lOOO
10]3 10000
     100ooO

1.61{5)
2.61(S)
4,75(S)

3.46(4)
l.08(5}
2.l7(5)

3.le(3)
1.22(4)
S.56(4)

1.15(4)
8.77(4)
2.49(5)

ll'15l   Åé///s i1

ii

•l' 2.0tl(-7)
6.29(-7)
1.19(-6)

2,31(-7)
9,Ol(-7)
S.78(-6) 2.9q-6)

6.07(-7)
1.21(-6)
f.36(-6)

S.S2(-7)
5.S9(-fi)
9.27(-6)

3,Ol(-6)
6.75(-•6) Z.li(-6) -

10ie

i mt 1 l, 99(3}
S8(4)
l2(S)

1011

6.96(4)
1.67(5)
2,65(5)

1,7t{2)
1.69(3}
1.54(4}

7,61(3)
3.61(4)
1,08(5)

4.5S(1)
4.57(2}
4.Spt. 3) ....

2,l3(3)
l,20(4)
S.52(4)

5.01(-8)
4,59(-7)
2.21(-6)

3.l8(-9)
3.14(-8)
2.76(-7)

3,19(-9)
3,29{-8)
3,22<-7)

l,55(-6)
2.58(-6)
2.7er-6)

l.39<-7)
6,OS(-7)
1.19(-6)

I.53(-7}
8.S7(-7)
s.sa-6) 2,96(:-6)

70oo
       1OOO
te,e loooo
     100000
       1Ooo
10]3 10000
     100000

1.82(5)
2,94(5}
6,04(S)

3,34(5)
S.37(S}
1.6bl6)

g52(4)
22(5}
89(S)

1.60(4)
l,t5(S)
2,S9(S)

2,M(-6}
2,77(-6)
2.99(-6)

7,39(-7)
1.23(-6)
!.46(-6)

1.13(-6)
7. U(-6)
9,36(-6)

3.25(-6)
9.31(-6)

l.24(-6}
2.99(-O

1,43(5)
4,97(5)
1.47(6)

1,36<5)
3,78(5}
6.76(5}

2.96(-6)
3.32(-6)
3.43{-6)

1.37{-6)
l.86(-6)
2.jor-6)

7.98(-6)
l.es(-s)
1.14(-S)

3.84{-6)
1.44(-5)
3.l7(-5)

1.41(-6)
6.04(-6>
2.l9{-5)

l,20(-S)
2.3or-5)

loso

t'Sligg' 1.87<3)
1.77(4)
1.Il{5)

l.59(2}
1.58(3)
1,47(4)

4.29(l)
4.2S(2)
4,27(3}

4.53(-8)
4.18(-7)
2,14(-6)

2,8q-9)
2,83(-8)
2,S5(-7)

2,97(-9)
2.97(-8)
2.9S(-7)

-

leu
 1Ooo
1OOOO

100000

7.76(4)
2.14(5)
3.41<5)

8,56(3)
6.66(4)
1,op(5)

2,42(3)
2,82(4)
1,7pt5)

1."(-6)
2.65(-6)
2,7g(-6}

1,S2{-1)
9.62(-7)
1,23(-6)

l.68(-7)
l,91{-6}
S.Ser-6)

2,67(-6>
3.62(-6) 1.27(-6) -sooe

       looe
10i! IOOOO
     1OOOOO
       1OOO
10iJ iOOOO
     1OOOOO

2,95(5}
6.26(S)
l,51(6)

1,38(6)
2,95(6)
4,l8(6}

1,17(5)
3.09(5)
l.25(6)

1,l7{6)
3,39(6)
5.03(6)

3.09(4)
2.sqs)
6.10(5)

2.90{-6)
3,23(-6)
3.49(-6>

1.31(-6)
1,68(-6)
2,17(-O

5,14(-6)
9:72(-6)
1.13(-S)

3.3or--6)
8.87{-6)
2,89(-S)

3,gl(-6)
l.84<-5) 2,04<-S)

5.71(5)
9,79(S)
1.21(6}

4,61(-6)
4.94(-6)
4.99(-6}

3.72{-6)
4.5q-6)
4,61(-6)

l 39(-S)
5S(-5)
5S(-5)

2.39(-5)
S.61{-5)
6,78(-S)

1.43(-S)
4.69(-S)
5.83(-5>

1.87(-5}
3.13<-5)
3.39(-S)

lo)e

ii 1 1,93(3}
l,S3<4)
l.I5(S)

1.63{2)
l.61(3}
1.48(4)

4.3of1)
4.34(2>
4.28(3)

4,37(-8)
4.04(-7}
2.09(-6}

2.73(-9)
2.7or-8)
2.4or-7)

2.83(-9)
2.82(-8>
2,77(-7)

IOn   o6ogggo o o 1,19(5)
2.47(5)
4,03(S)

1.S4(4)
8.35(4}
1.71(5)

4.47(3)
4,OO(4)
2.01(5)

2.IS(-6)
2.7er-6}
2,8q-6)

2.5er-7)
1,oa-6)
!,28(-6)

2.89(-7)
2.51(-6}
9.0(>(-6>

2.75<-6}
4.l9(-6) 1,39(-e

10000

10n
.it.oo t 6.1or5)

l.S5(6)
2.92(6}

2.90{S)
1,21(6)
3,33<6)

2.36{S)
5,6a(5)
9,71(S)

3.75{-6)
4,4q-6)
4,74(-6)

2.07(-6)
3.33(-6)
4.e5(-6)

9,88(-6)
1,24(-5)
l.4er-5)

7.37(-6)
2.60(-S)
5,43(-5)

2.57(-6)
1.43(-S)
4.65(-S)

1.69{-S)
3,23(-S)

1011
 looe
10000

10ooOO

5.16(6}
7,73{6)
1.el(7)

7.48{6)
l.17(7}
l.S4(7)

1,ag(6)
1,81(6)
2.13(6}

1,18(-S)
l,20(-5}
1,22(-5)

t.S3{-S)
1,88(-S)
1,91(-5>

2.61(-S)
2.64<-5>
2,6q-5)

s.sq-s)
1.2er-4>
1.3oc-4)

8.4q-5)
1,23(-4)
1.35(-4}

4.13(-5)
4.67(-5)
4.79(-5)

10:o

in mt' 2.7or3)
2.S2(4)
l,44(5)

2.23(2}
2.20(3)
1,93(4)

6.00(i)
S.98{2)
5.65(3)

S.3#(-S}
4.8S{-7)
2.21(-6}

3.27(-9}
3.22(-g)
2.72(-7)

3.4or-9)
3,38(-8)
3.19(-7}

10::

 6/giiil 1 1.54(5)
3,e6{5)
4.91(S)

2,13(4)
1.os(S)
2.05(S}

6.24(3)
S.47<4)
2,23(S)

2,34(-6)
2.79(-6)
2.98(-6)

i OO(-7)
13(-6)
34(-6)

3,S2(-7)
2,97(-6)
S,66{-6)

2.9or--6)
4.62(-"6) 1.4S(-6)

ISOOO

10t:

ww,i 1.I4(6)
2.4S(6)
4.S3(6)

6.l2(S>
2.l8(6)
S.96(6)

3.46(S)
7.3q5)
l.3oc6)

S.3S{-6)
6.4S(-6)
7.11{-6)

3,54(-6)
5,79(-6)
7.7or-6)

1.1er-S)
1.41{-5)
1,68(-S)

}3q-s)
5er-S)
29(--S)

4,88(-6)
2,18(-5)
7,Ol(-S)

2.00(-5)
3.91(-5)

lom

i mt 1 8.78(6)
1.38(7}
1.co{7)

1,5or7)
2,56{7)
3,59(7>

2,2or6)
2.89(6)
3.49(6)

2,S7(-5)
2.6g(-5)
2.69(-5>

4.71(-5)
5.09(-5)
5.12(-5)

3.83(-S}
3.99(-S}
4.00(-S)

1.16<-4)
1.92{-4}
2.36(-4)

1.37(-4)
2,42(-4)
3,02(-4)

5.74(-S)
7.0S(-5)
7.S7(-S)

loto

me,i 2.29(3)
2,18(4)
1,4{(S)

;.S8(2)
1.S7(3)
1.73(4)

5.06(1)
s.e6(2)
S.oo(3)

4.07(-8)
3.79(-7)
2,04(-6)

2.48(-9)
2.4S(-S)
2.22{-7)

2.S8(-9)
2,S7(-8)
2,53(-7)

lon
 1ooO
100oo

1000oo

1,46(5)
3,30(5)
5.S5(S}

1.79(4)
1.e7(s)
2,41(5>

S.1er3)
4,82{4)
2.4a5)

2,12(-6)
2,8S(-6)
3.ll<-6)

2.29(-7}
1.og(-6)
1.41(-6)

2.S9(-7)
2.37(-6)
8.49(-6>

2.93{-6)
5.08(-6) 1.59(-6} "

20000

10ta

 s/gsgil 1.37(6)
3.20(6)
5.73(6)

7.lorS)
2.97(6)
7,S5(6)

g, S4(S)
62(5)
S3(6)

6.4or-6)
7,96(-6)
8.81(-6)

4.27(-6)
7.8er-6)
1.0S(-5)

l 1or-S)
soc-s)
81(-S)

l.3S(-•5)
3.96(-5)
8.1or-5)

S.13(-6)
2.58<-5)
S.09(-5)

2,11(-S)
4.l4(-S)

leta

il 1 I.I2(7)
1.75(7)
2,49{7)

2,el(7)
3.51(7)
5,18{7)

2.74(6)
3.71(6)
4,57(6)

3.47(-5)
3.66(-5)
3,72(-5}

6,g3(-5)
7,54(-5)
7.76<-S)

4.fer-5}
4.75(-5)
4.82(-S)

1.2&-4}
2.l3(-"4)
2.92(--4>

1,57(-4)
2,91(-4)
4.11(-4)

6.56(-5)
g.57(-5)
g.6q-s)

 - erg cmJt sccM) steradHi.
" erg cm-e sec-t sterad-: and dv=l sec.
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