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On the Hyperfine Structure of Iodine:

To Calculate Hyperfine Constants
on the Basis of Experimental Data

by

- Susanne Picard-Fredin and Annick Razet

Abstract

A method of calculating the hyperfine coupling constants of iodine is described. It has
been transformed into a computer programme written in Turbo-Pascal. The accuracy of the
calculations using the programme is compared with that of others published elsewhere. To-
exemplify the method the hyperfine constants of the R(12) 26-0 and the R(106) 28-0
transitions in the B-X system of iodine are calculated.



Table of Contents

D T O 0Tl i ettt e e e e e ee e a et aas

2 THBOTY oottt ettt e e bR el e et e s et et eab e
2.1 The Hyperfine Hamiltomian ..o s
2.2 Numerical Method ... ceatrsinaes eyt

2.2.1 First Order Perturbation Iterative Computational Method ...,
2.2.2 Statistical Weights and Standard Deviation

3.1 Comparison 0f RESUIS ..o ettt
3.2 Calculated Hyperfine Constants of the R(12) 26-0 and R{106) 28-0 Transi-
tion in the B-X System of I0dIne. «ocooov oo e
SO REFETENCES ottt eee et e e as 2t es e e e et e s et b smnt e e et an b e ns e araeanre e
Appendix |
Appendix [I
Appendix 111

Appendix IV



I Introduction

Investigations of hyperfine structure using sub-Doppler spectroscopy have been a popular
subject over the past twenty years, Molecular iodine has probably been the most extensively
and frequently studied diatomic molecule in this field. The ease with which it may be handled
once contained in a glass cell and its rich, often strong, fluorescence spectrum in the visible,
combined with its rather narrow hyperfine lines (some tens of kHz typically), make it particu-
larely attractive for metrological applications. These relate to optical frequency standards.
Indeed, simultaneously with the new definition of the Metre [1] based on 2 fixed value for the
velocity of light in vacuum, the frequencies of five molecular transitions were recommended
for the realization of the Metre [2]. Four of these correspond to hyperfine transitions in 10d-

ine.

The theory of hyperfine interaction has progressed in parallel with improved high preci-
sion experimental techniques. A good review of the most important steps in this develope-
ment up to 1981 is given by Bord€ et al. [3]. Recently, effort has concentrated on
understanding the influence of molecular vibration and rotation on the nuclear electric
quadrupole and spin-rotation interaction {4-9]. An understanding of hyperfine structure is an
important factor in the improvement of present optical frequency standards. Methods are
needed for the calculation of spectra and characteristic constants in order to understand and

control experimental results.

Here we present a computer programme for the calculation of hyperfine coupling con-
stants for iodine, ¥'I,, starting from experimental data. Our programme is written in Turbo-
Pascal and is based on the first-order perturbation method first described by Bord{ et al. [3].
We chose this iterative cornputational method as it has been shown to converge rapidly; three
or four iterations are generally sufficient [10]. In Sec.2.1 we present our Hamiltonian and
give a detailed description of the iterative first-order perturbation method in Sec.2.2. In
Sec.3.1 we compare the results obtained using our programme with earlier calculations done
by several other groups. Finally, we present in Sec.3.2 a calculation of hyperfine constants
using recent experimental data obtained by Chartier et al. [11). The programme is listed

among the Appendices which also includes complementary information and guidance.



2 Theory

Before describing the calculation method, we first present the Hamiltoninan that was used.
For further details on how to calculate a hyperfine spectrum we refer to [12].

2.1 The Hyperfine Hamiltonian
A
The hyperfine Hamiltonian, Hy,, can be written as

A FAN Fal Fat Fal
Hyy = eqQHyy + CHg +dHog + 8H g (1)

where I/—\IiBQ [13], fiSR [13], I{\Ims [14], f—\ISSS [15] represent the electric quadrupole, spin-rota-
tion, tensorial spin-spin and scalar spin-spin interactions respectively'. We have chosen to
use the conventional symbols eqQ, C, d and 8 to represent the constants for electric
quadrupole, spin-rotation, tensorial spin-spin and scalar spin-spin interactions respect-
ively. The Hamiltonian can be extended in terms of higher degree (3] but in most cases
these are not significant. In our calculation we use a basis set which contains the levels
(v,J) and also (v,J12), where v and J represent the vibrational and rotational quantum
numbers respectively. This is why we must introduce the rotational Hamiltonian I/-\IR into
the calculation. We refer to the interaction between these levels as AJ=0,%£2 from now on.
The basis set can be extended by taking AJ=%4 into account and even using AJ=18, but we
consider these contributions also to be negligible.

The different interactions can be written as

1 Observe that the notation of the Hamiltonian is slightly different here than from notation
used in [12].
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using {FJI> as the basis set’, Here, F and I represent the total angular momentum quantum
number and the nuclear spin quantum number respectively. B,, D,, H, and M, are the rota-
tional constants [17]. The big parantheses represent 3-j symbols: small and large curly
brackets correspond to 6-j and 9-j symbols.

When J" ,where (") indicates the lower state, is even we have a so called ’para state’ in
"', and obtain, using algebraic addition rules, a total of 15 hyperfine components. Includ-
ing AJ=012 we obtain a Hamiltonian matrix with the dimension 45x45. It is block diag-

2 Explicit formulae for Eq.(2) can be found in [16].
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onal with respect to F and contains 13 sub-matrices. When J" is odd we have an “ortho
state’ in '*'L, and the block diagonal Hamiltonian becomes 63x63 in dimension for
AJ=0+2, including 15 sub-matrices.

The Hamiltonian matrix for a para state is represented in Fig. 1 where the numbers
indicate the dimensions of the submatrices, each labelled by a different F. A hyperfine
transition is associated with the energy difference between the upper (') and lower ("}
state (for example the B and the X states in iodine). The Hamiltonian submatrices must be
diagonalised to calculate the eigenvalues and cigenstates of each upper and lower encrgy
level involved in the hyperfine transition. In such a way one can calculate a hyperfine
spectrum, using known constants. Below, we show how to obtain such hyperfine con-
stants from experimental data.

Figl. Dimensional scheme of the Hamiltonian matrix and its sub-matrices for a
para state including AJ=0,12.



2.2 Numerical Method

2.2.1 First Order Perturbation Iterative Computational Method

The first-order perturbation-iterative computational method was introduced by
Bordé et al. [3]. We here describe in detail the application of this method to hyperfine
transitions.

As the method is iterative, one needs an initial set of hyperfine constants. These
approximate constants can for example be obtained from the empirical formulae
derived by Gliser [4], Morinaga et al. [5] or Spirko and Blabla [7]. Using these con-
stants a first approximation to the spectrum can be calculated. The difference between
the observed and calculated spectrum gives a measure of the magnitude of the
correction required in the initial constants. Hence, new constants are obtained which
give a calculated spectrum closer to the observed one. The procedure is repeated until
the correspondance between the observed and calculated spectrum is satisfactory.

The corrections to the constants are obtained in the following way:

The Hamiltonian equation can be written as

}?MIA[ME,-EAQ 7N

A
where Hy, is the Hamiltonian hyperfine operator, 1A > is an eigenstate and E, is its

cigenvalue.

N
A small vaniation of the hyperfine constants, dX, creates a new Hamiltonian H’y,

(see Eq(1)):

A

, A A
H'yy=Hyy+ 5. A (8)

and gives new eigenvalues:



E — E,+dE = E,+ L dE,. 9)
J

A : Dl - - r;y 3 :
where dH, and dF, are associated with the variation, From here on the index '}’ indi-
cates the hyperfine constants, and the index 'i’ indicates the hyperfine components.
One can write

~

A
dH, = H dX, (10)

! )

/\ .
Considering dH; as a small perturbation and by applying the first-order pertarbation
theory we obtain

A
dE; <A JH A >

dX; <A lA> (1
For completeness, the first-order perturbation theory is reviewed in Appendix L
Letting € represent an observed state, one can write for a transition "1’
e, —e" =(E"+dE’)~(E",+dE",). (12)
This relation is illustrated by Fig. 2.
According to Eq.(9) we can hence write
€, —€\=E —E"+ EﬁdX’j—zf'E:ﬁdX"k, (13)

X’ v dX",

where E’; and E"; represent the energies obtained from the initial approximative con-
stants.

10
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Fig2. Energy level scheme used for the approach of the calculation of hyperfine
constants.

Using matrix representation, Eq.(13) can be written as

dx’,
dE’; dE', —~dE", -dE")
(€, -€")— (" ~E")) | dX’,"ax’, ax", " dx",
| ' S e
h ' ' axn {19
(E’N — E“N) — (E 9N v EI!N) dE SN dE ’N _dEHN ""*dE HN
dx’,dx’;  dxv, U dx“, )| .
ax",

i1



where the first matrix, represented below as ¥, represents the difference between the
observed and calculated spectra and N is the number of observed transitions. If we

write Eq.(14) in the more compact form:
Y=A8, (15)

the matrix § contains the corrections to the hyperfine constants and can be explicitly
written as

o=(ATAY'ATY. (16)

The calculations represented by Eqgs (7-16) are repeated until the values dX; and dX"y

converge.

2.2.2 Statistical Weights and Standard Deviation

The precision of the measurement of each frequency interval is not necessarily the
same for all experimental values. From a series of measurements, we can determine
the standard deviation o, for each frequency separation. These experimental data are
independent, and the variance-covariance matrix ¥, can be defined as

¢ ... 0 0
v=lo .. & . o} (17)
0 0 o

The standard deviations can be used to determine the statistical weights g

12



8= (18)

These, in turmn, can be introduced in the calculation for the determination of the matrix
9 which is then written as

8=(A"GA'ATGY, (19)

where G is the matrix of statistical weights:

(20)

The standard deviation, SD, of a fit is given by the expression:

- (vi,ab: - vi,ca.’c)z 21
SD__'\/;[ N-K } -

where K is the number of fitted parameters. The variance-covariance matrix of the
matrix 8 is determined from

V(6)=(ATGA) SD2. (22)

13



3 Results

The calculations described in Sec.2 were carried out using a computer programme written
in Turbo-Pascal 4.0. Its content is listed in Appendix II. Below are listed the contents of
Appendices I-11I.

Appendix I First-order perturbation theory.

Appendix 1I-a Flow chart of the most important parts of the programme.

Appendix II-b Main programme written in Turbo-Pascal 4.0

Appendix II-c Subroutines for calculating the Hamiltonian matrix and deducing the
energy differences.

Appendix II-d Subroutines for calculating the rotational contribution.

Appendix 1l-e Subroutines to diagonalise the symmeirical matrix and to calculate the
energy eigenvalues.

Appendix l-f Subroutines containing matrix calculations and evaluation of standard
deviation.

Appendix IlI-a Format of input file.
Appendix III-b Example of output file.

In the rest of this section we present some results derived using this programme.

3.1 Comparison of Results

We have compared the calculations made by our programme with four different calcu-
lated structures for which three programmes with different origin have been used. These
calculations have appeared in works by Foth and Spieweck {18], Bordé et al. [3] and
Razetetal. [19].

These comparisons are listed in App.IV whose contents are listed below:

Appendix IV-a Comparison with Foth and Spieweck [18]
R(98) 58-1.

14



Appendix IV-b Comparison with Bordé et al. [3]

R(98) 58-1.

Appendix IV-c Comparison with Bordé et al. [3]
P(13) 43-0.

Appendix IV-d  Comparison with Razet [19]
R(47) 9-2.

The frequency difference between the BIPM computation and the others is less than 1
kHz, except for that of Foth and Spieweck. These differences depend on several factors;
for example, Bordé {3] uses an eigen matrix expanded to AJ=34. As the programimes are
not identical, round-off errors are introduced. However, we have not used the same origin
as Foth and Spieweck and our calculation gives recalculated lines which differ at most by
7kHz from that of Foth and Spieweck. Comparisons between the calculations by Foth and
Spieweck and by Bordé€ et al. can be found in [3].

We have adapted our programme to calculate the hyperfine constants for L (1=5/2).
A few of the matrix dimensions in the programme have to be modified to allow calcula-
tion of the hyperfine structure of the "I, molecule (1=7/2).

3.2 Calculated Hyperfine Constants of the R(12) 26-0 and R(106) 28-0
Transition in the B-X System of Iodine.

Recently, several groups have shown an interest in the green HeNe laser at 543 nm
which was introduced on the commercial market in 1985. The 543 nm laser line has been
shown to coincide with two rovibrational transitions in the B-X system of 'L, namely
R(12) 26-0 and R(106) 28-0 [20]. At least four groups have observed the hyperfine spec-
trum emanating from these transitions {11,21-23]. Chartier et al, [11] have reported
measured frequency differences between 15 hyperfine components. These were obtained
by stabilizing two independent laser systems, using the third-derivative technique, each of
them onto a different hyperfine component and measuring the beat frequency. We found
it tempting to calculate the hyperfine constants for these components using our pro-
gramme. Here we present calculated constants, using the experimental data from Chartier
etal. [11].
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The hyperfine coupling constants for the (v"={(,J"=13) and (v"=0,J"=15) levels of the
ground state (X) calculated by Bordé at al. [3] are about the same. In addition, no evident
J-dependence of the hyperfine coupling constants was observed for the 13-1 band in the
B-X system for J=0-10 [8]. Precise hyperfine constants of the ground state have been
determined for the (v"=0,1"=13) level by Yokozeki and Munter [24]. For this reason we
have chosen to represent the (v'=0,J"=12) level of the ground state by the constants of
Yokozeki and Munter [24], and they are maintained fixed in our calculations. The choice
of the ground state constants mainly affect the calculated value of eqQ’ and C’, but has
little influence on the calculated values of AeqQ and AC where AeqQ=eqQ’eqQ" and
AC=C’-C", We have, therefore, also used these constants to define the (v"'=0,J"=106)
level, as no experimental data close to this level is available. The ground state hyperfine
constants are listed in Table 1. The rovibrational data used in the calculation are taken
from Gerstenkorn and Luc [17].

Table 1. Hyperfine constants of the ground state for (v'=0,J"=13) given by Yokozeki and
Munter [24]",

eqQ"/MHz -2452.5837(16)
C"/kHz 3.162(8)
d"/kHz, 1.58(5)
§"/kHz 3.66(3)

* Uncertainty in last digits is shown in parenthesis.

Table 2 shows the observed and calculated frequency differences for the a components
(a;-a,5) which correspond to the R(12) 26-0 transition. The a,, component is chosen as the
origin. We have fitted the constants for this line in two ways. First we fitted the data with-
out statistical weights. Then we used the inverse square of the given standard deviation of
- each component [6] as a weighting factor and fitted the data again. Table 3 shows the
observed and calculated frequency differences for the b components (b,-b,) which corre-

16



spond to the R(106) 28-0 transition, Here we also fitted the constants first without and
then with weights. We chose the b, component as origin as it had the smallest
experimental standard deviation.

Table 2, Observed frequencies [11] and our calculated frequencies for the R(12) 26-0
transition in MHz without and with weights using the constants listed in Table 4. The
weights used are the experimental uncertainties®,

| Component I F-J  Obs.inMHZ® Calc.in MHz Calc. in MHz
without weights  with weights

a, 4 -2 -15626(1)  -156.242 -156.258
a 4 2 -136.95(2) -136.984 -136.990
a 4 3 -83.25(5) -83.251 -83.281
30 4 0 0 0

ay, 4 -1 110.507(10) 110.516 110,512
a, 2 -2 119.779(7) 119.759 119.777
a5 4 1 172.905(6) 172.911 172.903
a4 2 2 186.104(7) 186.100 186.106
a5 0 0 290.18(5) 290.197  290.224

* Ground state hyperfine constants fixed to the values listed in Table 1.
® Uncertainty in last digits is shown in parenthesis.

17



Table 3. Observed frequencies {11] and our calcuiated frequencies for the R(106) 28-0
transition in MHz without and with weights using the constants listed in Table 5. The
weights used are the experimental uncertainties®.

Component I  F-J  Obs.-bin Calc. in MHz®  Calc. in MHZ’

MHZz* without weights ~ with weights
b, 2 0 0.000(9) 0 0
b, 4 -4 253.297(20) 253.446 253.302
b, 2 -1 282.10(11) 282.036 281.993
by 2 1 291.50(18) 291.516 291.542
bs 4 4 320.28(20) 320.332 320.461
be 4 -3 401.1120) 401.008 400.893

* Ground state hyperfine constants fixed to the values listed in Table 1.
® b, taken as fixed origin in the fitting.
° Uncertainty in last digits is shown in parenthesis.

Tables 4 and 3 give the calculated hyperfine constants for the R(12) 26-0 and the
R(106) 28-0 transitions respectively, using the experimental values of Tables 2 and 3. The
standard deviation of the fitted constants is represented by o, and o, represents the stan-
dard deviation of the fits. The standard deviations for the a components were 15 kHz and
6 kHz for the calculation first not using and then using weights respectively. The
experimental standard deviations given for the components are in good agreement with
the calculated ones. The standard deviation for the b components decreases from 115 kHz
to 44 kHz first not using and then using weights respectively. This corresponds to a
decrease of the standard deviation by about the same factor as for the a components.
However, as the b components were few, and b, and b, had a considerably higher weight
than the other components, the decrease in standard deviation is accompanied by an
increase in uncertainty of the calculated constants. We have therefore chosen to fit only
¢qQ’ and C’ for the b components and conclude that higher precision measurements are
required for a better determinantion of the hyperfine constants.

18



Table 4. Fitted hyperfine constants for the R(12) 26-0 transition®,

Constant Without weights  ©, With weights o,
eqQ’'/MHz  -534.936 0.078 -534.883 0.046
C'/kHz 62.41 0.22 62.37 0.12

| &/Hz 27.4 2.1 277 1.0
8’ /kHz b - -1.3 1.6

AeqQ/MHz 1917.648 0.078 1917.701 0.046
AC/kHz 59.25 0.22 59.21 0.12
o, /kKHz 15 6

* Ground state hyperfine constants fixed to the values listed in Table 1.
* &' fixed to 0.

Table 5. Fitted hyperfine constants for the R(106) 28-0 transition*".

Constant Without weights o, With weights g,
eqQ’/MHz  -539.56 0.32 -539.62 0.47
C/kHz 73.55 0.17 73.87 0.17

AeqQ/MHz 1913.02 0.32 1912.96 0.47
AC/kHz 70.39 0.17 70.71 0.17
Oy /kHz 115 44

* Ground state hyperfine constants fixed to the values listed in Table 1.
*d and &' fixed to 0.

19



Gliser [4] has derived empirical formulae for AeqQ and AC. Our fitted values for
AeqQ and AC differ from his calculated values by 2 MHz and 7 kHz respectively for the a
components, and by 1 MHz and 4 kHz respectively for the b components. However, our
AeqQ and AC correspond to within 0.01 MHz and 0.2 kHz respectively for the a
components with constants recently calculated by Gliser [25] and based on experimental
data.

Morinaga et al. [5] have also derived empirical formulae to calculate eqQ’ and AC. As
pointed out by Morinaga et al., eqQ’ differs from their formula for v’>135: our fitted
values for eqQ’(v'=26)=-534.9 MHz and eqQ’(v’=28)=-539.6 MHz are effectively 3
MHz and 5 MHz smaller, respectively, than the values calculated from their formula, as
well as for AC which differ by 9 kHz and 7 kHz respectively.

Conclusion

We have determined four significant hyperfine constants, namely eqQ’, C’, d’ and &,
for the (v'=26,"=13) level of the B state giving an unweighted standard deviation
between observed {6] and calculated frequencies of 15 kHz. We have also calculated eqQ’
and C’ for the (v'=28,’=107) level of the B state which give a standard deviation eight
times higher than that found for the (v’=26,1'=13) level. We attribute this level of
uncertainty to the relative frequencies of the components, caused by the less favourable
experimental conditions obtained in this frequency region.

The constants eqQ’(v’=26), C'(v’=26), eqQ’(v’=28) and C’(v’=28) have been
calculated using beat frequency data. These data will contribute to the understanding of
the v-dependence of eqQ and C. New measurements are however needed to better
determine the higher order interaction terms, especially for the R(106) 28-0 transition.
This could be done by stabilizing a 543 nm HeNe laser onto one hyperfine component and
measuring the beat frequency between the HeNe laser and a stabilized dye-laser.

20



4 Summary

The first-order perturbation-iterative computational method has been described in detail. It
has been transformed into a computer programme written in Turbo-Pascal to calculate hyper-
fine constants. The accuracy of the calculations by our programme has been compared with
calculations published elsewhere and differs from them by not more than 1 kFHz. First
hyperfine constants of the R(12) 26-0 and the R(106) 28-0 transitions in the B-X system of
iodine, co-incident with the 543 nm HeNe laser line, have been calculated.

Acknowledgement We wish to thank P. Juncar for helpful criticism, J.-M. Chartier and L.
Robertsson at BIPM for experimental data, and M. Gliser at PTB for useful discussion.
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Appendix I



Stationary Perturbation Theory

The quantum study of time-independent physical systems is based on the characteristic

equation of the Hamiltonian operator, the Schrddinger equation. This equation is of the form
5 a0 0 40
H @) >=E| !> (All 1)

~
where H, is the Hamiltonian operator, ®°, is an eigenfunction of the operator and E°, is the

eigenvalue of @°. The normalization of these eigenfunctions can be written as
<P D! > (ALl 2)

N AN\
When the difference between H, the Hamiltonian of a particular system, and H, (for which
the eigenfunctions and eigenvalues are known) is sufficiently small, we can apply the pertur-
A
bation method. This allows us to write H as

A

A I
H=Hy+W (All 3)

A\ N N
where W is the perturbation operator. As W is small, we can generally express W as

A IS

W= AW’ (ALl 4)

where A represents a small number (A<<1). The Schrédinger equation of the system can
therefore be written as

A
H{® >=E|®, > (AIl.5)

where

E =3 WE” (ALL6)

p=0

and

AT~



(&, >= T A >
p=0

(Al1.7)

By using Eqs (AILS5-7), and after identification of terms with equal power of AP, we obtain

the following expressions for the zeroth order and first order perturbation theory:

Zeroth Order Perturbation

Fal

Hy| @) >= E| & >
A

Ef =< O Hol @] >

First Order Perturbation

(H— EN @) > 10— B & 5= 0
To obtain the E';, we expand the wavefunction &', in the basis set CDOJ-, that is
| D) > Ej;ajl D) >
Substituting Eq.(AIL 10) into Eq.(AIL9) we obtain
(4, - EY) La|o)> W —EH @ >=0

If we normalize Eq.(AIL.11) by "multplication” by <®%f we finally obtain

{)/\ 0
. <O W@ >
<ol

that 1s, the first order energy contribution.

Al-2

(AI].8)

(All.9)

(Al1.10)

(All.11)

(AI1.12)
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Program CalcConst;

{* This programme f£its hyperfine constants to *)
(* a set of obServed hyperfine component frequencies *)

Uses Crt,Dos, Turbo3,Printer;
LAREL 20,30,40,50,60;
CONST convert = 29979.2458;

I0err : boolean = false;
TNArraySize = §;

TYPE o0 = RECORD
lam, vikt, wi 1 double;
nlin T integer;
END;
jo)ed = RECORD
7, Jp, IP, JB, IB : integer;
END;
qq = RECORD
QEQQ, QCKON, QAKON, QDKON, QDelta : double;
END
ry = RECORD
ko : double;
fix : c¢char;
END;
mattyp = array [1..15,1..8,1..8} of qgq;
atyp = array [l..63§ of pp;
®tvp = array [l1..8] of rr;
otyp = array [1..21] of co;
btyp = array {1l..63] of double;
ftyp = array (l1..21] of double;
ntyp = array (1..21] of integer;
ctyp = array [1..15] of 1nte er;
dtyp = array [(1..15,1. 8 1 of pp;
antyp = array [1..5,1. 1 "8] of double;
etyp = array _1..21,1 5] of double;
cetyp = array [1..5,1. 21] of double,
mtyp = array 'l..21,1 .21} of double;
sqgvec = array [1..5] of dcuble;
viyp = array [l..21,1..1} of double;
ztyp = array l..l,l 21} of double;
coerrtyp = array =l..5, 1] of double;
filtyp = strin _12]
TNvector = array TNArraySJze] of double;
TNmatrix = array{l .TNArraySize| of TNvector;
TNIntVector = array{l..TNArraySize] of integer;
VAR M T mattyp;

till, fran,

EQQ, CKON ,DKON, AKON,

tal, RMS1, sdev : double;
Jhis, vprim, vbis, NofLines,

NofCons noll, NofCom,

kl, nl, ml xl, vl, zl, wl, w2,

itter, }1n1t 11n1t

antal, antmat aja, Dimen, rak : integer;
ATAI, Corr, Vec, mille, hgp : TNmatrix;
TETA Bii, sdevcon : corrtyp;
h :oantyp;
slask, egen, etikett, etsort :atyp;
eget, egetu, egetl : btyp:;
nostat : ctyps
unkt : dtyp;
konst, hsort : etyp;
linje, lsort, wiw : ftyp;
nin :ontyp;
obslin : otyps
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nhk : Htyp;
obscalc, vpt ;o oytyps

vp :
??k, state, Jja : char;
Fiol : filtyp;

:SUBER.pas |}
:MATX.pas }
:ROTER.pas }
: JACOB.PAS }
:POP.pas }

SUBER : Subroutines for basic calculations,
arrangements and the hamiltonian matrix

ROTER : Calculate rotational energy differences

JACOB : Diagonalize, calculate eigen vectors
and eigen values

pCP : Perform the diagonalization

MATX : Calculation with matrices

BEGIN

(K e determine initial conditions -—--—-=-=~-- *)

T e e, TS TS e e,
F Ok kK E WUy
bl =
oo

B I
e et e S S et

SetNumber (vprim, vbis,bok, JdJbis, alja,hk,NofLines, NofCom,
. NofConst,obslin,noli
IF aja=1 THEN GOTO 30;

(¥ —m——mm—- Initialize for itteration -—------—----- *)

);

Write ('Give cutfile for itteration results: ’};
Readln (fiol);

Assign(Fl,fiol);

Rewrite (F1l);

writeln(Fl
writeln (Fl);

itter:=0;

FOR nl:=1 TO NofCom DO
WITH obslin[nl} DO
BEGIN
nin(nl]:=nlin;
wiw[nl] :=wi;
END;

(¥ —mmmmm e Set vectors = 0 ——---mmmmmmm o m e *)

FOR nl:=1 TO 5 DO
BEGIN
TETA[n1l,1} :=0E+00;
Bii[nl,1l]:=0E+00;
END;

FOR nl:=1 TO TNArraySize DO
FOR ml:=1 TO TNArraySize DO
BEGIN

ATAI{nl,ml]:=0E+00;
Corrinl,ml]:=0E+00;
END;

*

Calculate energy differences between rotational *)
STt levels with delta-J=+-2 —=-—-———--- *
First the lower state is executed, then the upper *)

state :='L';
Jinit:=Jbis-2;

* %

U o,
SO
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IF state='U’ THEN
BEGIN
IF bok='R’ THEN Jinit:=jinit+l
ELSE Jjinit:=jinit-1;
till: “lefup(vprlm 31n1t+4) —Diffup (vprim, jlnltFZ),
fran: leffup(vprlm,jln1t+2) -Diffup {verim, Jjinit);
END
ELSE
BEGIN
till:=Difflow(vbis,Jbis+2)-Difflow(vbis,Jbisg);
fran:=Difflow(vbis,Jbis) -Difflow{vbis, JblS 2)
END;

(¥ = Find eigen vectors ----—-— s *)
{(F e o Fe (-1} ... (J#I) —=—=—m=mmmme e *)

iinit:=0;
IF Cdd{(Jbis} THEN iinit:=1;

FindEigVec (jinit,ilinit, slask,antal);
(¥ ————- Range eigen vectors F,J,1 consecutif --————- *
RangeEig({slask,egen,etikett, antal, jinit,iinit, state);

(¥ —mmmm e Counte number of eigen vectors ---—-——---- *)
(¥ —=—mmmm Find number of sub matrices -————----- *)

CalcEig(egen,nostat, antal, antmat) ;

(¥ -—-—- Make matrix containing the eigen states ---- *)
PunktMat (punkt, egen, nostat, antmat) ;

(% ——— e Calculate matrix ———————mmm——————— *)
MatElement (antmat,nostat, punkt,M,till, fran, state, hk);

(¥ mmemm e o Set constants mms—————mmmem e *)
IF state=‘U’ THEN
BEGIN

EQQ:=hk{l}.ko
CKON ; hk[ i, ko,
DKON:=hk[3].ko;
BKON:=hk[4].ko;
END
ELSE
BEGIN
EQQ:=hk{5] .ko;
CKON:=hk[6] .ko;
DKON:=hk{7].ko;
AKON:=hk[8].ko;
END;

e Diagonalize and find eigenvalues -—------—- *)
x%:=8;
yL:i=U;
rak:=0;

FOR nl:=1 TO antmat DO
BEGIN

Dimen:=nostat [nl};
FOR ml:=1 TO Dimen DO
BEGIN
FOR ki:=1 TO Dimen DO
WITH Mini,ml, k1] DO
BEGIN
tal: WEQQ*QEQQ+CKON*QCKON+AKON*QAKON+DKON*QDKON+QDelta
mille{ml, li =tal;
IF state='0U’" THEN
BEGIN
hi{l,ml, k1] :=QFEQQ;
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h([2,ml, kL] :=QCKON;
h{3,ml,kl] :=QDKON;
hi4,mi, k1] :=0QAKON;

END

ELSE

h[5rmlrklj =—0EQ0;
END;

END;

diag(eget,Dimen, rak,Vec,mille) ;

z1:=0;

FOR ml:=1 TC Dimen DO

BEGIN

zl:i=z1+41;
¥l i=xl+l;
(* e —— Norma normalizes the correction terms--———- *)

WITH egen(xl} DO
IF FP={Jjinit+2) THEN
BEGIN

c=vi+];
%OR 1:=1 TO Dimen DO
8[1 kl] =Vec[zi,kl];
b2 k1:=1 TO Dimén DO
vpt (k1,1):=vp{i,k1l];

IF state='U’ THEN
FOR kl1:=1 TO 4 DO
BEGIN .
FOR wl:=1 TO Dimen DO
EOR w2 ml Toh?i?enlDOZ}
gp | = WleWe i,
TF Bk ﬁl flx—'v‘ THEN
hkonst[yl kil:=Norma {vp, vPpt,6 hap,Dinen)
ELSE hkonst (yi,k1]:=0E+007
END
ELSE
BEGIN
FOR wl:=1 TC Dimen DO
FOR w2:~1 TC Dimen DO

hop (wl, w 5,wl,w2]
Igphk flx~; HEN

hkonst{ l 5] :=Norma (vp, vpt, hgp,Dimen)
ELSE hkonst(yl,5]:=0Er00;

(* hkonst contain initial correction matrix A *3

END;
END;
END;
END;

IF state<>’L’ THEN egetu:=eget
ELSE egetl:=eget;

writeln (/Do not worry, I am working ! 7);
writeln;

IF state<>’L’ THEN GOTO 50;

state:='0U"';

GOTO 40;
(¥ —mommm e Calculate lines --——--—————m===—-- *)
50: differ (egen,egetu,egetl,linje,nostat, jinit, antmat);
(* ——~ Arrange lines in raising frequency order ---- *})

hsort:=hkonst;

lsort:=linje;
etsort:=etlkett;
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SORT (1lsort,etsort, hsort,NofLines);
IF noll=0 THEN GOTO 60;
wwwwww Set one component to zero if needed ------ ¥*)
tal:=lsort[nolll;
FOR ni:=1 TO NofLines DO
lsort[nl]:=lsortinl]-tal;
FOR ml:=1 TO 5 DO
IF hk[ml]}.fix=’'V! THEN
BEGIN
tal:=hsertincll, ml];
FOR nl:=1 TO NofLines DO
hsort[nl,ml):=hsortinl,ml]-tal;
BEND;
—————————————— Calculate obs—-calc --——-———————-—=~~ %)
Calcomc{cobslin, lsort,NofCom, obscalc);
———————— Calculate standard deviations —-————-=~== *)
Felcalc (obscalc,Bii,NofCom,NofConst, RMS1, sdevcon, sdev, wiw) ;
wwwwww Write on screen and onto text file ————=w= *)

writeln(’ Itteration = ’,itter:5);
writeln(Fl,’ Itteration = /,itter:5};

writeln (" RMS P RMS112:6) ;

writeln (F1l, " RMS : T,RMS1:12:6);

writeln(’ sdev : f,edev:12:6);

writeln(F1, sdev : f,sdev:12:6);

writeln;

writeln{(F1l);

write (’ no correction new const "Yy:
writeln (‘ sdev status’);

write (F1,’ no correction new const Y

writeln(Fl,’ sdev status’);

FOR nl:=1 TO 5 DO
WITH hk(nl] DO
BEGIN

writeln(nl:5, TETA[nl,1]:12:6,’ *,ko:12:6,
, sdevconi{nl,1l]:12:6,7 gfix:3),
wrlteln(Fl,nl:5,TETA{nl,1]:15:6, f,ko:l2:6,
sdevcon(nl,1]:12:6,7" ', fix:3};
END;
FOR nl:=6 TO 8 DO
WITH hk[(ni] DO
BEGIN
writeln(nl:5, " ", ko0:12:6);
writeln (Fl,nl:5," f,ko:12:6);
END;
writeln;

writeln(¥1l);
write ("Push RETURN to continue listing !’);

readln;

writeln;

write{’ no comp F I Jy;

writeln(’ observed calculated obs-calc  weight’);
write(Fl,’ no comp F I Jry:

write(Fl,’ observed calculated obs-calc Yy

writeln(Fil,’'weight’);
FOR nl:=1 TO NofCom DO
WITH etsort((ni}] DO
WITH obslin[nl] DO
BEGIN
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ml:=nlin,

writeln(nl:4,ml: 4,F 4,1¥:4,JP:4, lam:12:6," *,

lsort[ml] 12:6, ’,obscalc[nl 1]1:12; 6, vikt:9:4});
writeln(rFi,nl:4, ml: 4,F:4,IP:4,JP:4, lam:12" 6,’

lsort[ml} 124 6, ’,obscalc[nl 17: 12.6, lkt.9.4),

END;

writeln(Fl);
writeln (Fl);

writeln;

wrlteln(’Do you want to continue ? ¥/N : 7);
readln (Jja);

%a ={p Case( ay;

F ja"'N’ TREN GOTO 30;

(* Calculate the correction TETA to initial constants *)
Matris(obscalc,hsort,TETA,Bii,Nbeom;nin;wiw,ATAIJ;
itter:=itter+l;

(¥ ———————- Add correction to old constants ——-ew——- *)
FOR nl:=1 TO0 5 DO
WITH hk[nl] DO

IF fix='vVv’ THEN
ko:=ko+TETAIn1l, 1};

GOTO 20,
(* ==~ Calculate correlation coefficients —---—-—-— *)
30: Correlate (ATAI,Corr);

writeln; ,

writeln(’Correlation coefficients: ’);

writeln;

writeln(Fl1);
writeln (F1,'Correlation coefficients:; '},
writeln(FlS;
FOR nl:=3% TC 5 DO
BEGIN
FOR ml:=1 TO 5 DO
BEGIN
write(Corr(nl,ml):11:7);
write (F1, Corr[nl mi] 11:7);
END;
wr;teln;
writeln({rFl);
END;

Close(Fl};
END.
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ED.0:0:0:0.0:0:0:0.0:0:90.0:0:0:0.0.80.6.6.0.0:0:0.0.:0.0.0.9.0.6:0.0:0.9.0.0.0.9.9.6.0.0.0.0.0.0.0.0.8.)

rreal;

Functicn diCdjl(a,b,crinteger)

G *)

={) Delta-J=

Delta-1

(* 33:

real;

g, h

frad,

1, J, d,

r

i
s
s

el ot
—t P
I~ [z
— -~ 13
_J) JTJ ~
— + K —
— =+ i bt o
KT s T
N ¥~ E A e
K e ol |
—E N e S O
F e B S S SR S |

A O e ) et T
+HH A e OO
HX |k HA R N
=IO K U X T
¥ F N | R O
= ok PR T e
§ D~k o~ T X T
—E K [y MO

O o e O
Bt I B I e Rl
fry % o bt X
—GOrIR X R T
Xt NN P ON
F(I((I(..
o e O
[y ® "0
— U0
[

Functio
S0 0000008 506088000000808 000800088009 0880900080050 080

Y N TR
QOUT I~
:::ﬁ:::
LOHET O G..T

{*

Y

END;

rreal;

Function dim2di0({a,b,c:integer)

=() *)

Delta-I=-2 Delta-J

(* 373
CONST

5;
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Ii

real;

—
|
i
x
=
*
<
e
o
—~H
—t X
O e
—i U2 o~
~— X ——
Ko~ e
e + +
et} D
[ | I+
¥ b )
[ + +
PN iy
——— Dt T
e K KoK -
B s e T NS,
b T Py
brd b b —

R TR R S
NN et 4 - 4

~ ) i DO
X ¥ Pr——r—x

= (x/y

$:0.9:6.0.9.9.9.9.9.0.0.0.:9.6:6.0.9.0.9.0.9.0.6.0.0.0.0.4.0.0.0.0.8.6.8.0.09.9.0.0.9.9.6.6.0.¢.69. ¢ 0.&5

Function di0di2(a,b,c:integer)

rreal;

0 Delta~J=2 *)
2.

Delta-I

{* 373:
CONST

5;

Ii

real;
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Function di2dj2{(a,b,c:integer):real;
(* 39: Delta-I=2 Delta-J=2 *)

CONST I1 = 2.5;
VAR F, I, J, %, v, », 9 : real;
BEGIN
F:=a;
J:i=b;
T:=¢C;
X:i=3*SORT {{(2*T1+T1+2)* (2*T1+1+3)
*A(Z2ATL~T-1)Y*{(2%T1-1));
Yim32K (2R F43) X (2*TH3) X (2*T1-1} *11
*SOQRT ((2*xJ+1) ¥ {2*T+5) * {2*T4+1) * (2*%T+5) ) ;
(=SQRT{{(F+L+T+5y * (F+J+I1+4) * (F+1+T+2) * (F+I+J+3) )} ;
:=SQORT ( (I+J~ F+1)*(I+J F+2)* (T+J~F+3)* (T+J~F+4) ) ;

12d 2:=(x/y)*p 3
END; {(* unctlon d12 j2 %)

(R :9:9.6.8:90.0.9:0.9.6.0.0'6 600,800 $00. 6909089080500 9.8.95.6 0008008060
Function dim2dj2{a,b,c:integer) :real;
(* 33: Delta-I=-2 Delta-J=2 *)

CONST Il = 2.5;
VAR X, ¥, 2, p, gq, ¥, I, J o real;
BEGIN
F:=a;
Jri=bh;
IT:=C;
Ki=3*SQRT ((2*I1~I+2) *{2*I1-I+1)
*ALFTL+T4+L)* (2%T1+1)) ;
yi=32% (2*¥J+3) % (2FT-1)* (2*%T1~1)*TI1
*SORT { (2*J+1L) * (2% J+5) % (2*I+1) ¥ (2*T1~3));
p:=SORT {(F+1=J) * (F+I-J~1) *{(F+I-J-2)* (F+1-0-3));
+J=-T42) ¥ {F+T-I+3) * (F+J-I+4}};

g ~SQRT((F+J I+1)*(F
im2d32:=(x/y) *p* g
END; (* Function dim2d32 *)
0:9:6:9.0:0.0.0.9.0.0.64.9.0.0.9:0.0.0.$.90.00.9.$.9:9.60.00.0.9.9.0 $.09.000.0.00.00.9.0.00 00D
Function NioJ0(a:integer):real;

{* 99: Delta-1I=0 *)

CONST I1 = 2.5;
VAR I, § : real;
BEGIN
I:=a;
Si={4*T1* (I1+1)+I*(I+1))/
' (I1* (I1+1)* (2*T1+1) *SOQRT(120));
NioJ0:=S*SQRT ({(I* {I+1) )}/ ((2*XT-1)*(2*T+1)*(2*1+3)));

END; (* Function NioJd(0 *)

a0 6:0.0.0.0.0.9:9.9.0.8:85.9$9:0.0.00.96000.6:0¢00.6000.00500.099090.060.59.0. L8]
Function NioJ2(a:integer) :real;

(* 99: Delta-I=2 x)

CONST Il = 2.5;

VAR I, § : real;
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L =gy
S:=SQRT(({2*T1+1}) *(2*IL+1)~(I-1) *}I LIY*({I-1)*1/5);
S =S*SQRT(((2*I1+1)*(2*Il+1)~I* )
((2*L-3)* (2*I-1)*(2*%I+1)));
NioJ2:==8/ (2*¥I1* (2*11+1) *{2%11+2));
END; (* Function NioJ2 *)

PSP OIS 000.08.9.00000.008000.00.008008809090.0.0.00.000.00.80
Function Cfunk{fl,31,il:integer) :real;
{(* HFS-SR *)

VAR c, X, F, I, J T oreal;
BEGIN
Fo=Ff1;
Jr=71;
I:=£l,
He=F*{F+1)-T*{I+1)~T*(J+1);
Cfunk:=X/2;

— Fhe

* Functlon Cfunk *)

(G99 009 0.9.8.0.999.09900.00880.00000800800000000.900.000000 088
Function Afunk{a:integer}:real;

{* HF5-555 *)

CONST I1 = 2.5;
VAR X, I : real;
BEGIN
I =3
IR (T4+1) -2*T1*(T1+1);

Afunk =X/2;
END; (* Function Afunk *)

D 9 0.0.8.0.0.00.0.00.600.8600.9.0 0900000000 060606005090990.905060 ¢
Function Dfunk {fl, il,a,b:integer) :real;
{* HFS-TSS *)

CONST I1 = 2.5;
VAR c, ¥, F, IP, IB, J . real;
fas, s : integer;

BEGIN

fas:=1;

F:=f£1;

J —jl;

IP =a;

t=h;

"TRUNC(O 02+T+IP+F) ;
IF Odd{s) THEN fasg:=-1;

X:ZSQRT(3O*(2*IB+1) (2*IP+1))*(2*J+1)
AT1*(I1+43) * (2*T141);
Ki=X*SQRT ((J* (J+1) )/ ((2*%T+3)y *(2*TJ+1)y * (2*%T-1)) ) ;

Dfunk:=X*fas;
END,; (* Function Dfunk *)

a0 0.90.09:6.9.0.88:0.0.0:6.0060.6865066000 6560000900006 00600 50006 ¢D
Function sexij0(Al,Bl,Cl:integer) :real;

(* 63: a b c *)
(* 2 ¢cb *)

LABEL 10;
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VAR fas, s : integer;
a, b, ¢, x1, yl, zi, X, se : real;

:"TRUNC(a+b+c+O 02) ;
;=h* (b+1l)+c* (Cc+l) — a*(a+1)
fas:=1;
x1:=3*X* (X~1)—-4*b* (b+1) *c* (c+]) ;
IF x1=0.0 THEN GOTO 10;
yli=(2%b+3) * (2*b+2) * (2*p+1} *2*b* (2*b-1};
zl:=(2%C+3Y* (2%C+2) X (2Xc+l) *2*e* (2%c-1);
IF Odd}s) THEN fas:=~1;
se:=x1/SORT({ ¥l*zl
10: sexjl:=2*fas*se;
END; (* Function sexijl *)

(30089006006 0.0.060658$ 0040600008600 0000008008 00080060080
Function sexiZ2{(Al,Bl,Cl:integer) :real;
(* 69: a b ¢ *)

(* 2 c=2 b *)
VAR fas, sl : integer;
a, b, ¢, x1, yi, z1, X, s : real;
BEGIN
a:=al;
bi:=B1;
c:=Cl;

531 :=TRUNC (a+b+c+0.1) ;
s:=at+b+c;
fas:=1;

l:=6*s*{s+1)*(s-2%a-1}*{s-2*a});
yl:=(s-2*%pb-1)*{s-2*b)}/{ (2*b-1)
*2*b*(2*b+1)*(2*b+2)*(2*b+3));
zli=(8-2%c+1l)* {g-2*c+2) / {(2*c-3}
AK(2%C-2)Y* (2xe=1)Y*2*c*x (2*%c+1) ) ;
iF Odd(sl) THEN fas:=-1;

sexj2: *fas*SQRT(xl*Xl*zl};
END; (* Function sexiz

ED:0:0:0.0.9.9.:¢.0.0.9.0.0:9:0:0:9:0.0.0.9.0.0.:9.9.0.0.0.0.8.:0.:0.0.0.9.:0.:0.:0.0.0.0.0.0.:0.0.:9.0.6.0. 0.0 &}

Procedure SetNumber (VAR vprim,vbis : integer;
VAR bok : char;
VAR Jbis,aja ¢ integer;
VAR hk : xtyp;
VAR Noflines,NofCom,
NofConst : integer;
VAR obkslin : otyp:
VAR noll : integer);

(* Infile Notation of transition *}
* Number of hgperflne constants *)
* V/F Constants for upper state *
* ?Q C D=d A=delta *)
* F Constants for lower state *)
* eqQ C D=d A=delta *)
(I V'~ vary F - fix *;
* )
* )
* }
* )

e W

{ Total number of possible lines *
( Number of lines observed *
Component number, frequency and *
weight of lines in MHZ *
)} Component number set to 0 frequency *

o ~Jovn

{
(
TYPE filtyp = stringll2};
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VAR fiol : filtyps
Fi . text;
antal, nl, k1l : integer;
tot : double
BEGIN
aja:=0;
Write (' Give name of file containing the ’);
Write (’ hyperfine constants : )7
Readln(fiol);
Assign (F1l, flol);
Reset(Fl);
read (F1, bok};
bok:= UECase(bok
IF (pok<>‘R’) AND {(bok<>"P’) AND (bok<>'Q’)
THEN aja:=1;
IF bok='Qf THEN
BEGIN
writeln (' Forbidden transition !117);
aja:=1;
END;
read(F1l, Jbhis);
readln{¥Fl, vprim, vbis);
NofConst:=0;
readln (Fl,antal) ;
FCR nl:=1 TO antal DO
BEGIN
WITH hk[ni] DO
readln(kFl, fix, ko};
IF hkinl].fix='V’ THEN
NofConst:=NofConst+1;
IF hkinl].fix='F’ THEN
END;
(* ——— NofLines - number of possible components --- *)
{* -——— NofCom - number of observed components ——— *)

readln (F1,NofLines);
readln (Fl,NofCom) ;

{* Read number, frequ. in MHz and standard deviation *)

(*

END;

FOR ni:=1 T0O NefCom DO
WITH obslin{nl] DO
readln{Fl,nlin, lam,vikt);

tot:=0; (* Calculate weights *)
FOR ni:=1 TO NofCom DO

WITH obslinf{nl] DO

tot:=tot+1/vikt/vikt;

tot:=NofCom/tot;

FOR nl:=1 TO NofCom DO
WITH obslin{nl] DO
wir=tot/vikt/vikt;

noll - component number set to zero frequency *)

readln{F1l,noll};
Close(F1);
(* Procedure SetNumber *}

BP0 000000080000 0000000000880000080008.009:0¢648.080404990640
Procedure FindEigVec (3init, iinit :integer;

VAR slask atyp;
VAR antal :integer);

(* Find appropriate eigen-vectors *)

AlT-¢/5



VAR sum, nl, JC, ml, IC, ftal 1 integer;

BEGIN
sum: =0;
FOR nl:=0 TO 2 DO
BEGIN
JC:=Jinit+2*nl;
FOR mi:=0 TO 2 DO
BEGIN
IC:=1init+2*ml;
FOR ftal:={(JC-IC) TO (JC+IC) DO
BEGIN
sum:=sum+i;
WITH slask{sum] DO
BEGIN
F:=ftal;
JP:=JC;
IP:=IC;
END;
END;

(F == antal = dimension of matrix --==------ *)

antal :=sum; . .
END; (* Procedure FindEigVec *)

50:0.8'0.0:0.:8:0:0.9:0.0.4.0.0.0.:0.0.0.0.0.00.66:06.60.0:0.0.6.6.69:0:0.0.8.60.0.0 00900004

Procedure Rangellg (VAR slask,egen,etikett : atyp;
antal, jinit,iinic 1 integer;
state : char?;

(* Arrange eigen-vectors by increasing F, I and J *)

VAR sum, nl, ml, k1 ! integer;
BEGIN

sum:=0;

k1l:=0;

FOR ml:={jinit~{(iinit+4)) TO {jinit+4+(iinit+4)} DO
FOR nl:=1 TO antal DO
IF slask[ni].F=ml THEN
BEGIN
sum:=sum+l;
egen[sum] :=slasknlj;

(¥ ————— Only eigenstates for J’ in etikett -=-w--- *)

IF state='U’ THEN
IF egen[sum] .JP=73init+2 THEN

BEGIN
kl:=k1l+1;
etikett[kl] :=egen[sum};
END;
END;
END;
D 9.9:90.9:0.9.0:0.0.0.0:0:0.9.0.0.:0.0.0.6:0:0.0.9.06.0.0.0.0.0.0.0:0:6.000:0.06.0:9:6.6.8 6.¢:¢,6.¢3]
Procedure CalcEig{egen ratyp;s
VAE nostat tctyp;

VAR antal, antmat :integer);
(* Find number of sub-matrices and dimensions *)
LABEL 1;
VAR mi, sum, kl, nl : integer;
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BECIV

_egen B
Sum

FOR nl:=2 TC antal DO
WITH egen{nl] DO
BREGIN

sum:=sum+l;

IF F>ml THEN

BEGIN
nostat [kl :=sum;
antmat :=k1i;
kl:=k1+1;
sum:=0{;
ml:=F;

END;

IF ni=antal THEN

BEGIN

nostat{kl] :=sum+i;
antmat:=kl;

GOTO 1;
END;
BND;
(¥ mm—m——— antmat = number of sub-matrices -----mo- *)
{(* e — nostat = dimension of each matrix ~-————- *)

1: antmat :=kl; .
END; (* Procedure CalcEig ¥*)

£5:9:0:0.9.000.00:00:0:0.0.00.09.0:0.0.060000.60.0.0.00.009:0:0.09.90.09.6.0.9.0.0.0.0.L0
Procedure PunktMat (VAR punkt dbyp;

egen ratyps

nostat icLyp;

antmat :integer);

{(* Create matrix of eigen-vectors *)

VAR nl, mi, kl, sum T integer;
BEGIN

sum:=0;

FOR nl:=1 TO antmat DO

BEGIN

FOR ml:=1 TO nostati{nl] DO

FOR kl:=1 TO nostat[ni] DO

BEGIN
punkt[nl, =i,
punkt{nl, ml,

1% :=egen[sum+i}  F
punkt[nl ml, %%

Jb:=egen [sum+kl] . Jp;
I

P:=egen|{sum+kl].IP;
punkt inl, mnl, B:=egen [sum+ml] .JP;
Bunkt{ ml, kl] B:=egen{sum+ml].IP;

sum =gum+nostat [nl]);
END;
END; {* Procedure PunktMat *)

$.9:9:0:9:6.8.9:0:8.9.9.0.0.0:6.0.0:9:9:0.9..0.6.9.0.:4:9.4.9.9:9.0.4.6.9.9.9.0:0.0.8.0.9.¢.0.0.0.0.6 6. L.}

Procedure MatElement {antmat : integer;
nostat : Cctyp;
Eunkt : dtyp;
VAR : mattyp;
till, fran : double;
state : char;
hk : Xtyp);

(* Calculate raw matrix elements with the constants *)
{* -——= Calculate the hyperfine correction matrix --- *
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VAR nl, mi, k1, ms, ns : integer;
C, A, D, pi, pZ p3, Delta : double;

BEGIN
(* Calculate half the matrixn and symmetrize later.

FOR nl:=1 TO antmat DO
BEGIN
ng:=1;
mg:=1;
FOR ml:=ms TO nostat{nl] DO
BEGIN
FOR kl:=ns TO nostat{nl] DO
WITH punkt{nl,ml,ki] DO

BEGIN
~O G; A:=0.0; D —0 O
=0, O 82 ={), O; =03, Gy
Delta ~O
IF JP~JB=(} THEN
BEGIN
p2:=0.0;
p3:=0.0;
IF IP- IB 0 THEN
REGIN
C =Cfunk(F,Jp,1P};
“Afunk IP),
p1:~d10d80(F JB, IB};
p2:=sexj0(F JB IB),

p3:~NloJO(IP

(¥ ———-~ Delta = rotational energy difference ~-———--

IF Jp=(jinit+2) THEN Delta:=0 .
ELSE IF JP=(jinit+4) THEN Delta:=till
ELSE IF JP=3jinit THEN Delta:=-fran;
Delta:=Delta*convert;

END

ELSE IF IP-IB=-2 THEN

BEGIN
pl:=din2dj0(F,JB, IB);
p2:~sex32(? JB IB),

E3:—N10 2(IB)

EN

ELSE IF IP-IB=2 THEN
BEGIN

pl:=dim2dj0(r,JP, IP) ;
p2:—sex32(F JP IP),

83:—N10 2{IP)

EN
ELSE IF ABS{IP~IB)>2.,05 THEN
pl:=0;
D:=Dfunk(F,JP, 1P, IB} *p2*p3;

END

ELSE IF JpP-JB=2 THEN

BEGIN

IF IP-IR=0 THEN
E ledEZ(F JB, IB)
LSE P-IB=2 THEN
E d12d32(F JB, IB)
LSE IF 15— é THEN
=dim2d 2(F JB, IB)
LSE IF ABS(IP-IR)>2.05 THEN

enb

ELSE pl:=0;
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(* Pl is set to 0 - matrix is symmetrized later *)

(¥ —mmmmmm o using the upper triangle --——-——------ *)
Minl,ml,kl].QEQQ:=pl;
Minl,ml,kl].QCKON:=C;
M{nl,ml,kl].Qbhelta:=Delta;
M{nl,ml,kl].QAKON:=A;
M[nl,ml,kl].QDKON:=D;

(¥ ——— e symmetrize ——-—----———-— - *)
Minl, k1, mi}:=M{nl,ml,k1];

END;
END; (* Procedure MatElement *}

§00:9.0:4:0.0.9.0:9.0:0.9.9:0.:0.9.9.8:8.9.9.0.900.0:0.0:5.099.0:6.0.:0:4.0.0.9.9.:¢.0.8.9.0.9.9:9.0.0 L

procedure differ (egen :oatyp;
egetu, egetl : btyp:
VAR linje : ftyp;
nostat : ctyp;
jinit, antmat : integer);

{(* Calculate differences between energy levels *)

VAR nl, mi, x1, yl : integer
diff : double;
BEG%N 0
yii=yy
®i:=0;
(¥ === Write only central lines —————----=--- *)
FOR nl:=1 TO antmat DO
BEGIN
FOR ml:=1 TO nostat{nl] DO
BEGIN
X1li=x1l+1;

WITH egen[xl] Lo
IF JP={jinit+2) THEN

BEGIN
1 1+l
%e —egetu{x1]~egetl[xl}
dlf 1nje [yli;
END;
END;

END; i
END; (*¥ Procedure differ *)

[§20:9.0:0:9:0.6:6.9:9.0.9.0.9.0:0.0.6.0.§.0.9:0:0 $0.0.0.9:0:0:0.0.9.0.:0.:0.0:6.0.0.:0.:0.0 000 00 ¢ 0. &B!

Procedure SQORT (VAR differ : ftyp;
VAR etikett: atyp;
VAR hsort : etyp;

X3 : integer):;

(* Bubbel arrangement *)

VAR i, 3 : integer;
m : double
a atyp;
b etyp;
BEGIN
REPEAT
m:=differ(1];
FOR i1:=1 TO x3-1 DO
IF differ{i+lil<differ[i] THEN

BEGIN
AlI-c/9



sdiffer i+
dlLfar[ +1]:
differfi) =

ali):=etikett [1+1] )
et: kett[1+1] =etikett [1]};
etikett{i]: -a{z};

FOR j:=1 TO 5 DO
BEGIN

b[i,j];=hsort{1+l 317

hsort {1+l 3] ~hsort{ L3
hsort {1, j b[ 31:
END; :

END;
UNTIL m=differ(i];

END,; ({(* SORT *)

BP0 00000 00.9988.0900.80800.0.888.00.00.805989.0490.0.064.090.0.0080)

Procedure Calcomc (VAR obslin Tootyp;

VAR lsort : fryp;
NofCom : integer;

VAR ¢bscalic T oytyp) s

(* Calculate observed-calculiated frequency *)

VAR nl, ml ¢ integer:

Sum : doukle;
BEGIN
sum:=0;

FOR nl:=1 TO NofCom DO

WITH obslininl] DO

BEGIN .
ml:=nlin;
obscalcinl,l)=lam~-Ltsort [ml!;
sum:m3um+obscalcinl,l];

END;

END; (* Procedure Calcomc *)

§0:9:0.9:6.8.9.0.6.0.0.0.0:0.0.0.9.0.0:94:0.0.0:0.8.$.:0.0.9.9.9.0.6.0.6.9.0.0.0.6.9.9..6.0.0.0.9.9.0 &}
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of double;

[6..75]

double;
array

:double;

E3:9:9.0.3:0.0 0000002900000 ¢ ¢4 00090:0.00.0:0.8.0.99.9.09.90668.6.00.0000

Function Diffup(v,a:integer)

VAR
BEGIN
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of double;

v
VAN A AN
double;
{1..6]

:double;
array

+LvP [v]*2*Z2*Z*Z+MyP [v]

{* Function Diffup *)
BvEB,DvB,HVRE

fop:=BVP[V]*Z—DVP[v}*Z*Z+HVP£ | *2%Z ¥,
*Z
J, Z

J* (J+1);

aj

Z
(520:0.0.0.0.0:9.0.0.0.0.0.0.0.9.0.0.0.09.99.0.6.00999.0:000.9.9.9.66.009.0.0.000.9999 040

Function Difflow(v,a:integer)

END;
VAR
BEGIN

[aaaNelts
o -
L
OO |
[T

ALI-d /2

L B

c=J* (J+1) ;
difflow:=BvB[v+1]*Z-DvB[v+1l] *Z*Z+HVvB{v+1]*2*Z*7;

{(* Function Difflow *)
(0000000000606 80600000080000000 006008000 6006000590000¢&E

J:
Z

END;



procedure diag (VAR eget ¢ btyp;

Dimen : integer;
VAR rak T integer;
VAR Eilgenvec : TNmatrix;
Mat v TNmabrix);
VAR MaxIter, Iter : integer;
Tolerance : double;
Eigenval : TNvector;
Brror : byte;
ml, ni : integer;
sum : double;
BEGIN

END;

Tolerance:=1E-12;
MaxIter:=200;

Jacobi (Dimen, Mat,MaxIter, Tolerance,
Eigenval, Bigenvec, Iter,Error};

IF Brror<>( THEN writeln('Error in Jacobl

FOR ml:=1 TO Dimen DO
BEGIN

rak:=rak+1;

eget {rakl:=Eigenval (ml];
END;

{* Procedure diag *)

AlI-e/]
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Procedure Jacobil (Dimen : integer;

Mat : TNmatrix;

MaxIter : lnteger;

Tolerance : double;
VAR Eilgenval : Thvector;
VAR Eigenvec : TNmatrix;
VAR Iter : integer;
VAR Errocr : byte);

CONST TNNearZero = 1E-15;

VAR Row, Column, Diag : integer;
SinTheta, CosTheta : double;
SumSquareDiag : double;
Done : boolean;

('k —————————————————————————————————————————————————

Procedure TestData (Dimen 1 integer;

VAR Mat : TNmatrix;
Maxiter : lnteger;
Tolerance : double;
VAR Error : byte);
VAR Row, Column : integer;
REGIN
Error:=0;

IF Dimen<i THEN Error:=1;
IF Tolerance<=TNNearZero THEN Error:=2;
IF MaxIter<l THEN Error:=3;
IF Error={( THEN
FOR Row:=1 70 Dimen-1 DO
FOR Column:=Row+1l T0O Dimen DO
IF ABS {Mat {Row,Column]-Mat[Column,Row])>TNNearZerc
THEN Error:=4;
END; {* Procedure TestData *)

(* _________________________________________________

Procedure Initialize (Dimen ! integer;
VAR Iter ! 1nteger;
VAR Eigenvec : TNmatrix);
VAR Diag : integer;
BEGIN
Iter:=0;

FiliChar (Eigenvec, SizeOf (Eigenvec),0);
FOR Diag:=1 TO Dimen DO
Eigenvec([Diag,Diag]:=1;

END;  {* Procedure Initialize *)

(* _________________________________________________

Procedure CalculateRotation (RowRow : double;
RowCol : double;
ColCol : double;

VAR SinTheta : double;
VAR CosTheta : double);

VAR TangentTwoTheta, TangentTheta, Dummy : double;

BEGIN
%EG?ES(RowRow—ColCol)>TNNearZero THEN

Tangent TwoTheta: = (RowRow~ColCol) / (Z*RowCol) ;
Dummy:=SQRT(SQR(TangentTonheta)+1);
IF TangentTwoTheta<( THEN
TangentTheta:=-TangentTwoTheta~Dummy
ELSE TangentTheta:=~TangentTwoTheta+Dumny;
CosTheta:=1/SQRT(1+SQR(%angentTheta));
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SinTheta:=CosTheta*TangentTheta;
END
ELSE
BEGIN
CosTheta:=3QRT (1/2);
IF RowCol<0 THEN SinTheta:=-SQRT{1/2)
ELSE SinTheta:=SQRT(1/2);

END;

END; {(* Procedure CalculateRotation *)

(* ___________________________________________________

Procedure RotateMatrix (Dimen : integer;

SinTheta : dcubkle;
CosTheta : double;
Row ¢ lnteger;
Cel : integer;
VAR Mat : TNmatrix);

VAR CosSqr, SinSqr, SinCos : double;
MatRowRow, MatCeoliCel, MatRowlol,
MatRowlIndex, MatColIndex : double;
Index : integer;

BEGIN

CosSqr:=SQR{CosTheta);

$in8gr:=SQR{SinTheta) ;

SinCos:=SinTheta*CosTheta;

MatRowRow:=Mat [Row, Row]*CosSqgr+Z2*Mat {Row,Colj
*SinCos+Mat [(Col, Cel]*3insSgr;

MatColCol::Mat[Row,Row]*SinSqr-Z*MatERow,Col}
*SinCos+Mat [Col,Col]*CosSgr;

MatRowCol:={Mat[Col,Col]~Mat [Row,Row]) *SinCos+
Mat {Row,Col] * {CosSqr-SinsSqr);

FCOR Index:=1 TO Dimen DO
IF NOT (Index in [Row,Col}) THEN
BEGIN
MatRowIndex:=Mat [Row, Index] *CosTheta+
Mat {Col, Index] *SinTheta;
MatColIndex:=-Mat [Row, Index] *SinTheta+
Mat [Col, Index] *CosTheta;
Mat {Row, Index] :=MatRowIndex;
Mat [ Index, Row] : =MatRowIndex;
Mat [Col, Index] :=MatColIndex;
ENgat{Index,Col]::MatColIndex;
Mat (Row, Row] : =MatRowRow;
Mat [Col,Col] :=MatColCol;
Mat [Row, Col]:=MatRowCol;
Mat [Col,Row] :=MatRowlol;

END; (* Procedure RotateMatrix *)

('k

Procedure RotateEigenvec {(Dimen ¢ integer;

SinTheta : double;
CosTheta : double;
Row . 1nteger;
Col : integer;
VAR Eigenvec : TNmatrix);

VAR EigenvecRowlIndex,

EigenvecColIndex : double;
Index : integer;

BEGIN

{* Transform eigenvector matrix *)
FOR Index:=1 TO Dimen DO
BEGIN
BigenvecRowlIndex:=CosTheta*Eigenvec [Row, Index]+
) SinTheta*Eigenvec{Col, Index];
EigenvecCollIndex:=-SinTheta*Eigenvec [Row, Index}

All-e/3



EN
END;

{:4(_

BEGI
Te
Ir
BE

‘ CosTheta*Bigenvec{Col, Index];
Eigenvec|[Row, Index] :=EigenvecRowlndex;
Eigenvec|[Col, Index] :=EigenvecCclIndex;

D;
{* Procedure RotateRigenvec *)

N (* Procedure Jacobi *)
stData (Dimen,Mat,Maxlter, Tolerance, Error) ;
Error=0 THEN
GIN . .
Initialize(Dimen, Iter, ElgenvecC);
REPEAT
Iter:=Succ (lter);
SuquuareDia%::O;
FOR Diag:=1 TO Dimen DO
SumSquareDiag:=SumSquareDiag+SQR (Mat (Piag,Diagl):
Done:=TRUE;
FOR Row:=1 TO Dimen-1 DO
FOR Column:=Row+1 TO Dimen DO '
%gEﬁBS(Mat[Row,Column])>Tolerance*8um8quarealag
BEGIN
Done: =FALSE;
CalculateRotation (Mat [Row, Row],Mat [Row,Column],
Mat {Column, Column}, SinTheta
. CosThetal ;
RotateMatrix (Dimen, SinTheta, CosTheta, Row,
Column, Mat) ;
RotateEigenvec (Dimen, SinTheta, CosTheta, Row,
Column, Elgenvec) ;
END;
UNTIL Done or (Iter>Maxlter);
FOR Diag:=1 TO Dimen DO
Eigenval [Diagl:=Mat[Diag,Diag};

IF Iter > MaxIter THEN
Error:=5

END;

END;

(* Procedure Jacobi *)

Ali~a/lb



Procedure Inverse(Dimen : integer;
Data : TNmatrix;
VAR Inv : TNmatrix;

VAR Error : byte};

(* Inverse a square matrix *)

CONST TNNearZerco = 1E-015;
{* __________________________________________________
Procedure Initial (Dimen : integer;
VAR Data : TNmatrix;
VAR Inv : TNmatrix;
VAR Error : byte};
VAR Row : integer;
BEGIN

Error:=0;
IF Dimen<l THEN
Error:=1
ELSE
BREGIN
FillChar(Inv, SizeOf{Inv),0Q);
FOR Row:=1 TO Dimen DO
Inv{Row, Row] :=1;
IF Dimen=1 THEN
IF ABS (Datall,1])<TNNearZero THEN

BError:=2 (* Singular matrix *)
ELSE
Inv([i,1}:=1/Datall,1]);

END;

END; (* Procedure Initial *}
(* __________________________________________________
Procedure BEROdiv(Divisor : double:

Dimen : integer;
VAR Row : TNvector);
VAR Term : integer;

BEGIN

FOR Term:=1 TO Dimen DO

Row {Term] :=Row[Term] /Divisor;
END; {(* Procedure EROdiv *)

('k __________________________________________________

Procedure ERQswitch (VAR Rowl : TNvector;
VAR RowZ : THNvector);

VAR DummyRow : TNvector;

BEGIN
DummyRow:=Rowl;
Rowl:=Row2;
RowZ: =DummyRow;
END; (* Procedure EROswitch *)

(* __________________________________________________

Procedure ERCmultAdd (Multiplier : double;
Dimen : integer;
VAR ReferenceRow : TNvector;
VAR ChangingRow : TNvector);
VAR
Term @ integer;
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BEGIN
FOR Term:=1 TQO Dimen DO
ChangingRow[Term}: mChanglngRow[Term]+Mult1pller
*ReferenceRow [Term];

END; (* Procedure EROmultAdd *)

(* _________________________________________________

Procedure Inver{Dimen : integer;
VAR Data : TNmatrix;

VAR Inv : TNmatrix;
VAR Error : byte);
VAR Divisor, Multiplier : double;
Row, ReferenceRow : integer;
- Procedure Plvot (Dimen : integer;
ReferenceRow : integer;
VAR Data : TNma r;x,
VAR Inv : TNmatrix;
VAR Error : byte);
VAR NewRow : integer;
BEGIN , _
Error:=2; (* No 1lnverse exists *)

NewRow:=ReferenceRow;
WHILE {(Error>0) AND (NewRow<Dimen) DO
BEGIN
NewRow:=Succ (NewRow} ;
IF ABS (Data[NewRow, ReferenceRow] ) >TNNearZeroe THEN
BEGIN
EROswitch (Data[NewRow], Data{ReferenceRow]);
EROswitch {Inv[NewRow], Inv[ReferenceRow]);
Error:=0;
END;
END; (* WHILE *)
END; (* Procedure Pivot *)

(* _________________________________________________

BEGIN (* Procedure Inver *)
ReferenceRow:=0;
W%é%g {(Error=0) AND (ReferenceRow<Dimen) DO
B
ReferenceRow:=Succ (ReferenceRow) ;
%EESBS(Data{ReferenceRow,ReferenceRow])<TNNearZero
Pivot (Dimen,ReferenceRow, Data, Inv, Error) ;
IF Error=() THEN
BEGIN
Divisor:=Data[ReferenceRow, ReferenceRow);
EROdlv(Dlv1sor Dimen, Data{ReferenceRow}),
ERQdiv(Divisor,Dimen, Inv{ReferenceRow}};
FOR Row:=1 TO Dlmen DO
IF (Row <> ReferenceRow) AND
égg%éData[Row,ReferenceRow])>TNNearZero} THEN
Multiplier:=-Data{Row,ReferenceRow]/
Data[ReferenceRow ReferenceRow];
EROmultAdd (Multiplier, Dimen, Data[ReferenceRow]
Data{Rowl);
EROmultAdd{Multiplier,Dimen, Inv{ReferenceRow],
Inv[Row]);
- END;
END;
END;
END; (* Procedure Inver *)

(* —————————————————————————————————————————————————— 'k)
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BEGIN (* Procedure Inverse *)
Initial (Dimen,Data, Inv,Error);
IF Dimen>1 THEN
Inver (Dimen, Data, Inv, Error);

END; (* Procedure Inverse *)

(§15:9:0,:0.0.6.0.0.0.0:0:0.0.6.:0.6.0.86.0.0.0.6.0.6900.0.0:0.0.9.0.:6.9.6.0.0069.0:0.6000.000.¢

Procedure Transpose (VAR ml 1 etyp;
numrow, nupmcel  : integer;
VAR m? : tetyp):

(* Transpose a matrix *)

VAR i, j : integer;
temnp : double;

BEGIN
FOR i:=1 TO numrow DO
FOR j:=l TO numcol DO
m2{9,1] =ml I1;

END; * Proce ure Transpose *)

§00:0.0.0.0.9.0..0:0.8,8.0.0.4.0.0.0.0.0.9.9.9.6.6.0.9.9.0.0.9.9.0.0. 0.0 9.0.6:690.0.0.0.6.6.0.0:0. 03

Procedure Product (VAR ml,m2 : mtyp;
m, 1nte?er;
VAR m3 : mtyp) ;
(* Calculates the product of two matrices *)
VAR i, 3, k : integer;
BEGIN

FOR i:=1 TO 1 DO
FOR j:=1 TO n DO

BEGIN
m3[1 31:=0E+00;
R ki="1 TO m DO
m3[l 31:=m3{i, j1+mi (1, k]*m2k, 3/

END;
END; (* Procedure Product *)

1§:00.0.0.0.0.0.9.0:6.9.0.8.0:0.9:9.6.0.0.0.0.0.0:0.0.0.9.0.0:9.0.0:0.¢.9.0.0:0.:6:9.0.0.0.0.0.$:6.00.0 9. L}

Procedure Matris({obscalc : ytyp;
A . 1 etyp;
VAR TETA,Bii : corrtyp;
x3 : integer;
nin : ntyp;
wiw : Etyp;
VAR ATAI : TNmatrlx),
(* Calculates the correction term TETA *)
TYPE filtyp = string[l6];
VAR B, BI : TNmatrix;
er sz M3 . : mtyp;
al, bl, fem, tije, ett, ]
B ¢ ql : integer;
eter : double;
AT,ATATAT D tetyp;
Error : byte;
BEGIN
(¥ ——mmme e Set matrices Lo zZEro ———rmmmmememe— *)
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FOR pil:=1 TO 21 DO
FOR §1:=1 TO 5 DO

BEGI
“0E+00
ATA?AT%ql ~0E+OO;
EN

FOR pl:=1 TO 8 DO
FOR gl :=1 TO 8B DO
BEGI
Bipl,ql] :=0E+00;
BI pl,ql} =0E+00;

END;
FOR pl:=1 TO 21 DO
FOR ﬁ =1 TO 21 DO
BEGI
{ ql,pl]:=0E+00;
1,pl]:=0E+00;
[ 1 ,pl]:=0E+00;

fem:=5r
tje:=21;
ett:=1;

Put the lines together 1f NofCom< 21 {or 15)

——————— NofCom - Number of observed lines ——=~w=—=-
———————————— Matrix A = hkonst in Main --==-—w=--

FOR pl:=1 TO x3 DO

—————————————————————— Make AT ~=————=———mvo——

Transpose (A, x3, fem, AT) ;

—————————————— Include weights --—==-———m=m—m—m—m—

FOR pl:=1 TO %3 DO
FOR gl:=1 TO 5 DO

Alpl,ql]l:=Alpl,ql]l*wiw([pl];

~~~~~~~~~~~~~~~ Make ATA = AT X A ————-——==——rmmoee

FOR pl:=1 TO fem DO
FOR gl :=1 TO x3 DO
i AT(pl,ql];
Ng2fq1,p1} "A[q? p% 17

Product (M1,M2, fem, x3, fem, M3) ;

FOR pl:=1 TO fem DO
FOR gl:=1 TO fem DO
Bipl,qll:=M3[pl,ql]; (* ATA = M3 *)

——————————— Take away fixed elements —--—-==m———-

al
FOR El =1 TO 5 DO

IF hk{pl}.fix="V’ THEN
BEGIN

bl:=0;

al:=al+l;

FOR gl:=1 TO § DO
IF hk{ql} fix='V’ THEN
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BEGIN

1=bl+1;
BI(ai,bl]:=B(pl,gll];
END;
END;
B:=BI;
—————————— Make ATAI= inverse of ATA ~~—==w————~— *)

inverse (fem,B,BI,Exror);
————————— Make space for fixed elements ---—-—--==- %)

FOR pl:=1 TO 8 DO
FOR gl:=1 TO 8 DO
Bipl,ql]l:=0E+00;

al:=0;
FOR pl:=1 TO 5 DO
IF hkipl].fix='V’ THEN

bl:=0;
al:=al+l;
FOR gl:=1 TO 5 DO
IF hk[ql] fix='V’ THEN
BEGIN
bl:=bl+l;
Bi{pl,gl]:=BIlfal,bl];
END;
END;
BI:=B;
ATAI:=B; {* ATAI = Inverse of ATA *)
——————————— Make variance vectort Bii ---=---=--- %)

FOR pl:=1 TO fem DO
Bii{pl,1]1:=BI{pl,pll;

———————————— Make ATAIAT = ATAI X AT —-———-——=—=-= %}

FOR pl:=1 TO 21 DO
FOR gl:=1 TQ 21 DO
BEGI
M1{ql, 1} =0E+00;
M2{ql,pl]:=0E+0Q;
Ng3[ql,pl] :=0E+00;

f

FOR pl:=1 TO fem DO
FOR ?l ml TO x3 DO
M2 {pl,ql]):=AT[pl,qll;

FOR pl:=1 TO fem DO
FOR gl:=1 T0 fem DO
M1{pl,ql]:=BI{pl,qll;

Product (M1, M2, fem, fem, x3,M3); (* M3=ATAIAT *)

~~~~~~~~~~~~ Make correction vector —--—-—-~—---- *)
FOR pl:=1 TO 21 DO
FOR gl :=1 TO 21 DO

BEGI
M2Eq1 11:=0E+00;
M1 ql ] —0E+00!
END; '
FOR ?1 :=1 TO x3 DO
M2[ql,1]:=obscalc[ql, 1] *wiw(gl];

Product (M3,M2, fem, x3,ett, M1) ;

FOR ?1 :=1 TO fem DO
TETA[gi,1):=Ml{qgl,1];
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END; (* Procedure Matris *)
555400009 060600000984 0800046:0,0:00060.9.8$80.60.65098.60.00080

Function Norma (vp : ztyp,
th : YP:
hgp : ¥Nmatr1x H
Dimen : integer) :double;
(* ———— Calculate the normalized matrix element =---- *)
(¥ e to the A matrix ————=—-————mmmm— *}
VAR M1, M2, M3 1 mtyp;
A fem, tje, ett, pl, gl : integer;
BEGIN
FOR pl:=1 TO 21 b0
FOR gl =1 TO 21 DO
BEGI
M1l {qgl,pl] :=0E+G0;
M2{q1,p1 :=0E+00;
M3[{ql,pl]):=0E+00;
ND;
fem:=5;
tie:=21;
ett:=1;
FOR gl:=1 TC Dimen DO

MI1{1,ql):=vp(l,qll;

FOR pl:=1 TO Dimen DOQ
FOR gl:=1 TO Dimen DO
M2 (pl,qll:=hagpipl,gqll;

Product (M1,M2, ett,Dimen,Dimen, M3) ;

FOR pl:=1 TO 21 DO
FOR §1:=1 TO 21 DO
BEGI

M2 (gl,pi] :=0E+00;,
Ngl[ql,pl]::OE+OO;

FOR ?1 =1 TO Dimen DO
(q i=vptigl,1];
Product (M3,M2, ett,Dimen, ett,M1);

Norma:=M1{1,1};
END; {(* Function Norma *)

1$00.9:0:0.8.6.8.0.0.6:6.9.0.9.9.0.:0.0.0.$:0.0.0.04.05.9.9.$:4:0.09.9.0.9.0.0.0.0:0:9.9.0.0.6.0.0.0. 8. L}

Procedure Felcalc(obscalc : vtyp:s
Bii : corrtyp;
NofCom, NofConst : inte er,
VAR RMS : doub
VAR sdevcon : corrtyp,
VAR sdev : double;
wiw : ftypl ;s
{* Calculates the standard deviation *)
VAR nl : integer;
sum : double;
BEGIN

sum:=0E+00;
FOR nl:=1 TO NofCom DO
sum:=sum+obscalc[nl, 1] *obscalc[nl, 1] *wiwinl];

sdev:=30RT (sum/ {NofCom-NofConst) ) ;
RMS : =SQRT (sum/NofCom) ;
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FOR ni:=1 TC 5 DO
sdevcon (nl1,1}:=8QRT(B1i{nl,1]) *sdev;
END; {* Procedure Felcalc *)

9.9:0.0.0.0.9.0.9.0.00.0.0.8.0.060.6900.8$ 90609 0.4060800008000.0000000.63
Procedure Correlate (VAR ATAI,Corr: TNmatrix);

{* Calculates the correlation coefficients *)

VAR pl, qi : integer;

BEGIN
FOR pl:=1 TO 5 DO
FOR gl:=1 TO 5 DO
ATAI[E& p1} 0 0) OR (ATAI{gql,gll}=0.0) THEN
Corr[pl
Corr{pl, qi] MATAI[E %1
SORT (ATAL {pl
END; (* Procedure Correlate *S

(10:6:6.0.6.6.0:0:9.0.0.0.9.:9.0.6.0.0.0.0.0.0.6:0.6.0.6.0.0.:0.0.9.0.9.0.0:6.0.0:6.0.0.:0.:0.0.0.9.0. 6.0 &}

pli*ATAI[ql,gll);
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variable {V)}/fixed (F} constant

line-label

R 12 26
8
v -536
Y 0
v 0
It 6
Fo-2452
F 0
E 0
F 0
15
7 -156
8 ~-136
9 -83
10 0.
11 110.
12 1138,
i3 172.
14 186.
15 290
10

frequency in MHz

ALLI-a

0 transition
number of hyperfine constarits
eqo’ |
.066 cr
.0 ar’
.0 o7
.5837 eqgQ”
.003162 cr
.00158 ar
.0036¢6 d”
total number of components
number of lines to be fitted
.260 1
.99 1 standard deviation or
.25 1 inversed welght
0 1 -
507 1 //////////
778 1
905 1
104 1
.18 1
line put to 0



e

~

pat

R{ 12} 26 - ©
Itteration = o
RMS T 0.1584%44
sdev H 0.158506
"o correction new COnst
x Q.020G00 -536.000000
2 0.000000 C.0D66000
3 0.000000C 0. 000000
4 0.000C00 0.0008000
5 0. 000000 -2452.583700
& C.003262
7 C. 5015890
-3 T 303660
no comp F i J  observed
1 2 1 2 1) -1%4.260000
2 g @ 4 13 =135,.5950000
2 G L4 M 13 ~83.250000
& 10 12 2 13 G. Q000000
5 11 17 4 13 2i0.557000
5 1z 10 4 13 119.779000
7013 4 13 132.905000
3 14 15 4 13 186.104000
% 15 6 4 11 259G. 180000
ttevation = 3
RMS H Q.011506
sdev H 0.015437
no  corredtion new Const
H 1.06339% =524 9IR&NS
2z ~0.00358¢6 2.06241%4
3 ~C.027372 ~0.027372
4 0.00000C0 0.000000
5 0.000000 ~2452.581700
& 0.002162
7 2.001%80
8 D.003660
"o comp F H 3 observeqd
H 7 33 2 13 -l5&.260000
2 8 E 4 13 -136.950000
3 9 14 Z 13 ~81.250000
4 10 L2 213 ¢.000000
3 il 17 4 i3 1i0.50%000
€ 12 10 4 13 11%.77s000
7 13 11 4 3 172.905000
8 L 15 4 12 186.10400Q
9 & is 4 12 290.130000
ltteration = 2
M5 H .C115046
sdev : D.015634
ne  correction new const
1 0.00031: ~534.9316234
2 0.0000C0 0.062414
3 0.00Q01: -0.027361
< $. 0000002 2.000000
5 $.00000C ~2452.583700

aday ctaty
0. 0006000 v
0.004000 v
0.000000 ¥
0.000000 F
0. 000000 F
calculated

-156.202148
-136.793062
~B2.989767
0.0000040
110.462058
119.763295
172.8B6515
186.2154913
290.1€63276

sdev status

0.2778213
0. 000218
0.002136
0.00000¢C
3.060002

calculatnd
-156.241584
=1136.9823487
-83.25%1123
0.000000
116.515%51¢
119.75868¢6
172.910419
1B6.100z00
290.196725

adev 5L
£.077843

0.002134
. oosonn
0. 000000

a2
v
0.000218 v
hY
¥
F

¥

g

obs-~cala

-0,
0.
-0,
G.
o.
o.
0.

$578%2
19690348
ZEH2TD
000000
044962
03570%
Q18485

~0.133453

G.

Q16724

oBre-caic
-D.GI8sTG
=0. 006513
D.001123
2.000000
-0, 00851
Q.020314
~9. 005419
©.001800
~0.0i672%

waight

1

[P

Y

L0000

1.0000

L3000
L0000
L3000
. Q00Q
. 0000
Q000
.0004Q

weight

i

(SRS R

LD000
Pelels]el
Qoo
0000
L0000
L0000
L0000
0006
Bcielsle]

AN

: 2\

0.003162
G.001580
0.003660

SORDP ¥ 1 J  eobservad
1 7012 1Y -356.260000
2 U k] 4 12 -i¥6.990000
3 g it 2 13 ~83.356000
4 10 Iz 2 12 0.Cc00000
5 11 17 4 13 110.507000
€ 12 10 4 13 119.779000
7 13 11 4 13 172.905000
3 14 1% el 12 186.104000
g 15 16 4 11 290.180000
Itteration = 3
RMS d 0.3 1506
sdev 5 U.UL54e26
ne  coxrection new const
1 -0.000000C -534,936294
2 0.000000 ¢.062414
3 0.000000 -¢.027361
4 &. 6o00en C.000000
5 0. 000000 -2452.5823700
] S.003162
7 G.001580
3 G.003660
no comp F H + o obsorved
1 2 M i ~ 1846260000
2 a8 9 4 31 ~116.9920G00
b G 14 2 T 83250000
4 10 12 Ead 0.000000
5 1% 17 4 il L110.507000
6 1z 10 4 130 112.779000
713 11 4 i3 172.908000
& 14 15 4013 186.104000
LI Y 16 4 P 2851800450
Correlation caelf:c

1.0000000 ©.043157%2

0.0415

754 1.p0c0CDO

-0.5968287 ~T.0684052

1.0000
1.0000

000 1.0500000
GO0 .o000G0n

-0

.hE6E287

-0.06B4054

L Q0G0000
L0GR0000
[eZelagelelelo]

caleulated
~1546.241597
L36.9RF495
-83.2510%7

¢.000000
L10.515548
129.758762
172.%30461
186.100288
2G0. 196822

obs-calic

-0

.018402
-0.
G.
0.

Q06505
301097
[odsledele o]

-0.008548
0.020730

-0.
D.
=0,

sdev satatus

CG.077842
0.0007218
0.002134
&. 000000
0. 000000

caloulated
~256.241597
~3136.982495
~23. 251097
0. 430000
1106.515548
119.75B762
372.910461
186,100286
20,1958

IL00CHoeo
1.0000000
1.0000000
1.0000060
1.0000000

W

v
W
F
F

1
3
b
1
1

Q054461
QU3TFis
016822

Glrg-Cals

=0,
-0,
o,
.
-Q.
Q.
L0546 %
[
it

-0

G18402
006505
00I0STF
jseislelele]
CoBSa8
020238

q02714
LiAg22

Belcialelelelal
-0000C00
Rl Telelelelvl
- 6000000
L Gonooon

weight
3.03000
1.0000
1.0C060
1.0000
1. 0000
1-0008¢
1.0060
1.0000
1.0000

weight
06eg
el
[Yelaks]
L 00C0
LGO00
0000
L0090
L0600

LSOOG

i
1
N

v

2



Appendix IV



Itteration = 5

RMS : 0.0159690
sdev : 0.020346 sdev : 0.0152
ne correction new Const sdev status new const sdev status
17 0.000008 ~-426,158870 £2.400314 v ~493.83% 8.36194 v
Z 0.000000 $.828225 0.000038 vV 0.82920 G.00004 v
3 0.000000 -0.500525 $.003201 v ~0.5004 0.00635 v
4 ~0.00G000 0.356643 0.003146 v 0.3568 0.0011 v
5 0.000008 ~2306.3555%4 62.377951 v ~2374.037 8.378841 v
& 0.000000 0.000000
7 0.001500 0.001500
8 0.0000600 G.000000
E no conp F I J observed calculated obs-calce | calculated obs-calce
- 1 1 85 4 99 -413.493000 -413.513685 0.020685 |} ~413.513 0.020
2 2 9% 2 339 -359.551000 ~359.552699 0.001699 | -359.558 0.007
3 3 3% 4 98 -194.530000 -1%4.530275 0.000275 } -194.530 0.000
4 4 98 2 99 ~15%,159000 -159.142823 -0.016177 [ -159.13% -0.020
5 5 917 4 8% -105.771000 -105.761373 ~-0.009627 | -105.759% ~0.012
6 6 100 2 8% 0.000000 6.0060000 0.000000 -0.010 0.01¢C
7 T 87 2 8% 172.203000 172.233733 ~0.030733 172.228 ~0.025
8 g 98 4 99 200.482000 200.480607 0.001393 200.478 0.004
S8 9 101 4 99 225.973000 225.872260 0.C00740 225.965 0.008
10 12 103 4 89 314.122000 314.150416 -0.02841¢ 314.152 -0.03¢
11 13 38 4 9% 426.698000 426.674685 0.023305 426.677 0.021
12 14 102 4 8% 481.578000 481.573747 0.004283 481.573 0.005
13 15 100 4 589 510.252000 510.237485 0.014515% 510.243 0.009
Foth and Spieweck
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q-n 1V

Itteration =
RMS
sdev
ne correction
1 6.000C00
2 -0.000000
3 ~0.000000
4 0.000000
5 0.000000
6
7
8
ne comp F I
1 1 85 9
2 2 99 2
303 95 4
4 4 98 2
5 5 97 4
& 6 100 2
7 787 2
8 8 99 4
g 9 101 4
10 12 103 4
11 13 88 4
12 14 102 4
13 15 100 4

3.

0.018301
0.023197
new ¢onst
-572.463708%
0.832323
-0.500442
0.360511
~2452.583700
0.003162
0.00158¢
0.00G3660
J observed
99 -413.487000
39 ~359.554000
99 -194.520000
9% -159.158C00
99 ~-105.771000
99 G¢.Co00000
99 172.19700¢
99 200.4760600
99  225.982000
99 314.133000
9% 426,.693000
$9 481.57400¢
99 510.245800

sdev status
.073699 \

.00003s
.003620
.003537
.000000

o o o o o
Mo oG g

calculated
~413,507807
~359.531227
-194.52842¢%6
-159.120451
-105.751424
0.0060000
172.215611
200.479989
225.973742
314.169233
426.679992
481.564547
510.250030

obs-calc

0.
-0.
.00842¢6
.037549
.01837¢
.000000
.018611
.003%8%

020807
022773

0.008258

0.036233

Q.013008

.006453
.005030

new const
~-572.464
0.832322
-0.50046
0.36651
~2452.583700
0,003162
0.001580
0.003660
calculated
~413.508
~358.531
-194.528
-158.120
-105.751
0.000000
172.21¢6
200.48¢
225.974
314.169
426.680
481.564
510.250

0

0.000039

0
0

0.02446
sdev
078

.00384
00378

obs-calc

0.

Bordé et al.

021
.023
.008
.038
.020

018
.004
.008
.036
.013
.010
.005

status
v

vV
v
v
F

1-8¢ (86)d



A1V

Itteration = 4

RMS : 0.000871
sdev . : 0.001037 sdev : 0.00107
noe correction new const sdev status new const sdev
1 §.000000 -557.714600 0.158686 v -557.717 0.164
2 ~-¢.000000 $.186882 0.0G000% v $.186880 0.0008608
3 -0.00000¢ ~0.101595 0.060109 v ~0.101604 $.000113
4 ©.0GC000 -0.0023120 0.00005%0 v ~0.00311¢ 0.000083
S 0.000000 -2451.678754 0.158604 vV -2451.682 0.164
6 0.000000
7 0.000000
8 0.0000C0
ne comp F I J observed caleculated obs-calc calculated obs-calc
1 1 7 5 12 0.000000 0.000000 0.000000
2 2 12 112 71.865200 71.864216 0¢.000984 71.8642 0.0C10
3 3 17 g 12 131.770100 131.770949 -0.000849% 131.7708 -0.0007
4 4 8 5 12 207.818800 207.817671 0.001129 207.8177 0.0011
5 5 13 3 12 334.899100 334.9%9158 ~-0.000058 334.,9992 -0.0G01
& 6 11 3 12 372.543300 372.545321 -0.001421 372.5453 -0.0014
7 7 9 5 12 386.775400 386.774877 0.000523 386.774¢% 0.0005
8 § 10 3 12 470.469300 470.470573 ~0.001273 470.4705 -0.0012
8 g 16 S 12 481.488400 481.487007 0.001393 481.4870 3.0014
10 11 14 3 12 525.732000 525.732519 -0.00051% 525.7326 ~0.0006
11 12 15 3 12 567.36%800 567.368825 0.0C0973 567.3687 0.0011
12 13 9 3 12 631.481600 631.481735 -0.00019¢6 631.4818 ~0.0002
13 15 12 3 12 719.166700 719.166339 0.000361 719.1662 0.0005
t4 16 10 5 12 748.526200 748.525968 0.000232 748.5250 0.0002
15 17 11 5 12 792.702800 T82.701619 0.001181 792.7018 ¢.0010
16 20 15 5 12 888.401500 889.402357 -(.000857 889.4023 -0.0608
17 21 .13 1 12 94%.106600 $49.107317 -0.000717 894%.1074 -0.0008

Bordé et al.
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P-ALV

Itteration =
RMS
sdev
no correction
1 -0.000000
2 0.000000
3 0.000000
4 -$.000000
5 0.000000
6
7
8
no comp F I
1 1 43 5
2 2 48 1
3 5 53 5
4 6 44 5
5 749 3
6 8 47 3
7 8 52 5
8 10 45 5
9 11 48 3
10 13 50 3
11 14 51 3
12 16 45 3
13 17 48 3
14 18 1 5
15 19 46 5
16 20 47 3
T2 4% 5

3

0.001%02
0.002175
new const
~-504.583055
0.028152
-0.012410
-0.015594
-2452.600000
0.003000
0.000000
0.0060000
J observed
48 =-357.159500
48 ~333.968600
48 ~47.274500
48 ~36.775800
48 ¢.000000
48 81.455700
48 99.106700
48 107.463000
48 119.046700
48 248.602200
48 284.304100
48 384.6€57100
48 403.767300
48 429.996500
48 527.1587090
48 539.224400
48 555.09730¢C

sdev
.003515
.000004
.000304
000214
.G00000

O o o o o

calculated

-357.
~333.
~47.
-36.

G.
.453304
9g.
107.
11¢.
249,
.304887
384.
. 766353

81

284

403

429.
157319
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