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I. Iniroduction and Summary.

B

- The present report is a continuation of an earlier work involving
o some issues on a Cs-Ne high power flashlamp and its modeh‘ng.1 Because of the
complexity of the physics encountered in an arc discharge of high gas pressures
and low voltages, it is necessary to divide the theoretical effort into two
parts: microscopic and macroscopic processes. A detailed discussion of this
modeling has been given separately in a status report.2

i sy
S AN

In the present report, we are primarily concerned with atomic
processes in a high pressure gas discharge. The theoretical endeavour is
highlighted in a detailed calculation of spectral line profiles, which are
essential to meaningfully model an arc lamp performance. We also examine
the effect of neon as a buffer gas in a high pressure cesium discharge tube.
Under the condition of comparable cesium and neon pressures, we concluded
that neon buffer gas is beneficial to the overall lamp performance. The de-
tailed discussion can be found in Reference 2.

-

Il 3,

-

»

. ¥ y
ol AR A, e

This report is devoted to a rigorous analysis and calculations

N of spectral line shapes for high pressure and low voltage arc lamp applications.
In Section II, a theoretical description of spectral line shape analysis is
given. The formultion used is a straightforward generalization of those used in
a previous report.1 Section IIl describes spectral line shape analysis and
calculations. The calculations include the following four types of interaction:

T T

Pl i

Ky
~8 .0 g a qh -

Voo,

oy e neutral-neutral interactions: Cs-Cs and Cs-Ne,

® neutral-charged interactions: Cs-e and Cs-Cs”.

-’ XY

These collisions lead to broadenings, shifts, and asymmetrics of the observed
spectral line shapes and to the occasional appearance of diffuse bands.

RS IR

. In Section IV, our future research plans and recommendations
are indicated. Finally, a 1isting of the code developed for applying the given
model is presented in Appendix A followed by a detziled mathematical derivation
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of spectral line shapes in Appendix B*.

Based on our limited efforts, we summarize our theoretical
findings as follows:

e for high power Cs-Ne flashlamps, the neon pressure
should be comparable to cesium pressure,

o if neon (or other inert gases) pressure is several orders
of magnitude higher than cesium (or other alkali atoms)
pressures, an infrared laser seems possible by optical
pumping methods, and

e for high power Cs-Ne arc lamps, the spectral profile is
mainly determined by cesium doublet mixing effect.

I1. Theoretical Description.

The study of spectral line shapes was actively pursued during
the past fifty years. Numerous review articles and books have been written
since late 1930.3’4 Regardless of theoretical approaches taken in the pre-
vious work, it is assumed that an interaction potential between a radiating
particle (atom or molecule) and a perturbing particle as a function of
interparticle distance is known. As a result, experimental measurements of
spectral line shapes are used to determine the parameters introduced in the
assumed interaction potential. This method, however, achieved only a limited
success . Several attempts were made in recent years to fit experimental line
shapes by introducing more and more adjustable parameters into the existing
thoery.

The effort of this kind is, however, fruitless in our opinion.
The reason is simple. First of all, the interaction potential cannot, in
general, be represented as a function of particle separations in a simple
mathematical form.> Secondly, from a rigorous theoretical point of view

* Appendix B not reproduced in all copies of this report.
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it would be highly unsatisfactory because of its lack of predictability if
it should contain adjustable parameters.

In order to circumvent the deficiency as stated above, a new
approach must be developed. The method of calculating spectral line shapes
to be given below has two important advantages over the previous approach.

Lk

et

éf Firstly, no assumed form of interaction potential as a function of inter-

(B particle separation is used. Secondly, the formulation can be easily extended

" to interactions involving various different species as lons as the interaction

lﬁ is of electromagnetic origin. As a consequence, the resulting line shape does

ﬁi not contain any adjustable parameters. It is completely determined by the atomic
j@ or molecular structures of the radiating and perturbing particles.

Yol

:gi Calculations of spectral line shapes can be accomplished by a

;ﬁ simple concept. For an atom or a molecule initially in a given excited state

making a radiative transition to a lTower quantum state, a photon is emitted.
The frequency distribution of the emitted photon for a given transition is
called a spectral line shape. For a single isolated atom without any external
perturbation, the 1ine shape can be derived using the well-known method of

i, Weisskopf and Higner.6 This method can be generalized to the problem including
the external perturbations due to interaction with other atoms of the same or
different species. The effect'of external perturbation is to modify the upper
and lower radiating states. In the following section, we indicate how to carry
out an explicit calculation of spectral line shapes.
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I11. Spectral Line Shape Analysis and Calculations

We shall consider the far-infrared radiation from the cesium
atom in the wavelength range between lu and 5u. These radiations involve
7S +~ 6P, 7P » 5D and 5D + 6P as transitions. These transitions
do not involve the ground state 6S as the lower level. Thus the photon dis-
persion is likely to be unimportant. Assuming this to be the case, we may
approximate

As a consequence, the photon wavefunction renormalization constant Z3(w ) is
equal to unity, and Equation (Gf'becomes, using the nonrelativistic apprximation.

->

+* >
-+ - P ~ . {
K k) = e (200)7 12 <nj « gy %X 1)

aB

The electron-atom interaction kernel K™ in the same approximation

can be written, neglecting PY(q,qo)

2)

aR > >y _ 4'ne2
K (,9) = -

igex »2
nin, <nyle™™ 7 -11np>/13 %

Q =6 By sNy * 3 ny (111.2)

The atom-atom interaction kernel K** can likewise be obtained,

> =+ 2
Koo (P,Q) = - ¢ <nylv.e

+ >
iQ-X

-5 . (111.3)

If now we use the dipole approximations, Equations (I1I.1-111.3) take the form

* Equations (1)-(90) refer to Equations in Appendix B.
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Kﬁ?,nz,n3,n4(p’u) ='% [Anl.nzAn3,n4(aﬁl,n2 * an3,n4) N (anl,nz - )
JCAIE 6)3[(523::4)2 -t
where d"l’"z is the dipole moment defined as
d"l’“z = ;%5 <n1|rln2> .

We shall use the above approximation to analyze the gquantities appearing
in our lineshape formula. The quantity Y in Equation (64) is due to the photon-
atom interaction, which is obtained from Equation (33). Explicitly,

_4 . 3 2 a a
Ye 3 ﬁ IAe,nl !aé,nl 6 (Eg - Ep)

which is a sum of Einstein A-coefficients for dipole allowed transitions to the

Tower states.

The quantities that appear in Equations (69) and (73) are due to electron-
atom and atom-atom interactions. From Equations (73), letting 2 = 0, we have

2j _ 3 j' ',n"
i (0) = Al (P) = 0y T / d>PE(PIN" N (PP ) I
n',n (111.4)
00) = APy = 0y 3 f ¢>pap)wd " (3.7, ) ‘
nl
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where
LU R d% |J J,n' n"(Q)I
oo >0 (2m)3 & " v,
n J % »9 p’u 2’3
(I111.5)
PRI o3 K (q)]?
uaB ( p’Po ) = 3 i
(27) €, ,~€,*A »J 7 Yj
J
Pt p q

In Equation (1I1.4), g(p) is the electron distribution function, which is

assumed to be Maxwellian with an electron temperature TB s

-B2/p?
9) = (v p3) Y%

= 172

The effect of electron drift velocity will be ignored. Both functions defined in
Equftion (111,5) are complex with positive imaginary parts, with Y4 being the radiative
decay width of the radiating state |j>. The interaction kerne1s |E°mﬂ2and IK“B|2

are functions of Q and q respectively. They are independent of P and P Further-
more, f(p) and g(p) are also independent on the direction of P and p As a con-
sequence, the angular integrations in Equations (II1.4) and (I11.5) can be carried out.

Let
1k(@)1?
A(P.) = 2u fd°p f(P
(Fo) “f ()f(Zw) 0%+2(P-P,) - T +a

where

Ima«c0,

Carrying out the angular integrations, we get
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b A(P,) = m;/ Pde(P)/ QdQ|K(Q)| [|p+p°[+% (Q+ %)] In (-02+20|P+P°|+a)
| - - ‘111.6 %
1 Iy
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If f(P) is assumed to be Maxwellian as in Equation (79), then Equation (III.6) .
3 the form 2
¥ z
2,2
© -P/p
f (2m)"Popy 7 [P+P ] 0 (111.7) 8
; where :
i 2 2 i
$ B(x) = QdQ|K(Q)|® Tn (Q%+20x + a) (111.8) §
: n 3
e ]
- Consider the electron-atom interaction. If the dipole approximation is <
k made, then -
: °
: £
: - X
: k(@)% «q? -
v 5
H The integrand in Equation (II1.8) behaves as for large Q, g
[ —
i n Q/Q N :
'_ and the integral diverges. The divergence of this kind is encountered in the usual E
- thoery based on a multipole expansion of the static coulomb potential, and adjustable i
A parameters are often invoked to make the results finite. §
! ;
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In the present formulation, this divergence is seen from the approximation
of the matrix elements of the form

<n1lein

|"2> =iQ <"1|z|"2>
This approximation is correct only when Q is small. For large Q, the matrix

element must decrease at least as Q'I_accordina to the Riemann-Lebesque lemma. Because
of this fact, we showed in an earlier report that we may approximate

, 2
an 1'% ny> = i Q <ngltlny>/T} + 4 dnilzing 12 (111.9)

If Equation (II1.9) is used to evaluate electron excitation cross sections, an
agreement with experimental data is achieved. Note that Equation (III.9) is
consistent with the expected Q-dependence for both large and small Q.

If now we used Equation (111.9) to evaluate IK(Q))IZ, than

1

K(Q)|? =
g %1 + bg%)?

(111.10)

The integral in Equation (II1.8) thus converges rapidly for large Q. Note that
there is a logarithmic singularity in Equation (I11.8) at Q = 0 if Equation (II1.10)
is used. This arises from the Q'2 dependence in the electron-atom interaction kernel
where the lifetime of the coupled radiating state |[j> has been ignored. If this
finite 1ifetime and retardation effect are taken into account, then 0'2 should be
replaced by

[ - (a5 0 - 3 792"

and the logarithmic singularity on the real axis disappears.
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For atom-atom interaction, we have, if dipole approximations are used,

k()% =0 (1)

Er VIR RN

for large Q. Then the integral in Equation (II1.8) diverges quadratically.
However, using Equation (III.9) and taking into account the finite 1ife-time
of the radiating state, a well-defined finite physical result is again obtained.

cvee om
e SV

According to the foregoing discussion, the functions {K(Q)'2 in Equation (III.8)
have the following forms:

o Electron-atom interaction
2_ 4 2 v Yj
k(@) |% = e*{<ilzin'> Q% [(a-85 )% + gICa+a; )2 + )
x (1 +-%|<j|z|n' ,"‘qz}'1 (I1I. 1)

o Atom-atom interaction

1K(Q) 1% = e*|<j|z|n'><g|z]n">|? 6(q)

by Q2+ 208 b, 12

!
6(Q) = Q" - 8g.0"%5,n g8y ,n

2
Y
x {01+ c§ 0821+ 02.000%0(0 - 8y 102+ gL ] (111.12)

2
.
x [+ 8y 0%+ g 71
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1.12), averages over dipole orientations have been performed.

present treatment, we also include the retardation effect as in

11) and (II1.12). This effect has not been included in existing theories
eshape as far as we know. However, as pointed out by Stevens, S the

ect is important in determining the interaction energies between two
separation. This effect should lead to a certain modification on
arameters in particular, and the lineshape itself in general.

e calculation of spectral line profiles can be performed if the
ation (67), are satisfied. In this connection, the lineshape

on (68), may be used. From Equations (74) and (68), may be used.
(74) and (68), after carrying out the angular integration, we

3 w 2,2

=M (Zﬁpz)"“ “Po/P
> = — Y o

R dP, Po ©
0
P w Po(’o
7 4R (P) 4 > (2 R(PY) - (I11.13)
-1( 1'\70 M ) - tan ( )]
x |tar R,(P,) R, (P,)
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agrating Equation (II1.13) by parts, we have

2,2 B
* -P2/p R,(P,)
| o'Va 20, , 7
Le,nll)> = — o [_/:oo dP, € 0,(P;,2) " Je,n )] (111.14)

re

2,2
-2/p2 (N (P.,2)  N_(P,.2)
Je.n(D) =/ e ° a[_(o+1az,zi - D_(PO,ZS]
(111.15)

D,(P,.2) + [Ry(P,)1?

"
—
N
+
P
—
——
o~
o
e
H+
2o
—

P w
) 0 )
N,(Pg»Z) = Rp(Pp) 3Py Ry (Po) - [Z + Ry(Py) £ ] Py Rp(Py)

P, dependence in R;(P,) and Ro(Py) is ignored, Equation (III.14) reduces to the
1- known Vuoigt profile.

To evaluate the integrals in Equation {III.14) as a function of Z, it is
:ssary to calculate Rl(Po) and R2(Po), which are expressed in terms of Ae
A, as defined in Equation (69). They are given explicitly below.

Define the reduced masses My and Mg for atom and electron respectively,
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1 1.1_1 ’
g-ﬁ*n=a

We write

Aj(Po) = A (Pg) + A (P,)

where
o 2,.2 -

; u -Pc/p= P+ P . ~
ANpysp —9o e C—=2-8) ([P+P])
a'to o 5/2 a 0
(2n) paPo o lp + Pgl

2,2 o
® -pS/p; P +P : ~
. u B 0 nJ
A‘é (PO) =DB—‘5—/BZ—-:— / dp e ]P*Fol BB (|p+P°|)
(2“) pepo =

The functions Bg(|P + Pol) and Bg(lp + POI) are computed according to Equation (I111.8)
with the parameters occuring there identified as follows: For B%, use Equation (III.11)

for |K(Q)|2, and

= _iw 5 :m
a = ZUB(Anu’j > !') s P M Po

For BY, use Equation (111.12) for [K(Q)]|%, and

s i N
a 2 Ua(An-’j + Anu,g' "2 YJ')’ pO = Po-

The computer program is given in Appendix A. Certain sample calculations
are shown in Reference 2.
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IV. Future Plans

For a single isolated line, a general expression of spectral line
shapes was obtained, as shown in Equation (72) of Appendix B: Because of the
limited funds available at present, a general numerical evaluation of Equation (72)
cannot be performed. Only the approximted expression, Equation (68), to the
exact formula, Equation (72), was numerically implemented. There are circum-
stances in which the approximations, Equations (67), leading to Equation (68)
may fail.. In this connection, numerical calculations of the exact expression,
Equation (72), must be carried out.

In addition to the above technical program aimed at performing an
accurate spectral line shape calculation, there are three issues needed to be

addressed for future program needs. They are

A. Physics lssues

Atomic Model Development

Atomic Core Polarization Effects
Spectral Line Profile Formation
Electrical Conducti vity Calculation
Thermal Conductivity Calculation

B. -Devise Improvement lssues

Emission Spectrum Tailoring
Flashlamp Reliability Improvement
Optical Gas Mixture

Cesium-Neon Discharge Laser
Cesium Vapor Heating Problems

* Not reproduced in all copies of this report.
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C. Diagnostic Issues

e Discharge Plasma Diagnosis
o EO Systems Quality Control

Detailed discussions of the above issues can be found in Reference 2.
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= Appendix A
p Computer Program Description and Listing

i? A.1 Program Description

<

This is a description of the computer routines mentioned in

oY

;f in Section IIl above which are used to compute 1ine shape by

o

> solving equation III1.13. The description of the calculations in

each routine follows the order of the calculations in that routine.

'3’ The routines appear in the order that they are called in the
;3 program. A flowchart for subroutine SHPE and its associated routines

follows in Figure 1.

Subroutine SHPE is the primary routine - it calculates the finail

AT

lineshape:
o Subroutines INTLZ,SETDAT and MED are called to set the physical
7; constants and atomic data.
&
For each allowed transition between fine structure lines a
) lineshape is calculated:
X
,3 Subroutine SETTRN is called to set indices corresponding to
to the fine structure lineshape being calculated.
4 .'
W Subroutine RS is called to provide the values of the ;
}f parameters R1(Po),R2(Po), (from equation I11.13), at the
S
o Hermite abscissa points.
<
‘é; At each freauency point used to define the lineshape:
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SE The integral in equation 111.13 is performed by Hermite

integration to produce a lineshape value.
The weighted value is added to the final lineshape at

™, that frequency point.

- Subroutine RS calculates the values of the parameters R1(Po),R2(Po)

at the Hermite abscissa points:

4

First the contribution to R1(Po), R2(Po) from the initial atomic

state:

R o Rkl

AP TSRt

Subroutine SET is called to set parameter values corresp-

’ﬁ ponding to which atomic state and exciting states are E

3 '

i involved. :
Subroutine AS is called for each of the species (atoms,

_E electrons, buffer atoms, ions) to provide the values

5 of the parameters Ae,An as defined in equation (69).

o1 Sum the Ae,An parameter contribution from each species.

1

) Then the contribution to R1(Po),R2(Po) from the final

atomic state: repeating the above procedure.

The values of the parameters R1{Po),R2(Po) for the initial

and final states are summed.

n Subroutine AS calculates the vilue of Ai as shown in the integrals

' on page 12 by performing a Hermite integration.

(* - defines what species is involved.)
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X
K
Y
¥
ﬁf Subroutine SUMRI is called separately to evaluate the
Nl
Y imaginary and real parts of the function B at Hermite
& abscissa points,
,.
B Subroutine Herm is called to perform the integration.
,‘I"
2
Subroutine SUMRI calculates the real or imaginary part of the

o

ﬁ function B by evaluating the integrals as shown in equation III.8 .
\
-3 It performs a trapaziodal method of integration:
2 First it breaks the range of integration into one hundred steps.
;E At each point subroutine NBEQ is called to evaluate the function
2 that is being integrated and the integral to that
N
B3, point is summed.
N
5

Subroutine NBEQ evaluates the function that is being integrated in

fj equation II1.8 at a specified integration point.

3
X First it determines if its the real or imaginary part of the
ot calculation since different formulas are required and then
A4 procedes to the apropriate part of the subroutine.

ki .

' Subroutine KS is called to evaluate the appropriate value ot
1K@ |Z as shown in equations 111.11, I11.12.

N The appropriate value of|K(Q)|2 is used to calculate B
% Subroutine KS calculates the value oflK(Q)I2 :
?} It determines what formulation for IK(Q)IzshouId be used.

N For a charged particle equation II1.11 is solved.

i, For a neutral particle equation 111.12 is solved.
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s.'i A.2 Computer Program Listing

¢

SUBROUTINE SHPE (ZRNGE » SHAPE yRHA+RHB s RHGyRHD»
1 TEMA» TEMB» TENG TEMDsFO9 I1S9NZ)
IMPLICIT REALS8(A-H:0-2)
COMMON /RSVAL/ R1(20)9R2(20)
COMMON /HERDAT/ HWT(20) 9HABS(20) » NHERM
COMMON /TRANS/ INITsINITX+LASToLASTXsDJIEDIN»
1 GINsGAME »SHIFTZ sNTRANS(S0) sNEXCIT(S) 2 FRAC» IDK
COMMON /CSNE/ AMASSEMASSGMASS+ZETARLJ
COMMON /MEDM/ RHOAsRHOB»RHOG,RHOD»
1 TA»TBe TG TD»
2 PAsPBsPEPDy
- 3 RKAsRKBsRKG#RKD
3, COMMON /CONST/ E2sP1+VELCsRVKBsCONST1
DIMENSION ZRNGE(NZ)»SHAPE(NZ)
DIMENSION F1(100)

'-
(P

2

i

NN

S L

{ SRR

o
»

|
LS

Y X
% 3 X2 RN

SUBROUTINE SHPE - DRIVING ROUTINE TO CALCULATE LINESHAPE

,‘A

CALL INPUTS

b S

-
-,
atels
-

-

ZRNGE(NZ) - ARRAY OF FREQUENCIES ¢ )

RH& - SPECIES DENSITY ( /CM3)

TENS - SPECIES TEMPERATURE (DEG K)

(% = ACATON)» B(ELECTRON)» G(BUFFER)s DCION) )

FO ~ BOHR FREQUENCY ( /CM) '
IS - INDEX TO IDENTIFY TRANSITION

NZ - NUMBER OF FREQUENCIES

;55

CALL OQUTFUTS

SHAPE(NZ) - LINESHAFE

S

0

VARIABLES

Iy

-

ZETA - DOFPLER WIDTH ( /CM)
NTRANS(IS) - NUMBER OF FINE STRUCTURE LINES

.‘
OO0 O0OOOMO0O00O00000O0O000n

DATA KALL/0/ .
IFC KALL JEG. 1 ) B0 TO 20 i
KALL=1 '
CALL INTLZ i
CALL SETDAT
20 CONTINUE
RHOA=RHA
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v
 RHOB=RHB
RHOG=RHG
RHOD=RHD
TA=TENA Y
TB=TEMB :
TG=TENG
- TD=TEND
2 CALL MED |
X ZETA=PAX2, 08PISF O/ (VELCSANASS) » n
V: NTRAN=NTRANS (IS) . R
> DO 50 IZ=1,NZ :
SHAPE(12)=0.0
! 50 CONTINUE !
: c
C  LOOP OVER LINE TRANSITIONS 1
: c ‘
DO 100 NT=1sNTRAN
- CALL SETTRN(NT,IS)
2 CALL RS . _
' PRINT 1010+ (R1(11)sR2(I1)s11=11,20) :
) 1010 FORMAT(1X»1P10E12,2) 3
c 4
% C  LOOP OVER FREQUENCY VALUES
c g
' DO 200 1Z=1,NZ .
& Z=ZRNGE(1Z)-SHIFTZ
F1(12)20,0
2 c :
, c HERMITE INTEGRATION :
c 14
DO 300 IH=1,NHERM .
i W=HABS (IH) :
¥ WT=HNT(IN) y
; IF(W.LT.0.0) GO TO 300 ¢
. F1(1Z)=F1(12)+W(DATANC (Z+R1(IH)+ZETAKN) /R2(IH)) '
: 1 ~DATANC(Z4R1 (IH)-ZETARW) /R2(TH) ) ) RWT .
“ 300 CONTINUE
> SHAPE (1Z)=SHAPE(1Z)4F1(IZ)XFRAC E
- 200 CONTINUE 1
b 100 CONTINUE !
2 RETURN
; END i
SUBROUTINE INTLZ _
\ IMPLICIT REALX8(A-Hs0-2) <
£ COMMON /CSNE/ AMASSyEMASS)GMASSsZETAsRLJ 3
M %
o4
- '
N "
; ¢
N "
b
v i
¢
! !
: 20 !
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COMMON /CONST/ E2sPIsVELCsRVKBsCONST1
COMMON /MEDM/ RHOA»RHOB»RHOG» RHOD»
TAsTBy TG TDy
PAsPBsPGsPD,
RKAsRKByRKG2RKD
COMMON /TRANS/ INITsINITXsLASTsLASTXsDJE+DJINy )
1 GINyGAME » SHIFTZ s NTRANS(S0) sNEXCIT(S) »FRAC» IDK

GIN -

8% EMASS - ELECTRON MASS (CM-1)
83 AMASS - ATOMIC MASS (CN-1)
X%% GMASS - BUFFER MASS (CM-1)
X% CONSTI-

%48 VELC - VELOCITY LIGHT (CM/S)
%8¢ RVKB - BOLTZMANN CONSTANT

OO0

£2=1.0/137.0

EMASS=1,0/3.8616D-11

AMASS=133,0%81836.0%ENASS

GMASS=20.%1836.0%XEMASS

CONST1=6.73E-14

VELC=3.0E10

RVUKB=1,3807D-16/1.9865D~16

PI=3.14159265D0

RETURN

END

SUBROUTINE SETDAT

INPLICIT REALE8(A-H»0-2)

COMMON /TRANS/ INIT:INITXsLASTsLASTXeDJE+DINy

1 GINsGAME s SHIFTZyNTRANS(50) sNEXCIT(5) sFRACs IDK
COMMON /ATDAT/ NSHELL(60):LMO(60)+JMO(60)sEN(S0) sGAMARR(E0)
COMMON /CONST/ E2sPI,VELCsRVKBsCONST1

SUBROUTINE SETDAT ~ SETS ATOMIC DATA

NSHELL(I) - PRINCIFAL QUANTUM NUMBER
LMO(I) - ORBITAL ANGULAR MOMENTUM
JMO(I) - TOTAL ANGULAR MOMENTUM % 2
ENCID) - ENERGY LEVEL OF STATE ( /CM)
GAMARR(I) - LIFETIME OF STATE ( /8)

OO0

DATA NSHELL / '3) b ') S S 7 7 7
1) 6y 8 4 4 1) 8y 7
7 L Z-1) Sy S 9 1 7) 89
8y 10 by by é & 10y 10¢
9 9 11 7y 7y 11 11, 10y

.....
..............
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10y 12y 11y
1)
0
2y
2
2y
2y
2y
3y
1)
3
S
Sy
3
1)
7

12 8y
921020/
1 1
2y 0
0 3
Or 3
2y 0
0» 3
3210%0/
1y 3
S 1
1y 7
i 7
S 1
1 7y
9,10%0/

0.00D00+,11178.24D0+11732,35D0,14499.49D0»
14597.08D0918535,51D0221765.65D0:21946.86D0¢
22588.8900,22631.8300124317.17D0924472,29B0y

24472,446D0525709.,14D0+ 25791 ,78D0+ 26047 .8610

26068.,83D0+26910,48D0926971,42D0526971.56D0y

27010.00D0+27637.29D0+27681,96D0,27811, 2500+
27822.94D0+28300.28D0528329.64D0,28329. 7610+
28347.00D0, 28356 .00D0928727,0900928753.,93D0+
28828,90D0¢28836.06D0229130,00D0+ 29148, 16D0+
29148.23D0929403.48D0¢29421.10D0+29448.54D0,
29473,22D0129666.00D01 294678 ,.94D0229678.98D0+
29852.,85D0+29864,721101 29896 . 6410+ 29899 .89D0
30042,52D0,30042,54D0+10%0. D0/
/7 0. y 3.280D407s 3.740D407¢

8 12y

$4
'’
(SN

) DATA LMD / 2y
k )
4
4
k)

1

0
1,
1y
-1
1,
¥

r{
3
3
k)
k )
3

1y
1y
1
1y
1
2y

[

DATA JHO /

3y
7
S
S
7
1)

1)
1
79
79y
S
i

1
1
1
11,
1y
39

1y
k)
3
1
3
kY)

-
)
bbb b Pub Pub (b

DATA EN /

o "
PR
ELCARE)

"
S

2%

a l._.l._ Sy

.
b Pud fub b ot bud fud Pub Pub b Db Db

‘l- K

DATA GAMARR 8.620D+05y

Ra®acac atn

B FS ST

86200405,
1.7¢0D+07+
1.630D407y
1.0920407,
2.630D106y
6.,550D406
4.870D+05,
3.731D406»
744340405,
2.,440D406,
347380405,

1.897D407,
1.7000407»
2.601D4069
4,640D4061
242500405,
2,457D1069
4,870D405¢
3473104069
7.4341405,
2+44004069
3.738D405»

7.325D406¢
1.044D407,
2,601D406¢
4.317D4060
2.250D405+
1.,665D4069
3.731D+06¢
3473104069
7.434D405,
3.738D405»
8.130D405y

7432504060
1.630D407+
1.092D407,
4.317D404¢
645500405y
1.665D4+06»
34.731D406y
7+434D405»
2,440D+06»
34738D+05+
8.130D+405,

b fub Pub Pub b fab Pub foudh bt Pub fub fud

" QA0

1.780D405, 1.780D+05:10%0./

8
LN

c DIVIDE BY VELOCITY OF LIGHT - GAMARR(I) ( /CM)

N Y
LB L AL
[ o]

+

PN

..
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DO 200 N=1,60
GAMARR (N)=GAMARR(N) /VELC

200 CONTINUE

RETURN

END

SUBROUTINE MED

INPLICIT REALR8(A-H»0-2)

COMMON /CSNE/ AMASS EMASSsGMASS»ZETAsRLJ

COMMON /ATDAT/ NSHELL(60)oLMD(60) s JMO(50)2EN(40) + GANARR(40)

COMMON /TRANS/ INITsINITXsLAST:LASTXsDJE:DJN,

1 GINIGAME s SHIFTZsNTRANS{S0) sNEXCIT(S) »FRAC» IDK

COMMON /MEDM/ RHOA»RHOBsRHOGsRHOD»
TAsTBsTG»TDy
PAsFPBIPGIPDy
RKAsRKB+RKGRKD

COMMON /BCON/ RITAASRITAB'RITAGRITAD,
EPSA»EPSBIEPSGIEPSDs
RKSIAYRKSIBsRKSIGsRKSIDy
CJAsCIR2CIG2CJIDy _
6AMJ»Gs6P s DNPJYDJsLJ

COMMON /CONST/ E2+PI/VELCsRUKB)CONSTL

GI N =

o Gl N

SUBROUTINE MEL “ALCULATES PARAMETERS WHICH REMAIN CONSTANT
THROUGH EACH CALL TO SUBROUTINE SHPE

Pt - SPECIES MOMENTUM ( /CM)
RK& - RATIO OF MOMENTUM & RATIO OF MASS

(% = A(ATOM)» B(ELECTRON)s G(BUFFER)» D(ION))

PA=DSQRT (2. 0¥ANASSSRVKBETA)

PB=DSGRT (2.0XEMASSXRVKBATB)

PG=DSGRT (2.,0¥GMASSXRVKBXTE)

FD=DSQRT (2, 0XAMASSXRVKBATD)

RKA=1,0

RKB=(FA/PE)X(EMASS/AMASS)

RKG=(FA/PG) X(GMASS/ANARSS)

RKD=(PA/PD) X (AMASS/ANASS)

RETURN

END

SUBROUTINE SETTRN(NT,IS)

INPLICIT REAL¥B(A-H,0-Z)

COMMON /TRANS/ INITyINITXsLAST2LASTXeDJEsDJNy

1 GIN»GAME SHIFTZoNTRANS(SC; #NEXCIT(S) »FRAC IDK
COMMON /ATDAT/ HSHELL(60)sLMD(40) ¢+ JMO(50)1EN(60)»GANARR(60)

.....
-------
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TON T1¢(3+50)912(3250)9I13(3+50)+14(3+50)+15(5,50)

ION R1(3s50)9R2(3+50) +R3(3+50)

JON NXTRAN(50) ;
TINE SETTRN - SET TRANSITION INDICES ;
INPUTS

S -~ INDEX TO IDENTIFY TRANSITION
T - NUMBER OF THE FINE STRUCTURE TRANSITION INVOLVED

BLES

NTRANS(IS) - NUMBER OF TRANSITIONS WITHOUT EXCITATION

NXTRAN(IS) - NUMBER OF TRANSITIONS DUE TO EXCITATION

I1(I,IS) - INDEX IDENTIFYING INITIAL STATE

I12(1+1S) - INDEX OF PERTUREING FINE STRUCTURE LINE

I13(I»1S) - INDEX OF FINAL STATE i

I4(I,1S) -~ INDEX OF PERTURBING FINE STRUCTURE LINE

IS(I,1S) - INDEX OF EXCITING STATE

R1(I»1S) - DIPOLE MATRIX ELEMENT SQUARED- INITIAL :
R2(I+1S) - DIPOLE MATRIX ELEMENT SQUARED- FINAL \
R3(I»1S) - DIPOLE MATRIX ELEMENT SQUARED- GROUND '
TRANS(18)/3/

XTRAN(18)/1/ \

1(1,18)511(2,18)911(3+18)/19+20520/
2(1+18)912(2+18)912(3+18)/20+19+19/
J(1+18)913(2,18)513(3+18)/05+05,04/
4(1+18),14(2+18)+,14(3,18)/04,04,05/
9(1:18)¢15(2,18)721+0/
1(1+18)9R1(2+18)sR1(3+18)/3%3,15E~-14/
2(3+18)9R2(2,18)sR2(3+18)/341,14E-15/
3(1+18)9R3(2+18)1RI(T+18)/3%6,4E-16/
TRANS(24)/3/

XTRAN(24)/0/
1(1024)911(2+24)111(3+24)/13+13212/
2(1924)912(2+24)112(3+24)/12+12+13/
3(1924)913(2+24)913(3924)/05+04+05/
8(1924)114(2+24)914(3124)/04+05,05/
1(1924)9R2(2+124)sR3(2924)/3%2.0D-14/
2(1924)9R2(2+124)9R2(3+24)/3%1.,14D-15/
3(1024))R3(2+24)1RI(I924)/386.4D-16/
L(NT»1S)

[2(NT,IS) |




oo n o

NXT=NXTRAN(IS)
DO 10 IX=1:NXT
NEXCIT(IX)=IS(IX»IS)

10 CONTINUE

LAST=I3(NT,IS)

LASTX=I4(NT:1S)

DJE=R1(NT»IS)

DJUN=R2(NT»1S)

GIN=R3(NT»1S)

BAME=GAMARR(INIT)

ZCINIT=(EN(I1(1+1IS))4ENCI2(1+15)))/2.0

ZCLAST=(EN(I3(1+1S))4EN(14(1+15)))/2.0

SHIFTZ=EN({INIT)~ZCINIT+ZCLAST-EN(LAST)

DENOM=2,0%(2,0%(DFLOAT(LMO(INIT))$1.0))

FRAC=(DFLOAT(JMOCINIT))+1.0)/DENOM

IDK=0

IF(LMOCINIT) JNE.LMOCINITX))IDK=1

RETURN

END

SUBROUTINE RS

INFLICIT REALX8(A-Hs0-2)

COMMON /TRANS/ INIT»INITXsLASToLASTXsDJEsDJINy
1 GINsGAME ySHIFTZ s NTRANS(S0) sNEXCIT(S) s FRAC, IDK
COMMON /HERDAT/ HWT(20) rHABS(20) s NHERM
COMMON /CSNE/ AMASSEMASSsGMASSZETAYRLJ
COMMON /RSVAL/ R1(20)+R2(20)

COMMON /MEDM/ RHOAsRHOBsRHOG?RHOD,
TArTBs TG TDy
PAsPBsPGsPDy
RKAsRKB+RKGsRKD

COMMON /BCON/ RITAASRITABsRITAGsRITAD»
EPSAsEPSBsEPSGYEPSD»
RKSIAsRKSIBsRKSIGsRNSINy
CJAsCJEsCJG2CIDy
GAMJsBsGF sDNFJsDJsLJ

DIMENSION R1EC20)»R2E(20)RIN(20)sR2N(20)

O N =

oG N -

SUBROITINE RS - CALCULATES LINESHAFE PARAMETERS R1sR2

VARIABLES
RI1E(IH)sR2E(IH) - LINESHPAE PARAMETER INITIAL STATE
RINCIH)sR2N(IH) - LINESHAPE FARAMETER FINAL STATE
IEXCIT - INDEX FOR EXCITED STATES

GAME - RADIATIVE WIDTH
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IEXCIT=0

DO 50 IH=1sNHERM

Ri1(IH)=0.0

R2(IH)=0.0

R1E(IH)=0.0

R2E(IH)=0.0

RIN(IH)=0.0

R2N(IH)=0.0

CONTINUE

IEXCIT=IEXCIT+1
IFCIEXCIT.G6T 1) INITX=NEXCIT(IEXCIT-1)
IF( INITX .EQ. 0 ) GO TO 150

£3% INITIAL STATE

CALL SET(INITsINITXsDJE»GIN)

DO 100 IH=1,NHERHM

W=HABRS(IH)

IF(W.LT.0.0) GO TO 100

CALL AS(WsRITAAIEPSAsRKSIAsRKA»CJAr19ARAIAIA)
CALL AS(WsRITAByEPSEsRKSIBsRKB»CJB»2sARByAIB)
CALL AS(WsRITAGYEFSGsRKSIGsRKGsCJGr3rARGYAIG)
CALL AS(W/RITADsEPSDyRKSIDsRKD»CJIDs4+ARDsAID)
Rit. [H)=R1E(IH) +ARA+ARB+ARGH+ARD
R2E(iH)=R2E(IH)+ATA+AIR+AID+AID

PRINT 1010sR1E(IH)sARAsARByARGYARDYR2E (IH)»AIAAIBsAIGrAID

1949 FORMAT (1X»1H+,1P10E12,2)

c
»
c

100

150

CONTINUE
GO TO 60
CONTINUE

5% FINAL STATE

CALL SET(LASTsLASTXsDJIN»GIN)

D0 200 IH=1,NHERM

W=HABS(IH)

IFCW .LT. 0.0 ) GO TO 200

CALL AS(WsRITAASEPSAIRKSIAsRKA+CJIAr1sARAIAIA)
CALL AS(WsRITABJEPSBsRKSIByRKEsCJBs2+AREyAIR)
CALL AS(MsRITAGYEPSGIRKSIGsRKG»CJIGr3»ARGIAIE)
CALL AS(WsRITAD,EPSDyRKSIDsRKD»CJDs42ARDsAID)
RIN(IH)=ARA+ARB+ARG+ARD
RIN(IH)=ATA+AIR+AIDHAID

PRINT 1020yRIN(IH)sARAsARBsARGYARDYR2N(IH) )ATA9AIRIAIGALID
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1020 FORMAT(i1X+»1H-»1F10E12.2)
200 CONTINUE
DO 300 IH=1sNHERM
W=HABS(IH)
IF(W.LT.0.,0) GO TO 300
R1(IH)=RIE(IH)-RIN(IH)
R2(IH)=GANE/2.04R2E (IH)+R2N(IH)
300 CONTINUE
RETURN
END
SUBROUTINE SET(IDJeIDJX¢DJT+GIN)
IMPLICIT REAL$8(A-H:0-2)
COMMON /ATDAT/ NSHELL(80)sLMOCE0) s IHOCE0)1ENCED) » GAMARR(S0)
COMMON /MEDM/ RHOAsRHOBsRHOGsRHOD»
TA»TBsT6s TDy
PA+PBsPGsPDy
RKASRKBsRKG»RKD
COMMON /BCON/ RITAA»RITABsRITAG)RITADy
EPSAEPSB EPSGEPSDy
RKSIA»RKSIBsRKSIGsRKSIDy
CJAICIBYCIG,CIDy
GAMJ»G+6P¢DNFJ»DJsLJ
COMMON /CSNE/ AMASSEMASSsGMASSsZETASRLJ
COMMON /CONST/ E2¢PI1+VELC/RVKBCONST1

Wl N =

o Ol B e

SUBROUTINE SET - SETS CONSTANTS THAT DEPEND ON WHICH TRﬁNSITION I8
TRANSITION IS BEING EVALUATED
CALL INPUTS
IDJ - INDEX OF PRIMARY STATE
IDJX - INDEX OF PERTURBING STATE
DJJ - DIPOLE MATRIX ELEMENT SQUARED
GIN - DIFOLE MATRIX ELEMENT SQUARED - GROUND
VARIABLES
RITAX -~ OFF RESONANT ENERGY FARAMETER
EPSs - DECAY WIDTH PARAMETER
RKSI® -~ MATRIX ELEMENT PARAMETER
CJs - COUPLING STRENGTH
FACTP=(2,0%P1)8%2.5
GAMJ=GAMARR(IDJ)

G=GIN
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o000

OoOom

o000

6P=6/30,

DJ=DJT

DNPJ=DEL (IDJX»IDJ)
LJ=LNO(IDJ)
RLJ=DFLOAT(LJ)

e ATON-ATOM

RITAA=ANASSEDNPJEDJ/12.
EPSA=-ANASSIGAMJEDJ/24,
RKSIA=PAXDSQRT(DJ/12.)
CJA=108.SE2XE28AMASSSGRGERHOA/ (FACTPEDJSPA)

%% ELECTRON - ATOM

RITAB=EMASSXDNPJXDJ/é.
EPSb=-EMASSSGANJEDJ/12,
RKSIB=PBRDSORT(DJ/12.)
CJB=3.SE2XE2%AMASSEDJERHOB/ (FACTPSPA)

#%% BUFFER - ATOM

RITAG=GMASSSDNPJXDJ/6.
EPSG=-GMASSHGANJXDJ/12.
RKSI6=PGSDSART(DJ/12.)
€J6=108 . SE2RE24ANASSEGPEGPERHOG/ (FACTPSPASD.)

5% ION - ATONM

RITAD=AMASSEDNPJXD.J/12,
EPSD=-AMASS2GAMJED.)/ 24,
RKSID=PDRDSQRT(DJ/12.)

CJD=3 . RE2XE20AMASSEDJERHOD/ (FACTPXPA)
RETURN

END

FUNCTION DEL(N1sN2)

INPLICIT REALX8(A-H»0-2)

.....

——— e

COMMON /ATDAT/ NSHELL(40),LNMD(60) » MO(40) 1ENCS0) 16ANARR(60)

COMMON /CONST/ E2+PI+VELCoRVKBsCONST1
DEL(Ni1sN2) = BOHR FREQUENCY ( /CM)
N1sN2 - INDICIES OF ATOMIC ENERGY LEVELS

DEL=(EN(N1)-EN(N2))%(2,0%F1)

PP
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RETURN

END

SUBROUTINE AS(WsRITASEPSsRKSIsRKsCJsIDsARsAIL)
INPLICIT REALS8(A-H»0-2)

COMMON /HERDAT/ HWT(20) ¢HABS (20) + NHERM
DIMENSION F1(20)sF2(20)

SUBROUTINE AS - CALCULATES DENSITY INDEPENDENT
LINESHAPE PARAMETER
CALL INPUTS
W ~ HERMITE ABSCISSA VALUE

RITA ~ OFF RESONANT ENERGY PARAMETER
EPS - DECAY WIDTH PARAMETER

RKSI - MATRIX ELEMENT PARAMETER

RK - RATIO OF MOMENTUM & RATIO MASS
CJ -~ COUPLING STRENGTH

ID - INDEX TO IDENTIFY SPECIES

CALL OUTPUTS

AR - REAL PART DENS INDEP LINESHAPE PARAM
Al - INAG PART DENS INDEF LINESHAFE PARAM

OO0 O0O0000O00000000O0O0O00

_ ORI

DO 100 IH=1,NHERN

V=HABS (IH)

Vi=V+RKW

=DABS (VM)
CALL SUMRI(O0.DOsXsXsRITA+EPSyRKSI»IDsOsVALI)
CALL SUMRI(-1.D0s1.D0sXsRITAsEPSsRKSI+IDy1sVALR)
F1(IH)=SGN(VW)SVALR
F2(IH)=S6N(VW)XVALI

100 CONTINUE

CALL HERM(F1:AR)
CALL HERM(F2,AI)
AR=CJXAR/VW
AI=CJIAL/W
RETURN
END
SUBROUTINE SUMRI(YL»YUsXsRITA2EPSsRKSI»IDsIRsVAL)
IMNPLICIT REAL$8(A-H,0-2)
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c SUBROUTINE SUMRI - PERFORMS A TRAPAZOIDAL INTEGRATION
= THE FUNCTION INTEGRATED IS EVALUATED

e
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c IN SUBROUTINE NBEQ

c

c CALL INPUTS

c

c YL - LOWER LINIT INTEGRATION

c YU - UPPER LINIT INTEGRATION

c X - ABSCISSA VALUE

c RITA =~ OFF RESONANT ENERGY PARAMETER

‘ c EPS - DECAY WIDTH PARAMETER

c RKST - MATRIX ELENENT PARAMETER

c ID - IDENTIFY SPECIES

c IR - IDENTIFY REAL OF IMAGINARY

c

c CALL DUTPUTS -

c

c VAL - VALUE OF INTEGATION

c
DATA NINT/100/ i
DY=(YU-YL)/DFLOAT(NINT) :
VAL=0,0 {
Y=YL ﬂ
CALL NBEQ(XsYsRITAsEPSsRKSIsID»IRsBVAL) 7
NB=NINT a
BL=BVAL !
DO 100 IN=1,NINT ;.
=Y4DY
CALL NBEQ(XsY»RITAsEPSsRKSIyIDsIRsBVAL)
VAL=VAL+(BVAL+BL)/2,0
BL=BVAL

100 CONTINUE

VAL=VALRDY
RETURN
END
SUBROUTINE NBEQ(XsYsRITAsEPSsRKSI»IDsIRyBVAL)
IMPLICIT REALX8(A-Hy0-Z)

c

c SUBROUTINE NBEQ - EVALUATES B FUNCTION

C - THE INTERACTION PARAMETER

c

C CALL INPUTS

c

c X - ABSCISSA VALUE

c Y - CURRENT INTEGRATION ABSCISSA

c RITA - OFF RESONANT ENERGY PARAMETER

c EPS - DECAY MIDTH PARAMETER
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FRE1 - MATRIX ELEMENT FARAMETER
ID - INDEXIDENTIFIES SPECIES
IR - INDEX IDENTIEFIES REAL OR IMAGINARY FART

CALL OUTPUTS

BVUAL ~ VALUE OF INTERACTION FARAMETER

gl ol Nelelelel

EVAL<C,
IF{IR.EQ.,1)G0 TO 100 i
FAC=Y¥Y-RITA/(RKSI%XRKSI)
IF¢(FAC,LT.0,)RETURN
RT=DSORT((RKSIXY;X12-RITA)
QF=-RKSIXY+RT
OM=-RESTHY-RT
CALL KS(QF-GFK ID)
CALL K3{CHQMKs1D)
EUAL=1,)/DISART (FAC) R (QF FQF XOFK+OM¥QMEONK )
RETURN
100 CONTINUE
cALL KS(YsYKsID)
AVAL=YRYKIDLOGC (YRY 42, OXRKST¥XAYSRITARRITA) R X2+EFSKEFS)
RETURN
END
SUBROUTINE KS(YsVALK,IIN
IMPLICIT REALXB(A-Hs0-Z)
COMMON /CSNE/ AMASS,EMASSGMASS:ZETAIRLY
CDHHON /TRANS/ INITsINITXsLAST LASTXsDJEDJINy
GINsGAME » SHIFTZ o NTRANS (50) o NEXCIT(S) sFRACIDK
COHHON /BCON/ RITAA'RITAB'RITAGRITADy
EFSA»EFSBYEFSCIEFSDY
KKSIAsR:SIRyRKSIGYRKSIDY
CJArCIECIGCUDy
4K G GF sy INFJe DN s LI

Lo L4 ) e

E SUERCUTINE ¥'5 - EVALUATES INTERACTION KERNAL
E CelL INFUTE

E Y - ABSCISS¢ UVALUE

C ID - INDEX To IDENTIFY SFECIES

g oAbl DUTEUTS

é JaLk - VALUE OF INTERACTION KERNAL

......................
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ORTA FAILSL.E-3/

FAC=0,

IF Y NE.Q.)FAC=L, /(Y¥Y:

{7 OABS(Y ) LE.FAILIFAC=0.0
IF{I0.EQ,1;G0 TO 100
I#{10.,€0Q.3)G0 70 190

“kk CHARGED SFECIES INTERACTION

E=GAMJ4DSORT(LI 6,)
FOMER=/-2,0%(RLJ+3.,0)XDLOGCL O+ 1RY))
VALK=DEXP {FOWER)

LF{IDY .EQ. 1 )VALK=FAC¥VALK

SITURN

CONTINGE

b HgUTRAL SFECIES INTERACTION

IF(ID.E0.1)H=G/DJ
IFC(ID.2Q,3)H=G/(30.4DJ)
FOWER={-2,0R(RLJ+3.0)XDLOG{1.5+YXY)=6,0%
$DLOG(L . O+HRYRY))

VALK=YX¥4XDEXF (POWER)
IF(IDK.EQ.1)VALK=VALKAFAC

RETURN

END

FUNCTION SGN(A)

IMPLICIT REAL¥8(A-H,0-2)

36N=0.0

IF¢ A JEO. O ) RETURN

3GN=A/DABS(A)

FETURN

EMD

SUBROUTINE HERM(FsVAL)

INFLICIT REAL¥8(A-H»0-2)

COMMON /HERDAT/ HWT(20)HABS(20) » NHERM
DIMENSION F(20)

XXk HERMITE INTEGRATION
$kk F - FUNCTION TO BE INTEGRATED

11 EVALUATED AT ABSCISSA VALUES HABS(IX)
£%x VAL - INTEGRATED VALUE
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do Yo P W W W

v dv St ut G W

UATA HWT/2,22937364550~13+4.3993409922D-10+1,08606F37070-07

DATA HARS/-5,3874808500D0»-4.,6036824495009-3,944764040100>

DATA NHERN 20/
L[ATA kHeRZ .10

vaL=0.0

3 160 TX=1+MHERZ
VAL=VALPHWT DX # (FOTX > 4F (NRERN+1-IX) )

CONTINUE
RETURN
END

7.80255447850-0652,2833863601D0-0493.243773342201-03»
2.4810520887D-02+1,0901720602D0-01+2,88673505360-01»
4,6224366960D-0194,6224366950D-01y

2,8667550536D-01,1,0%901720502D-01,2, 4880520887002,
3.2437733422D-03+2,28338634010-04+7,80255647685D0~06 1
1,08806937070-07+4,3793409922D-1092, 2293934455013/

-3.347894567300y-2.7888060584D0 -2, 254974502000,
-1,7385377121D0+-1,234076215300»-0,7374737285D0»
-0.2453407083D0»+0,2453407083D0»

+0.7374737285009 +1,234078215300,+1. 738537712100y
+2.2549740020009 +2, 78884058400, +3,3478543473D0»
+3.744764040100,+4,603682449500,+3, 387480890000/
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