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: Abstract
: A model for numerical simulation of the solar pumping of a simple atomic
E system is construcied and compzred with the exact analytical solution. The
‘f process is then extended to cover the more complex 5-level 5-transition barium
T ion term scheme, and the 61-level 86-transition barium neutral term scheme.
- An advantage of the stepwise simulation is that in addition to yielding the equi-
3 librium relative level populations and transition intensities, it also permits the
i dynamic grow-in to equilibrium to be studied. The neutral barium system has
é also been studied with the inclusion of photoionization from each of sc¢veral
5 metastable levels.
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Photo-Equilibrium of Barium

L. INTRODUCTION

When a cloud of atom (or ion) vapor is irradiated by sunlight, the relative
populations of the energy levels and the relative intensities of the optical transi-
tions are determined by: (1) the oscillator strengths of the transitions, and
(2) the relative intensities of sunlight at the wavelengths of these transitions.

In the case of barium ion, there are 5 levels and 5 permitted transitions; the
equilibrium solution when all transitions have negligible optical thickness, has
already been given by Best (1968).

If we number the energy levels of a term scheme from 1 to 1, starting with
the ground state, then the rate of change of population P, of leve.  due to absorp-
tion of solar photons by lower~lying energy levels is equal to

n-1
d_P_n= Z 0.02654 P_0 £ sec”! (1
dt m nm Y mn

m=]

where Pm is the population of the mth level, onm is the solar irradiance (photons

em ™2 sec™! Hz"1) at the wavelength A of the transition, and f is the

mn
oscillator strength of the transition. The rate of Jepopulation of level n due to

(Received for publication 30 November 1971)
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photon absorption to higher energy levels is equal to

. 0.02654 P sec . 2
dt m=§+1 n mn ‘nm

The rate of population of levc! n due to ohoton emission by higher energy levels
ic equal to

f.i‘.: g P A _sec 1, 13)
m&ey W omn

In Eq. (3), A mn (Einstein radiative transition probability) is equal to

En . .16 -2
Amn-a .66698% 1077 £ A5 “)

The rate of depopulation of level n due to photon emission to lower energy levels

is equal to
dPn nil
== - P A . (5)
dt 1 nonm

At equuiibrium the arithmetic sum of the rates of population and depopulation due
to the above tour processes is, of course, zero and we obtain for eazh of the
N :evels an equation of the form:

n-1
n -
Py (o.02654p 2 5 -P A )
N
- DY - =
mz“:m (0.02654 PO £ -P A ) =c. (6)

By numerically evaluating the coefficients of Pm and Pn in Eq. (6), we obtaina
set of N simultaneous equations of the form

N
Y a P =0, (M
m=

Y

TR
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If we include the additional constraint that Z Pn = 1, the solution is obta..ied
m=1
by the inversion of a square matrix of dimension N~1.

In the case of barium ion where there are only 5 transitions for a 5-level
term scheme, many of the elements are zero and it is not necessary to perform
the matrix inversion in order to solve for equilibrium conditions. However, for
neutral barium there are 62 possible energy levels (if we include the ionization
limit), and the inversion of a 61 X 61 matrix presents problems even with a
large computer. In addition sirce there are 86 permitted transitions, all but
172 of the 61 elements of the matrix will be zero, and the program would spend
a considerable amount of computer time manipulating quantities of zero magnitude.

In addition, because of the interest in the dynamic properties of the problem
(the time it takes to grow in to equilibrium of the ion radiations, the tiine constant
for significant pumping of the 1,3p metastable levels of neutral barium, the
possible sensitivity of relative intensities to the identity of the ion precursor),
it seemed that a stepwise solution to the problem would be more informative. In
this approach, it is initially assumed that all species are in the ground state. The
sun is allowed to shine for a small time ét, during which a certain population of
excited states is built up, depending on the solar irradiance and the values of the
oscillator strengths of the permitted transitions. Then the sun is "turned off" and
the excited states are permitted to radiate, thereby adding to the population of
certain lower levels. By properly choosing the value of the time interval, the
result will be a gocd approximation to the situation existing at the end of the
period 6t. The process is then allowed to repeat, using the new relative popula-
tions of each of the energy levels as a starting point. It was intuitively felt that
the correct choice of the value of 6t was properly made when it had a value some-
what greater than the lifetime of the excited state (that is, 10-6 sec for weak
transitions), and somewhat less than the lifetime of metastable levels. Although
the radiative lifetime of metastable levels may be measured in seconds or tens
of seconds, in practice the actual lifetime is, more likely to be of the order of one
second due to the absorption of solar photoas.

Initially 6t was chosen as 10-3 sec, and it was later increcased to 1072 sec
without significantly changing the results (when examined with time resolution of
0.1 sec or greater).

In order to check on the validity of the method a simple model, which could
also be solved analytically, was constructed and evaluated by both techniques.

The solution of a 2~level 1-transition scheme is trivial and would not permit an
evaluation of the technique. Therecfore, a 3-level 2-transition scheme with one
metastable level was chosen for analysis.




Kian

Deaittoa

T Y 2 1S e

Sekas B X4

Gt 4 o3

2. ANALYS!S OF SIMPLE 3-LEVEL SYSTEM

2.1 Easct Analytieal Solution

Figure 1 shows the simple term
scheme and permitted transitions. The
solar irradiances were chogsen so that the
rate of population of level 3 from level 1
would be 1% F, sec”), and the rate of
npward pumping from level 2 to level 3

was 0.2 X P, sec” 1, Inaddition we

allowed
_ a8 -1
1\32 = 10" sec
. e 1
A31 =2X 10° sec

The equations goveraning radiative
equilibrium of this situation are

14
qt

-aPl + bP3

-cP2 + dP3

ICAJ
H

aP, + ch - (b-*-d)P3

1

and

Cl gt
"
=
"

where

a=10

c
]
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Figure 1. Simple Term Diagram
for Hypothetical Case
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Orices:y lor tivmes greater Lap 10-8 sec, the third term is negligible and we may
wrile 2 sollionas

P, =0.2557 + e " 67143 . (12)

2.2 Spxoumate izalvucal Swistion

T A T T PP I YT

it appeared tiat an approximate aralytical solution for this model might be
possible on the bas:s of the following argumsent:

Of the atomns exciter o level 3, two-thirds will decay to level 1, and one-
third to level 2. Thcen Eqgs. (3) become, with the appiopriate numerical co-

efficients,

4P

S0 P 1+ (0.2 P,) 2/3 13(a)
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Solwing thase and puiting the initial conditions as P1 =1, Ii'2 = 0, we obfain
P, = 0.2857 + 6.7:43 exp(-9, 4666t) 14(@a)
P, = 0.7143 [ 1 - exp(-0.46661)} . 14 ()

Hote that the solution Eq. (14a) is identical with that obtained as Eq. (12). Thus
this approximation is valid for all but the first microsecond or so, and it is
therefore possible for: (1) the solution to the dynamic grow-in to equilibrium of
the barium fon to be derived as the solution of 3 (rather than 5) coupled linear
differential equations; and jor (2) the corresponding neutral barium process to be
chiained as the solution of 1 set of 8 (rather than 61) eyuations.

The function Eq. (14a) has been evaluated by hand (using a Wang program-
mable calculator) and gives excellent agreement (at 0. 1 sec intervals) with the
computed stepwise solution (to be described below).

Note that the time constant for pumping of the metastable level is 2. 143 sec,
whereas the simple approach used earlier {Best et al, 1970) to give the rate of
pumping of Bal 1p would yield an expected time constant of 3 sec. Consequently,
it may be inferred that the rate estimated by Best et al (1970) for Bal 1D pumping

may be inaccurate by as much as 30 percent; that is, it could be somewhat less
than the 1. 24 sec derived.

2.3 Computed Stepwisc Solution

A computer program has been written for the general case of energy levels in
the range 1=N=NMAX and associated optical transitions 1= L =LMAX. In this we
assume initially that all the population resides in the ground state N=1. As noted in
the introduction above, the computation interval DELTC was allowed to be greater
than the lifetime of the excited states, but less than the time between optical excita-
tions irom the greund or metastable levels. This model was allowed to be pumped
by the solar irradiation with DELTC =0. 01 sec. Since this was a test of the general
program, a brief qualitative description is given here.

Input data consists of:

NMAX : the maximum number of energy levels
LMAX : the maximum number of optical transitions
DELTC : the computation time interval

NMIN : the number of stable (or metastable) levels
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For each of the energy leveis we read in:
N : the sequential number
E(N) : the energy in cm ™!
G({N) : the statistical weight

For each of the opticai transitions we read in:
L : the sequential number
WVL{L) : the wavelength in Angstroms
NU(L) : the upper energy level number
NL(L) : the lower energy level nurnber
F(L) the transition oscillator strength
SINC(L) : the solar continuum irradiarce
FLD(L) : the Fraunhofer line depth

The program initially checks the above data for accuracy by computing the wave-
lengih of cach transition for the energy level numbers of the upper and lower
states, and then comparing with the input data; ccrrection to wavelength in air is
made above 24608 . This wavelength is used so as to permit comparison with
the data tabulated by Miles et al {1969).

Initi2l noupalations are all sct equal to zero, with the exception of P(1) = 1.0.
The rates of population of each of the upper levels from each of the iower levels are
computed in turn for DELTC, and after all LMAX transitions have been con-
sidered corresponding changes in upper and lower energy level populations are
made. If H is the solar continuum irradiance in watts m-2 nm-1 and )\u is the

wavelength in microns, then
0=1679.4 A3 11 (15)

and the rate of pumping of the upper level NU from the lower level NL is

APIND) - o, 02654 PNLIOS FLD . (16)
Then the system is permitted to radiate, and the branching ratios are computed
in terms of the computed Finstein A coefficients:

. _G(NL) |\ . 8., -2
AL = E(NT 0- 66698 % 10°£ % 7 (17)

Since all lifetimes are much less than DELTC, we perform a check to ensure that
all levels with N > NMIN have emptied, The emptying process for cach level is in
accordance with computed branching ratios. Printout and plotting of data is called

RS < St < i i o e
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E for at meaningful intervals. This data includes populations of all stabie (or
s metastable) levels and the brightnesses of emission lines.

’; In the case of this synthetic model, values of the input parameters were
A chosen to match the input data of paragraph 2. 1:

3

: N E G

¢ 1 0 4

4 2 5000 4

% 3 20, 000 2

1 and

] L WVL(L) F(L) SINC(L) FLD(L)

3 1 4998. 60 0. 375 0. 959 0.500

3 2 6664.83  0.333  0.455 0. 100

%‘

4 The coraputer tabulated output agreed exactly with the analytical function computed
according to Eq. (l4a).

e

3

3. BARIUMION SYSTEM

The program providing the stepwise solution to the optically thin radiative
transport problem was next applied to the barium ion system with 5 levels and
5 transitions (Figure 2). This allowed the equilibrium value to be zompared with
that calculated earlier (Best, 1968), as a further check on the progran:.

At equilibrium the values obtained were:

N Efem™) P(N) PN)*
1 0 0.575 0. 575
2 4873, 85 0. 120 0. 130
3 5674. 82 0. 294 0. 294
4 20261. 6

5 21952.4

L WVL(A®) BR(N) BR(N)
1 4554, 03 0. 780 0.780
2 4934. 09 0. 299 0. 209
3 5854, 68 0. 032 0. 032
4 6141,72 0.243 0.243
5 6496. 90 0. 103 c. 103

' Values (per total won) given in Best (1968).

+ Dr. J. 1. M. Fu (EG&G) has kindly pointed out a typographical ¢rror in
Table II of Best (1968); 1. 1355 should read 1, 355,
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: This equilibrium was reached with a 2390
¥ time constant of 7 = 0. 869 sec, with the s
: : . )
i ground state population decaying as “L / “ 7
; mae % \g
3 )
; N, =0.515+0.425exp (-1 ). (18) / A
- t 7 i \ \
] i LI \
155688 -

, / / RE
2 4. BARIUM NEUTRAL SYSTEM % [ RPN
2 s ! Lz
3 ::" . :: -
< 4.1 Equilibium Rithout Phstoionization ;m'» :E.:._, . g

i )
; The prugram was row run with input j x; "l \
s data obtained as follows: — 5‘,,
4 8500 —
3 (1) Oscillator strengths were taken ; . ]
from the NBS publication (Mites et al, 0
: 1969). R o
: (2) Solar irradiance SINC(L) was
P e -
E taken as the vaiue for the continuum Figure 2. Barium lon Term Diagram
F: given in the NASA Atlas (Arvesen etal,
3 1969), with a correction ¥LD(L) being
é included for the Fraunhofer line depth (relative to the continuum). The FLD (L)
: was taken from the Utrecht Atlas (Alinnaert et al, 1940).
Figure 3 shows a partial term scheme for Bal, with the transitions cor-

responding to the brightest observed emission features being shown.

Table 1 shows the input values used. THETA(L) is the continuum solar ir-
radiance SINC(L) expressed in photons cm"2 Hz~ 1, and AE(L) is the Einstein A
coefficient ferived from the values of oscillator strength and wavelength., Tais
model was computed with no photoionization process included. The idea was that
such a mcdel would be modificd by:

(1) Removing suddenly one half of the metastable population (for each of
several metastable levels in turn) after equilibrium had been reached, and ob-
serving the time taken to return to an equilibrium situation.

(2) Allowing photionizing transitions {o occur, from each of the metastable
levels in turn, with a ratc such that a time constant for the process of about 30 sec
was obtaine¢. Then the relative intensities of the lines for each possible process
could be examined. It is expected that if the recovery times found in step {1) above
are short compared with the photeionization time, then there would be no
detectable difference. The photoionization mechanisms were expressed for
computation in terms of an oscillator strength. This concept is vahid for an z2uto-
iopizing trancition, but for continuum photoiounization the rate requires to be

T o G S oo o & e TR TR TR, Fop- - adh St iatw o
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Table 1. Input Data for Barium Neutral System

L AVL (L) NS ML FL) STHG(L)Y  TA4STA(D) F.()

1 2403,980 bl I «UJJ M EE) Te 337 12007 <015 F05

2 2414.,830 oY 1 PR «935¢C 1.341) 1,940 JY15E427
¥ 2420.850 59 T O] R EY! T.423 1. GO0 <C¢o5eFU7

4 2428.170 53 1 «002 «951 1e457 1.000 L795£+4906

5 2433.,230 57 1 PROERS sz T.573J TeUUJ +Sh3-¥#05

5 2433.550 55 1 +009 «N53 1.535 1,08) J124E+80

14 2345, 3810 22 1 eVUUZ «UD3 Leobl Leld) WEIYRDE]

8 2453.120 5% 1 «309 «Joly 1.537 1.000 +631t+05

g 2477. 200 23 1 s UL EL) 1s223 LeLUY «20%c ¥V
10 2500.,200 52 1 54 «024 1.53% 1,080 L1535e07
11 2543,200 51 1 PYTE ¥4 NEE ZeC2 ¢ TeUuU s @IB=¥147
1.2 2595%.640 51 1 «035 «128 Te75% 1,000 J116E+28
13 245,540 L3I T PRI REE SeU/ 1L 12000 S 112+ 07
14 2702,6306 &7 1 «0038 248 B¢222 1.005 2475407
15 Z2739,.240 4> 1 YD B «220 7.8431 T 0T <9C2EFTO
15 2785.280 42 1 L L0 «234 Be431 1.6 2855487
17 30/71.»230 238 I o174 Y£)4 Ge ol T2 G0 <GU2a¥FIT
18 3501.11C¢ 22 1 «190 1.15¢ 75113 «I43 L2Q21R+903
13 J3343,330 1o 1 «UlU T+050 133+7+%> T2 F  s1G3L¥I7
20 39u3.910 32 2 «133 1.418 1u24341 e21l L4790 +33
21l 3335.720 373 3 PLLE ¥ 'K L0.2735 T ON3T v GHo3T¥FIT
22 3337.870 32 3 «025 «533 $54531 « 347 L108E+13
23 3393.L00 3% g e 17J Te731 21543 R EEEREE)
24  3395.,%830 23 4 «021 14597 141,412 «903  JBBLE+ST
23 132,430 14 ) euld Lel2U wil s QU J ¢« N1 T I2onFOT
25 4239.560 438 3 «033 1.3852 2070735 « 827 J236F+03
2T T WZEISIU Wy T 7 L IVTT0 7T 493 ST TS
28 4264.420 39 5 «130 2.02¢% 2¢34953 e727  130F+¢14
1295233190 35 5 ec 20 T.8%¢ EDE Y EXS 503  +0ICE¥I3
30 4323.00G 493 7 N2 1.3384 1874773 eL2%  J1552¢03
31 43257150 "G i) PR U T-o1F 209e207 T 695~ < (I6E¥FI7
32 4332.,910 39 7 ed<3 2.042 279,141 o777  J1537+03
337 H350.IV6° R 77 ez d o71s 7T I3 8BTS ILTED
36 ve)2.040 7 7 oo ) 1,333 Z-1e13% WOy2  ,7356_¢38
B TRRIANTEIT Ly 5 0 i 15378 02 E SRR U EEE L L
35 uu31.%38 '3 5 1.1 AP 2 e 77t e 4126407
—37~—"";!0"57; ﬂg.n- '03— 7 o:-:;“.’-—.t‘ PR e 103 « I .o-‘:‘l.l_:"““"?
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Only those transitions for which BR(L) > 0. 001 photons sec ~ atom ~ are

tabulated, and their temporal behavior is characterized as follows:
Type 1: Shows "exponential" decay similar to P(1)
Type 2: Shows transient pesk, similar to P(5)

‘ Type 3: Shows exponential grow-in, similar to P(2, 3 or 4)

; Type 4: Falls initially, then grows into steady value

The rate of pumping duc to any transition is, of course,

TR TS

; 2
- &8 = PINL) T2 £0p g THETA FLD sce (20)

where 'rre2/mc = 0.02654 and the values of THETA and FLD are given in Table 1,

T TR

1.2 Readjusiment of Equilibrium Afier Sudden Removal of Some Metastabic Atoms

TN

Sirce equilibrium was reached within 7 sec, in tms run one half the D (N=5)
population was removed at 10 sec, and one half the D (N=3) population at 20 see.
"he run was terminated at 30 sec. Recovery from tho first perturbation was
complete within one sec for the ground state and 1D2 metastable level and within
about 2 sec for the 3D levels. In the second case recovery for the \D level was
also complete within one sec, whereas the ground state as well as the 3D levels
required about 2 sec for recovery of equilibrium populations., Since these rccovery
(that is, population) times are so short compared with the photoionization time
constant, it may be expected that the relative line intensities will not be very
sensitive to the choice of metastable level assumed to be the precursor t¢ photo-

LA AT T LT,

ionization.

L3 Photoionization From Lip Metastable Levels

Photoionization was included in the computation process by the following
technique:

(1) Add an extra cnergy level corresponding to the ionization limit

(2) Increase NMAX by 1 accordingly

(3) Allow a transition from the lower level NL concerned to the ionization limit,
with the oscillator strength being chosen to yield a time constant of 30 sec. This
hypothetical transition can later be equated with a photoionization continuum
process, or with an autoionizing transition. This will also require a unity increase

in LMAX.
(4) PFermit all downward transitions as before, up to and including (LMAX-1)
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P(1), = 0.512 + 0. 394 exp (- (19)

where the time constant 7 = 1, 067 sec.

At equilibrium the relative populations are:

N Em POY)
1 0.0 0.512
2 9033. 99 0.086
3 8215.52 0.141
4 0595, 55 0.176
5 11395.40 0. 085

These have been reached to within 0. 001 within 7 sec.

The relative emissgion intenisities BR(Lj in units of photons per second per
total barium atom are given in Table 2. As might be expected, the relative
brightnesses show the same temporal behavior as corresponding energy levels.
The 5535A° line shows an intensity decay similar to that of the population of the
ground state.

Table 2. Equilibrium Emission Line Intensities per Barium
Atom, Without Ionization

BR(L) BR(L)
WVI(L) photon/atom WVL(L)  photon/atom
L  Angstroms sec Type L Angstroms sec Type
12 2596 0. 002 1 61 6019 0. 317 3
14 2702 0.001 1 62 6063 0. 800 3
16 2785 0.001 1 63 6111 1.313 3
17 3072 0.071 2 64 6342 0.405 3
18 3501 0.130 2 65 6451 0.175 3
19 3889 0.012 3 66 6482 0.636 2
20 2910 0.021 3 67 6499 1. 855 3
21 3936 0. 006 3 68 6527 0. 986 3
22 3938 0.004 3 69 6595 0.828 3
23 3993 0. 144 3 70 6675 0.401 3
24 3996 0.012 3 71 6694 0.484 3
25 4132 0.015 3 72 6868 0. 102 3
29 4283 0.077 2 73 7060 2. 667 3
44 4592 0. 066 3 74 7120 0.532 3
46 4605 0. 004 3 76 7280 1. 947 3
48 4628 0.016 3 78 7418 0. 064 3
52 4726 0. 124 2 79 7483 0. 367 3
53 5535 8. 112 1 80 7672 0. 832 3
56 5806 0,087 2 81 7780 0. 359 3
57 5826 0.441 2 83 7911 0.128 4
58 5907 0. 047 3 84 15000 0. 347 1
59 5972 0. 368 3 85 27750 0.048 4
80 5997 0.383 _ 3 | 86 20223  __0.124 3

1
{
|
i
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1

L atom™Yare

Only thoge transitions for which BR(L) > 0. 001 photons sec”
tabulated, and their temporal behavior is characterized as follows:
Type 1: Shows "exponential" decay similar to P(1)
Type 2: Shows transient pesk, similar to P(5)
Type 3: Shows exponential grow-in, similar to P(2, 3 or 4)
Type 4: Falls initially, then grows into steady value
; The rate of pumping due to any transition is, of course,

B oo

2 -

dt dt

where 1Te2/mc = 0,02654 and the values of THETA and FL.D are given in Table 1.

T RTET Y

1.2 Readjustment of Equilibrium Afier Sudden Removal of Some Metastabie Atoms

(L3

Sirce equilibrium was reached within 7 sec, in tais run one hailf the 11)2 (N=5)
population was removed at 10 sec, and one half the 3D2 (N=3) population at 20 sec.
"'he run was terminated at 30 sec. Recovery from the [irst perturbation was
complete within one sec for the ground state and 1D2 metastable level, and within
about 2 sec for the 3D levels, In the second case recovery for the 1\D level was
also complete within one sec, whereas the ground state as well as the 3D levels
required about 2 sec for recovery of equilibrium populations. Since these rccovery
(that is, population) times are so short compared with the photoionization time
constant, it may be expected that the relative line intensities will not be very
sensitive to the choice of metastable level assumed to be the precursor t¢ photo~-

b ord

R T T L ST e

ionization.

1.3 Photoionization Irom L3D) Metastable Levels

Photoionization was included in the computation process by the following
technique:

(1) Add an extra energy level corresponding to the ionization limit

(2) Increase NMAX by 1 accordingly

(3) Allow a transition from the lower level NL concerned to the ionization himit,
with the oscillator strength being chosen to yield a time constant of 30 sec. This
hypothetical transition can later be equated with a photoionization continuum
process, or with an autoionizing transition. This will also require a unity increase

in LMAX.
(4) Fermit all downward transitions as before, up to and including (LMAX-1)
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The oscillator strength was initi2lly chosen so that

_dP(NL) _ S 1 -1
PNL - 0-0265¢ F THETA = g sec™ (21)

However, it soon became apparent that F would require to be increased by 1/P(NL)
in order to make the overall time constant of the order of 30 sec.

Table 3. Data Yielding Metastable Photoionization Time Constant of Required

Magnitude

g Precursor 3D2 3D3 ID2

N 3 4 5

' f 0. 245 0.221 0. 197

4 AE (sec™ 1) 1.24(9)  1.09(9)  0.619(9)
wvL (R) 3046,33  3082.12  3263.09

' SINC (watts m "2nm 1) 0.539 0. 650 1. 149
THETA (phot em ~2sec "tHz 1) 25. 59 31.961  67.044
FLD 1. 000 1. 000 1. 000
T (sec) 34 33 34.5
At 20 sec:
P (1) 0.295 0. 295 0.284
P((2) 0. 046 0. 046 0. 049
P(5) 0. 074 0.075 0. 080
P (4) 0. 093 0. 092 0. 100
P (5) 0. 048 0.048 0. 045
P (62) 0.444 0.444 0.441

Table 3 nows the values of oscillator strength required to achieve a photo-
ionization time constant of about 34 sec. Note that at 20 sec the relative values
of P(N) are practically indistinguishable. The rate of ionization for a bound-
bound (or autoionizing) transition is given by

1 dP(NL) | o 0opsa 1 i -1
BIND) g = 002654 F THETA FLD scc (22)
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E
E; or, if it is a continuum phc toicnizing process the rate would be
Mp
g .1 dP®) _ f -1
] Py —at - _ c 6)‘ d\ sec
3 \=0
\ ™ -1
1 = J 08, dv sec (23)
: Vep
i where o is the photoionization cross section, and x.r and v are the threshold

wavelengths and frequencies respectively.

The values of Einstein A ccefficient (AE) corresponding to the required
oscillator strengths are not unduly large. However, the failure by Garton (1962)
to detect any autoionizing transitions from the metastable levels renders this
process unlikely, It is therefore more appropriate to consider in detail the con-
clusions in terms of c¢ontinuum-photoionization cross sections.

We can obtain an idea of the cross section involved by inaking either of two
assun ptions:

(1) That the photoionization cross section varies slowly ccmpared to the
solar irradiance (which falls by a factor of 2 every 100 to 200 ).

(2) That the photoionization cross section falls off much more rapidly (with
decreasing wavelength) than the solar irradiance. Then oniy the value at the
threshold is significant. In either case we can say

0.02G654 § = fa dy =~ ¢ Ay (24)

where Ay is the effective spectral width of the process duiermined either (a) by
the solar continuum intensity as a function of wavelength, or ) by the photo-
ionization cross section as a function of wavelength.

If we take A\ = 2008 (= 6x 1013 11z at 31278 ), we find that

16 2

0=4,423% 16°°° £ cm

= 442 f Mb
where one mepabarn (Mb) = 10~ 18 om?,
Therefore if we permit photoionization to proceed from any one of the four possible
metastable levels, we require a cross section of about 80 Mb. If we consider
vhotoionization from all four metastable levels, we require a cross section of
about 20 Mb and this is more in keeping with values {or photoionization from the
ground state measured by Hudson et al (1970°. lowever, these valaes were only
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maintained over a few X . The fact that photoionization was probably from all
four metastable levels was also derived from the results of the ultra-viol«t-
screened barium relcase previously reported by Best et al (1969) and Ros-nberg
et al (1971).
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Appendix A

The following printouts describe a computer program that calculates photo-
equilibrium of barium. One set of printouts describes Program Relax which
calculates the excitation and emission of atoms in the transient and steady state;
and a second set of printouts contains Sample Data to be used.

Preceding page blank
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PROGRAM RELAX

935WY RE_4X(INPIT,0JITPIT 4 TAPS5=EN2 ST, TAPZ5=0JTPYT,TAPZ 39, TAPE2,

1TAPE23,TA4223)

TAIS PROSRAM CALCJILATZS THE EXITATION AVD ZMISSION OF ATOMS
IN T4E TANSISNT AND STZADJY STATEZ,

O VI

INTESER 5

COIMMON Z(10CG),5(109),2(11)0) ,P2(132)
SIMMIN THITA(1007,42(130),8(160),RAZ(103),UAT7(100)

CoMMIN AV_(108) yNUCL109) 4NL(100) (100} ,35INC(109),FLOT200)
SIMMIN Ti4(230),3RT(23]),PT(200)

DIYENSION Y ABL(3) TITL (81 9XL(2) YL (2). A3SL(3)4YLABEL (3]
DIMENSION INJIXC101),INOYL104),TPL(12) 942 fLZ(8),SCALE(10),ISCL(3)

SET SONSTANTS.

e Ll

(=]

FORMAT (141,7/)

NMIN IS LJAZST VALUE OF NJ WHICH S4JUL3 B EM2TY AFTER EMISSION.

QI[CI LIl

NMIN=9

READ IN THZ NJMBZR JF ENIRS5Y LEVI_S, THI NJ9YBI OF POSSISLE

LI Q)

TRANSITTONS &ND THE NJ¥BZR JF SZ3INIS THZ TACTION SHOULD GO.

N
<

READ(5920) NMAX,LMAX,FTIME
FORMAT (2I5,F3.0)

20 11 N=2,NMAX
P(N)=0,0

[
-

CONTINJZ
P(1)=1,0

READ TH4Z ZNZR5Y L IVELS AN) THE 5 FASIOR,

€Y LI D

INPUT E(N) IN CTM=-1, o IS STATISTICAL HELSHT.

0

RFAD(5,30) (E(NY, 3(N),N=1,N1AX)
FORMAT (5X,%10,0,15)

READ T4 AAVELENSTA JF T4Z TRANSITIINS, T4Z JA2PER AND LOWER ENERS:

_ . HVL IS ANS5TR0OM3 IN AIR I® ALVAL .53, 24504,

LEVE-3y =y SING, 4D FLD.

WVL IS ANGSTROMS IN VAS I5 ALVAS LT, 2h504,
SING I3 S)_AR INTENSIIY IN CONTINJJY IN WATTS M¥*-2 NM-1

L) oL (),‘) [$11%] C)'w

(APPL. 22T, 9,345(13970))
.0 I3 “RAJYHOFER LINT JZ2T4d.
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= FLI IS 1.003 FO2 NO ASSORPTION.

AR ST I ot hatr
(%,

iElJ(S,kﬁ) CAVC () s WICL) S NLELS SFEL) 5 SINSEL) 4 FLD(LY,
FL=1,L9h)
3 FORNAT (5X5°10,0,2I5,510.,0,2728.2)

CALCULATZ fi- VALJES 2° Ii Th.

S£C-1 4Z-1 Iﬂ oO'lR CSHTI*JJH.

IR O W&

D0 21 L=1,.%5X
TAZTA(L) SSINCIL) * 679, 4% ( (WYL (L) *1,02-0%)%%3)
CONTINYZ

SN sy TR TSNS
B

[

CHECK THAT T4Z ENERSY JIFFETHSZS ARZ CINSISTINT WITH T4E
WAVELZNGTA> AAICH Sz PVIOUSLY Rz3D,

[TAY LEXY )]

90 31 L=1,L4AX

NUL=NU(L)

NLL=NL(L)

HLVAC=1.0Z087(E(NUL)-ZENL))
IF(HLVAS.LI«2450.) HLI=ALJAS-HYL(L)
IF(WLVAS.52.24004) HLAR=(4LLVAC-.075)/2.000265
IF(HLVAC 532 ¢2460.) WLI=WLAR-RVL(L)

IF(ABS(ALD) ¢5Te0.25) 30 TI 5

60 13 51

5 HQITE(B,:O) L,HVL(L),ﬂUL,iLL,:(VJL),:(‘LL)

EY) —F ( = rOLtL ) 31> 9 +
+% L =%I5,% AJL(L) ‘FB 29* HULL) =‘13,' QL(-) =513,
+* S(NU(L)) =*FB8.1,% E(NL(.)) =%F8,%)

IND={
1 CONTINJZ

>

T AN

AT

Kgé 1 8 Al ] M

eX1IT Ir ANY VALUE IS NOT CONSISTENT.

€ LYy Wy

T R T TR

IF(I‘J. .'.J' 1) 3739

CALCJLAT= AAVEL=ZNSTAS IN MITIONS, ANJ EINSTZIN COEFFICYICNTS.

IQJ [ [3)

90 91 L=1,LMAX
___NuL=NU(L)
NLL=NL{w)
HLM=2 02447 (Z(HUL) =2 (NLL))
AE(L) =(FLOAT(GI(NLL)) /SLOAT(S(NUL)))*),.6538E+8*=(L)/ (HLM**2)
91 CONTINUZ
WRITZ(5,110)
110 FORMAT (54X, *L¥3X¥HVL (L) *3XENU¥2X*NL_FBX*F (L) *3X
+¥SINS(L)*2X*THETA (L) *4X*r _J(L) *4X*AS (L")
HRITE(59200) (LyHVLCL) yNJEL) oNL(_)3F{L)ySINC(L) 4THETA(L),
+FLO(L) yAZ(L}yL=1,LHMAX)
200 FORMAT (I15,°1043,214,4F10.3,E10,3)

LER S SITA i Ay
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TALCO_RIZ T4Z 05 SOC FLCIEWiS WiEs7 DEIZRIIAC ik TnE LEvELs
RILT 32 3T2.EZ) 3¢ £AT4 SAISSIOH FITE K4S LIwse.

LT AN 1Y)

£0 202 N=1,%42X

S5U9x3,0
I E1L £=2..13K

FFINIIC) 2290 SIF-30%FE=(D
=OXTIvIZ

222=351*3z .12
IF(OEC. 2o . Be A Ne 3T 435S WREEZE3.83) %

33

FOXIAT (/> _ZWZ22E3* 443 W SIXCLZRZLY EIizD®)
33 228 o=f,.12%

122

TEOKIL) .22 6) PAZ(LIZZE(CI750%
COXEIvSE

131

———

(52 SL¥ H

31227 €335 %4io4 S3_SI_ATES TAS FI97iN; oF SIALES AN T4 ENESSION

ZWZ2Y JIS_EZ 35C0¢3S.

NV O30

UL

TIMZ="E4Z#JZLTC

00 &1 N=1,YiAX
2P (N)=0.0

w
[+

CONYINJZ
£=K+1

CALCJLATZ AT IF PIMIEIMS AT A4 ELZ/EL.

(VIS AY]

JD 61 _=1,.93X

NIL=NI(L)
NLL=NL(L)

RAT(LI=0.3255%%2(NLL) i) PE4ETALL) * =L D) *DELST
P2 ANJL) =23 (NIL) +AT(L)

-

PPINLLY =22(% L) -2T (L)
CONTINUZ

CALCILATZ NS4 PILJPATIINS,

QI O

00 71 N=1,N4aX

2N)=2(N) +22(N)
PP(N)=D.]

CONTINJZ

QGlOON

CALCULATZ Z94ISSIONS FOM ZACH LzZVit.

LtHAX1=_Max-1
90 51 L=1,.4iXx1

NUL=NU(L)
HL.=NL(.)

3R

240TIN5/523,
RATE=P(NJL) *RAZ (L)

- —




BRI~ DL ES

FOINEE 2P (S L) *EL0E
L PRASILY =P (TSN —RATE
f 5 a2z
4
; = PRI N 24 PP RAREO .
30 3% =Lz WK
PLRF=2 (X7 #2>.%)
R TV EL )
1 = .
b oo 3 CF 1 QENNNELECE PN £ 30 CF VI TR V2120 $-(3 0

7ieSWI SNz LD 50 JO 15

2 2 3%
2> WIEAZ(2sI2N N
31 FODIAN (/s _STZ_4E3* 415 W37 SH2REZI™)
3 32 s~ 33 S

CAZCK IF R4Z POPJiSfI2W JA_J2S A%D JUSIINZISZ3 SAEE 2=

™

= PREXTZD 31 F4IS FReE.

EF(K.S2.2) 3] 73 &5
ZF (<7200 *23.8=.<) 50 50 55
PRI, Z.2.80 53 §0 35

4 LAl § e uaet

TECIS/2LEDIL00.%2.<) 50 §J 35
EF(TENE. 2. 22.8) 33 2 65

‘ £ o5 §0 e

4 KL=KEPL

1 s WRIEZ JAFA 4 & FAPS =2 SIS2ASE.

3 > )

WRITZL2) TEMZ,(2EL),”(L),E=1,174X)

3 ZE€5,702 Ka¥=

72 FORIRT (//,558X,%TENE =*77_3/)
H218Z (591322

138 FOUSAT {/7553X42M*5X2Z(N) *SX*P(N) */)

W2ATZ(59332 S$Y,2(N) 3P(¥) 9 1=1 4, KA1 Y) 5, V94K, = (¥ IAX) ;7 (NBAX)

53 FORIAT (33X,X5,2710.3)
WZXTZ(5,159)

padai i g (e

158 FORMAT (//,38X,PLo6X 4V, (L) *8X*UTS(L)*IA*NUSIX*NL*10X~BR(L)*/)

MRITZ (551200 (L ,WTLIL) yRAT (L) ,NICL) 5 NL(L) ,32(L) sL=1,LHRY)
FORIAT (33X,15,720.35,515.3,2155,°15.3)

(']
1]

£A4ZCE IF Az 4AVE ALLOAZ2 TAZ CALSJLATION T3 50 TO COMPLITION.

(),\‘) (%]

IF(TINz, T.FTI42) 50 1D 55

|

ENTFICE 2
SEMIND 2

KOTE: The remaining portion of the program sorts the data so that it can
be plotted. This portion of the program is particular for the CDC6600, and
subroutine PLOT V is a plotting subroutine written by the author for the
CalComp Flatter.

VY

SET JP SONSTANTS “0R PLOTIINS.




23

T

3 DJATA X_/0.2,30.37

YL (1) =0.0

; XS=5.3

» IATA . A3Z_/304 TIME (SES3) /
- DRTA Y_A3Z_7304 3GHINESS 7
DATA YEA3L/334 PIPILATIIN /
DATA (TITL(E)15298,2)74°104 (5%9-1) 7

3 DATA (TITLS(E),1=2,8,2) /%*104ANZSTRI4S 7/

F TTTIATE EX/104RAVZLENGTA 7

A%

OPZN MASS STJRA5Z FILZ OF JULt 8 -J2 PO°JLATIINS, AND ON JNIT 9
rOR IRISATYSSSES, AND STIRZE THE JATA ON TA2Z 2 IN THE PIIPER FIL:ZS

U O

CAL_ DPIN45(8,INJ%X,131,D)
CALL 97Z445(3,INDT,101,0)
20 131 i=1,14AX

93 152 __=1,4K
REEVE2) TISC L) {SINC{4)T.3(M) 4=, MAX)
IRTLLL)=SINCLL)
2T(LL) =7 (L)

Eailcs

151 ZONTINJE
ALl ARITHS(I,3RTHyXLye)

T TITRTC

IF(L,2T.N¥AX) o0 TO 135
SA_L WRITH5(5,PT,4K,L)

i35 2EAINW 2
121 CONTINJE

L 354 8 A ey M

115=0
_DAYA SSA_3/2655140,0075,005050425,04125,0,05,0,025,0,010,0,005/

READ T4Z 23)Z FOR T4Z TY2I OF DATA T) B PLIOTIZD,THE NUMBER

OF S2Z3T7RA. _IHZS 03 INER>Y LEVELS, T4E 5032 FIR THE SPzZCTRAL
LINS 03 ZNZIR5Y LIVEL AND V42 SCA.Z SJIDE.

(AR Ay e e

[AETI (S ASHE RS

> READ(5,130) N3, Jy(IP. (1) I=1,4),155.(4),4(I2c(L),I=5,8),

1ISOL(2) 5 (120 (1) 41=3,12),1I53L(3)
80 FOIMAT (A13,110,1514)

L L Ay

-

15=0

C42C4 Ir A.. Tdz CASES dHAJEZ BEEN 2LITTED,

(SR YIS

-
3 TF(J.31.12) 50 10 75
2

CAZCE IF WZ ARE GIING TO IL3T ENZRSY LEVEILS OR WAVELENGTAS,

O O




b e JRESUSREENUS

IF(IU.Z2.3) 50 TO 35
A Iv=0

20 171 II=I,1I4
IP=IPLC(ID)

Iv=IV+i

: IF(IP.c2.0) 30 1O 85
< IF(II.3T.J) 30 1D 85

PREPARE TITLZ AND INITIALIZZ PLOTTZER,

LA )

IF(IJe2Qs8) INCODZ(10,153,TITL(2¢IV=~-1)) Z(I2)
X 50 T) 171
: 85 TITL(2¢IV-1)=10H
171 CONTINUE
IS=IS+1
ISS=ISCL(IS)
YL(2)=8.,0*SCALE(ISS)~-0.001
YS=SCALE(ISS)
CALL PLOYVINIDyXL9XSyYL9Y35929339-1,~3],TITL ,XLABEL,YLABL 4845y11,)
3 GO TO 45
35 CONTINUE
IV=0 d
00 151 II=I,I4
IP=IPLCID)
Iv=Ivel
IF(IT.6T.J) 50 TO 35
IF(I2.,2Q.,0) 350 TO 95

FPEAL s e a0 *

( ec e =N W:KIUyIQU,II'E:‘.’IIQ’I” RUE!I’)
150 FORMAT (L1XyF8.2,1X)
30 70 151
3 35 TITLZ(2*%IV-1) =104
3 151 CONTINJE
. IS=IS+1

ISSEISAL(IS)

YL(2)=8.0%334LE(ISS) 0,001

YS=SCALE(ISS)

CALL PLOTVINIyXLyXSyYoy¥3929339=1,8),TITLE )X ABEL,YLABEL8450114)

PLOT CURVES.

£ €I )

5 D0 144 II=I,I4
IF(IIST.J) 50 TO 141
IF(IPL(IIyaZ3s0) 50 7O 141
CALL REAIMS(ILJsPTKKoIPL(IX))
NO=2
N=II-T+1
CALL PLOTVI(NIyTIMyXS 4 PTyYS 4sKKyNyly-80,TITL s XLABEL,YLABEL,
18.5,11,)
IND=1

141 CONTINUE
GO TO 25

73 CALL PLOTV(Y4)
SToP
END

MARS ENGOUNTERED




SAMPLE DATA

T

37  23.

')

2.000
9033.33

kil

9215.52
9295455

11395.%
1220548

12535.5
13514.7

08 =N W £ W RN

1.2

g 180603
10 22054.7

11 22347.%
12 2307%.4%

13 23757.1
14 24192.1

15 2453L.5
16 24973.9

17 25642,.2
i 18 25704.1

19 2535045
20 25160.3

21 26815.3
2855443

T
n
[H\3

23 30743.5
24 30750.7

Lk 220

25 30815.5
30818.1

N
o

27 30987.3
3256741

o
N
[~ ]

29 33905.3
30 34370.8

31 34493.3
32 34602.8

33-34616.7
34630.8

35 36473044
36 34823.4

LI S SO S e a
(7]
&£

37 353444
38 3561643

38 35709.3
40 3576242

41 35785.3
42 35892.5

43 35894.3
44 3620044

45 36495.8
46 36628.9

47 36990.0
48 37095.5

49 3777445
30 38493.3

(AT PRRon ERIT PO PR T I IV U PR FP.RE IV [ SN FWRYe FITT TRan 1Y WY FAIEN) PR [R ERRTH PRV RETR NS [C IR IV ) ) EVRVH TR




ey

T Kitiae e ey YT LU Sy il 1)

GO i © acis mad ol aus et

vt a~al

PR

e s A L e L

B ML A il

o,

L

31

51 39368.7 3
52 39336.5 3
53 48%21.23 3
5h 4076%.5% 3
55 48893.% 3
55 %8931.2 3
57 51095.8 3
56 #1183.3 3
59 $:307.8 3
56 %1%10,8 3
51 6169%,.1 3
32 42032.% 1
1 2699.33 31 1 1.6 Z-0& 359 1.000
2 26ik.83 33 1 3.0 :-03 .360 1.300
3 2420.85 33 1 5.7 Z-03" 2351 1,308
% 2428.17 58 1 2.1 :-03 <361 1.498
5 2433.,28 57 1 2.5 z-83 162 1.080
6 2433.55 56 1 3.3 i-66 <0E3 1.006
7 2645.33 35 1 1.5 Z-G3 363 1,900
8 2453.12 54 1 1.7 :i-0% >36% 1.900
9 2473.20 53 1 1.5 -03 2264 1.000
10 2500.2 52 2 %.3 =-03 <16% 1.030
11 25%3.2 58 1 1.2 :-02 0.295 1.000
12 2535.5% 50 1 3.5 Z-02 0.128 1.000
13 26%6.5% 39 1 2,5 Z-03 0.i95 1,000
16 2702.53 37 1 8.1 2-03 0.248 1.000
15  2739,2% %5 1 3.1 z-03 2.225 1,090
16  2765.28 42 1 3.9 z-03 0.234 1.000
17 3071.5%5 28 1 1,7 Z-31 2,708 1,000
18  3501.11 22 1 1.6 2-01 1.356 0.343
19 3889.33 18 1 1.0 -02 1,350 0.324
20 3909.91 32 2 1.9 2-01 1.918 0.311
21 3935.72 33 3 1.5 :-32 0,333 0.399
22 3937.87 32 3 2.5 :-02 0.539 03647
23 3993.40 34 & 1.7 :-01 1,793 0.351
24 3995.55 33 & 2.1 £-02 1.597 0.303
25  4132.43  1& 1 3.9 :-03 1,750 Go301
26 4239.55 45 8 3.8 -02 1.552 0.827
27 4242451 %4 7 3.5 Z-23 2,300 0,481
28 4204e42 33 6 1.3 z-01 2,726 C.757
29 4283,10 35 5 2.5 3-31 1,342 0.563
30 4323.00 %8 7 7.2 :-02 1,354 0,524
31 4325.15 36 8 2.8 I-02 1,518 04456
32 4332.91 33 7 4.3 z-02 2,343 0.777
33 4350,33 38 7 2.8 =-01 1,715 0.883
3% 4402.5% 37 7 3.4 z-01 1,363 0342
35  4406.85 W4 8 3.0 -02 1.378 0.313
36 431,83 36 6 1.1 :-0C 2,716 0.709
37 457,03 %3 8 2.8 :-02 1,354 0.854
38 4488,38 41 8 1.8 =-01 2,015 0.874
39 4493,64 40 8 1,1 I-01 2,108 0.351




T T T

T

I YT

bl § conatn o

;w«wwmv””rx

32
%0 4505.32 36 7 3.2 Z-0% 2.290 0.3%2
41 &523.17 38 & 2.9 z-01 Zedhl 0.351
42 4573.85 31 7 3.1 2-21 2216 0.342
w3 4579.5% 37 3 5.6 2-61 2+329 0.342
86 4531.82 27 I 3.2 =-33 2.393% G.331
45  4593.,75 306 7 1.1 =-3% 1.37% §.3531
46 450%.93 23 2 8.2 =-03% 2.9347 . 0.599
%7 4619.92 23 5 3.0 =-02 2«71 C.351
%3 4528.33 25 3 2.2 =-02 2.115 0,330
%9 £673.62 27 ‘e L.S =33 20118 0.376
50 4531.52 36 8 3.3 z-01 2.395 0.757
51  4700.%3 29 T 7.8 z-02 1.386 0.351
.32 &L725.%% 28 5 le% Z-01 2,372 0.390
"33  5535.43 g S 1.53:-0G 1,331 0.580
5% S5777.32 25 $§ 1.C =-J¢ 1.376 1,000
55 5800.2% & 3 2.k Z-J1 1.376 $.J00
56 5805.63 21 4 2.0 =-92 1,531 0.3380
57 5825.30 22 5 3.0 =-01 1.361 1.300
58 5337.5% 19 2 3.1 2-02 1.311 1.300
59 5971.78 13 3 1.5 =-01 1.393 1.J00
530 5937.23 18 2 2.5 I-01 1.762 1.900
51 6019.647 L7 2 2.5 z-01 1.745 0.390
52 ©5053.i2 18 3 3.2 =-01 1.345 1.300
53 5110.78 19 % %e0 Z-01 1.325 34000
56 6341.88 15 3 1.5 -0t 1.575 1,380
65 6450.65 15 2 1.1 =-31 1.322 0.337
56 5482.31 21 5 3.9 =-91 1,327 $.371
37 &a4d8.75 15 T 5a5 --J1 1.566% 0.930
68 6527.3% 15 3 3.8 -01 1.545 0.322
59  6595.33 1& 2 %.7 =-01 1561 0.590
70 5675.27 14 3 1.4 3-93%1 1.526 1.000
71 56930&3 15 [ 1o4 :'Ji 105?8 10300
72 6865.63 19 5 3.5 Z-02 1.%89 1.000
73  7053.3% 13 & 3¢8 =-01 Te350 0.381
7  7120.33 12 2 2,7 =-01 1.333 0.390
76 7280.30 11 3 5.9 -3t 1.356 1.300
77 7332.41 20 7 4.1 Z-U1 1. 322 1.000
78  T417.53 12 4 1,5 =-02 1,304 0.385
79  74886.08 1% 4 B.4 =02 1.312 1.500
80 7672.03 10 2 4.5 I-01 1.241 0.30% )
81 7780.43 10 3 1.2 z-01 1.218 0.733 -
82 7995.75 20 3 3.5 -01 1.178 1.000
83 7911.33 7 1 3.9%:-03 1.171 1.000
64 15000.00 3 S 1.003-01 0.2937 1.900
85 27750.22 7 2 L.54:-02 0.335 1.000
86 29222.72 7 3_2.632-02 0.330 1.000
87 3263.03 52 5 0.1570 1.169 1000 0~
LEVSLS 11 01 85 52 00 05 92 03 04 00 08 06 07 0d8
AAVZLENGTH 12 17 18 53 25 28 29 57 65 72 0Ob 54 55 20
AAVELENSTH 08 63 _6% 5% 73 04 30 74 67 50 NS




