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The B 22 -+ X 25" “emission spectra of HgCl, HgBr, and H I have been
ghotog‘;‘aphed and alnza%yzed for the su%)gle isotopic species, %Hg GCl,
Hg Br, Hg I, and % ‘L In every case the vibrational analy-
sis corroborates Wieland's earher work. [Helv. Phys. Acta 14, 420 (1941);
Z. Elektrochem. 64, 761 \(1960)F> quahtauvely but not quantitatwely, in that
the assignments deviate from his for high v'''levels, leading to lower esti-
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isotope effect for Hgl indicates that Wieland's v" numbering should be
decreased by one unit. Trial-and-error Franck-Condon calculations yield
the following values for AR, (= R,' - R."): 0.60 & (HgCl), 0.57 & (HgBr),
and 0.49 & (Hgl). These values are somewhat larger than reported
previously, and they lead to significant changes in the Franck-Condon dis-
tributions for HgCl and HgBr. ) Prel@_q\)nary.results of rotational analyses
for HgCl and HgBr indicate-that R ' %:3.00 A for HgCl and 3.056 A for HgBr.
Both values are only slightly larger than recent theoretical estimates..

" The reported laser 'lines' in all three molecules occur in the region of
strongest spontaneous emission. However, it seems that most of the laser
features cannot be assigned to specific v'-v''‘bands. Rather, they appear to
occur on a quasicontinuum of densely overlapped rotational lines of several
v'-v' bands in the various isotopic HgX molecules present in "natural" HgX.
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Progress Summary

Our work in the first year of this contract has concentrated on the

recording and analysis of B %X spectra for the single isotopic HgX species,

200“83501, 200Hg793r, 200“81271: and ZOOHgIZQ

some features for 200Hg37C1 and 200Hg813r using sources containing 200ng and

I. In addition we have measured

natural Cl2 or Btz. The preliminary vibrational analyses have been completed,
and rotational analysis is currently underway for HgCl and HgBr. A report of the
work on HgBr has been published (Appendix l),l and a manuscript discussing the
HgCl and Hgl work has been submitted (Appendix 2).2

In conjunction with the vibrational analyses for all three HgX molcules, we
have calculated Franck-Condon factors in trial-and-error fashion to determine the
relative configuration of the B and X potential curves. For HgCl and HgBr our
FCFs are considerably different from those published by Cheung and Cool.3 In
both cases the Franck-Condon distributions are shifted up in v’’ by 2-3 units,
These results are based on detailed comparisons of calculated FCFs and the
obgserved intensity patterns for individual v’ levels. The differences with
results in Ref. 3 are due at least partly to differences in the X-state potential
curves, as a consequence of our reanalysis. In particular, our constants
extrapolate to values of the dissociation energy which are much lower than
estimated by Wilcomb and Bernstein4 for all three molecules. Our preliminary
FCFs for HgBr and HgCl are presented in Appendix 3. Although these values must
be approximately correét, the reader is cautioned that the numbers will change as
the analysis 1s extended and completed.

We have so far obtained only preliminary results from our rotational
analys?s of HgCl and HgBr. These results indicate that Re"z 3.00 A in HgCl and
3.056 A in HgBr. Both values are only slightly larger than the theoretical
estimates of Wadt.5 To date we have been able to analyze selected bands using a
simple two~branch (P and R) model. However it is clear that four branches must
occur (possibly overlapped), and three or four branches can be discerned 1in
certain regions of the spectra. Thus the role of spin splitting in these systems
is not yet clear.

For all three HgX molecules some of the previously reported laser "lines"
can clearly be associated with prominent heads in the emission spectra. However
most cannot, and it appears that lasing may be occurring on a near-contimuum of
overlapped rovibronic transitions in the several isotopic molecules of

significance.
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Future Work

We expect to complete the bulk of our work on the analyses for all three HgX
molecules within three months. The results are intended to be published as three
papers in the Journal of Molecular Spectroscopy. While we are completing this

work, we will begin studies of the low-resolution overall intensity distributions
as a function of pressure and temperature, in order to extract experimental
estimates of the R-dependence of the B-X transition strength functions. At the
same time we are beginning work on the pressure broadening of individual
rotational lines in the HgCl and HgBr spectra, using the very high resolution
capabilities of a Fabry-Perot interferometer. At a later date (“Janmuary, 1983)
we expect to begin examining the transient B¢ X absorption from low v’’ levels to
high v’, using methods of kinetic spectroscopy in conjunction with either flash
photolysis or our Tesla discharge as a source of ground-state HgX molecules.

The question of the specific assignment of the lasing transitions is not yet

a closed issue, in my opinion. I am not convinced that existing measurements of

the laser "lines" are precise enough for such specific assignment., While it may
be true that lasing occurs on a quasi-continuum of overlapped lines, as I have
suggested above, it should still be possible to identify precisely which
overlapped transitions are involved. To this end very high resolution, precisely
calibrated photographic spectra of the laser emissions are needed, We do not
presently have the capability of performing the requisite experiments in wmy
laboratory, but hope to be able to do so in the not too distant future.
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(See Appendix 1.)
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"1 Two graduate students, K. S. Viswanathan and J. Gail Ashmore, have been

z employed essentially full time on this project. Mr. Viswanathan is completing

! his third year at Vanderbilt, and Miss Ashmore her second. A third graduate

i student, 0. Carlysle Salter, has recently joined my group and is now also

‘ supported by this contract. Mr. Salter is a returning student who is roughly
Af beginning his third year. Two undergraduate students have also been involved
;4 with this work: Patrick Berwanger was employed for three months in summer of ﬁ
:'f 1981, and Sue A. Davies worked during the Spring, 1982 term in fulfillment of the
{% laboratory requirement of her advanced general chemistry course. Finally, my i

wife Patricia C. Tellinghuisen has been employed one-fourth time since February,

i
'ig 1982, as Research Assocliate. She holds an M. Sc. degree in chemistry from the
X University of Canterbury (New Zealand).

Other Support
1 presently have no other sources of funding. However, I will soon be

requesting support from DARPA for work on the spectroscopy of XeF, and from the

fé Alr Force for work on halogen spectroscopy.
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_" 2. "The B-X transitions in HgCl and HgI," by Joel Tellinghuisen, Patricia C.
1 Tellinghuisen, Sue A. Davies, Patrick Berwanger, and K. S. Viswanathan,

‘ Appl. Phys. Lett. (submitted). (Appendix 2)
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Appendix 1

The B—X transition in 200Hg 7*Br
Joel Tellinghuisen and J. Gail Ashmore

Department of Chemistry, Vanderbilt University, Nashville, Tennessee 37235
(Received 22 January 1982; accepted for publication 26 February 1982)

The B—.X spectrum of HgBr is photographed and analyzed for the single isotopic species
200Hg ™Br. The analysis confirms Wieland’s earlier analysis [Z. Elektrochem. 64, 761 (1960)] up
to v* =23 but is different for higher v” levels, leading to a lower estimate of the ground-state
dissociation energy, &, = 5500 cm~'. Franck~Condon calculations indicate that R, — R ¥

= 0.57 A, which is somewhat greater than concluded in earlier work. The previously reported
HgBr laser lines appear not to coincide with specific band heads in the spectrum; instead they
probably involve a semicontinuous overlap of rotational lines in several v'-v” bands of the 12
isotopic HgBr molecules of significance in “natural” HgBr.

PACS numbers: 33.20.Kf, 33.10.Gx, 33.70. — w, 42.55.Hq

Although the mercury halide lasers are a subject of con-
siderable current interest, surprisingly little spectroscopic
work has been done on the lasing B—X transitions in the
HgX molecules. The primary source of information on these
systems is a series of papers published by Wieland over 20
years ago.'~* Most of Wieland’s work involved emission
sources prepared from “natural” HgX,, so his spectra in-
cluded contributions from the large number of isotopic HgX
molecules occurring in natural abundance. Similarly, most
of the laser developmental research has utilized natural
HgX,. In the latter work a number of problems of a spectros-
copic nature have arisen, including the question of the specif-
ic identification of the lasing transitions.* To help resolve
these issues, we have begun a reanalysis of the HgX B—X
transitions, using single-isotope emission sources. In this let-
ter we present preliminary results of our vibrational analysis
for 2*Hg ™Br.

Emission spectra were photographed using equipment
and procedures similar to those employed previously in this
laboratory in the study of halogen and rare-gas halide emis-
sion spectra.>” The sources consisted of 3-mm o.d. pyrex
tubes about 10 cm long, which were charged initially with
2°Hg ™Br, (or *°HgBr, from natural Br,) and ~ 200 Torr
Ar, then sealed off with a torch. The **°Hg (95.7% isotopic
purity, Oak Ridge) was obtained in the form of HgO, which
was decomposed in situ by heating under vacuum. The di-

867 Appl. Phys. Lett. 40(10), 15 May 1982
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bromide was then prepared by admitting "Br, (98.6%, Oak
Ridge, prepared from Na ™Br as described in Ref. 8) or na-
tural Br, in excess and heating gently. The emission was
excited with a tesla coil,® with the discharge tube heated to
~ 135 °C to maintain a sufficient vapor pressure (~ 1 Torr)
of HgBr,. Spectra were photographed on a 1.5-m JY spec-
trometer, using a 3600-groove/mm holographic grating (re-
ciprocal dispersion ~ 1 A/mm) and a 1200-groove/mm re-
plica grating (~5 A/mm). Although rotational structure
was clearly resolved with the former grating, the latter was
actually better for discerning the band heads, which were
measured with an estimated precision of 0.4 cm ™",

Our interpretation of the spectrum agrees with Wie-
land’s® except at the long-wavelength end, where our assign-
ments of bands having v” > 23 differ from his. Belowv” = 23
our measurements lie consistently 2—4 cm~' below Wie-
land’s, which is consistent with the small isotope shift for
200HgBr vs °2HgBr. (Since *?Hg is the most abundant Hg
isotope and since for most of the assigned bands the blue-
most feature is associated with the heaviest HgBr isoto-
pomer, Wieland's measurements can, to a good approxima-
tion, be attributed to 2*Hg "Br and 2°*Hg *'Br.) Above
v” = 23 our assignments deviate to the blue of Wieland's,
with the disparity amounting to 20 cm ™' at v* = 28 and 70
cm ™~ atv” = 33. In the region where these bands occur, the
spectrum is quite congested; however, the progressions are

® 1982 American institute of Physios 087
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easy to follow up 1o v” = 31 in our single-isotope spectrum,
so we arc confident of our assignments.

As a consequence of our reassignment of the high v”
bands, the dissociation energy of the ground state appears to
be considerably smaller than Wieland's estimate of 5740
cm ™' and Wilcomb and Bernstein’s® value of 6000 cm .
The latter authors used long-range theory to extrapolate to
dissociation. For our highest assigned level (v = 34) the ab-
solute slope in the appropriate plot (see Fig. 2 in Ref. 9) is
greater than the calculated limiting slope, which renders the
extrapolation to dissociation uncertain. However, it appears
unlikely that &, can be greater than 5500 cm ~ ' and is more
likely ~ 5400 cm~'. We are attempting to extend the assign-
ments to higher v” to refine this determination.

To date our assignments span v’ levels 0-10 and v” lev-
els 11-34, and include 56 bands for *°Hg ™Br and 16 for
200Hg ®*'Br (measured in the spectrum of the **’HgBr,
source). All assigned bands were least-squares fitted to the
standard double polynomial expression®

vi=T;+ 3 exi/— ¥ cnxr*, (1)
j=1 k=)
where
x; = plv] +1/2), x? =plo? + 1/2), 2

and p is the isotopic factor (==1.0000 for ***Hg "Br,
0.991108 for ?Hg *'Br). When the v* numbering was al-
tered by + 1 from that given by Wieland, there were clear
systematic deviations and a significant increase in the vari-
ance, from which we conclude that this numbering is cor-
rect. We obtained minimum variance with two upper and
four lower-state vibrational parameters, given in Table 1.
These parameters represent the assigned bands with a stan-
dard deviation of 0.46 cm ~' and a maximum deviation of 1.2
cm ™. Although the constants will change somewhat as we
extend the assignments to lower and higher v*, we expect
them to remain valid to ~0.5 cm ™' in the calculation of the
red-degraded band heads for the v’ and v* ranges spanned by
our data.

Our vibrational analysis is corroborated by trial-and-
error Franck-Condon calculations, in which we adjust the
internuclear separation of the B and X states to match the
calculated FCF's with the observed intensity patterns in the
individual v° progressions. In these calculations we have
adopted Cheung and Cool’s'® estimate of 2.62 A for the in-
ternuclear distance of the ground state and have represented
the X potential as a Morse-RKR curve, i.c., a Morse repul-
sive curve (determined from our estimated 2, and w, val-
ues) and an attractive branch obtained by adding the RKR
turning point differences,'' R (v) — R_(v), to the repulsive
branch at the appropriate energies. The B state was approxi-
mated as a Morse curve. Good agreement with the observed
intensity distributions was obtained for R | = 3.19 A, which
we estimate to be reliable within 0.01 A, for our assumed
lower curve shape and location. This value is 0.09 A larger
than obtained by Cheung and Cool.'® About 0.03 A of this
difference is due to a difference in the skewedness of the two
X curves, (Our attractive branch lies about 0.03 A to large R
from that of Ref. 10 near v = 20-21, where peak intensities

868 Appl. Phys. Lett , Vol. 40, No. 10, 15 May 1982

TABLE 1. Spectiuscopic parameters (cm ') for the B and X states of
*0Hg MBr, valid for o' = 0-10, v* = 11-34.*

x(tzo) B(’Z*]
T, 0 23484.97
ca (&,) 188.249 135.887
cal—aw,x,) —~1.0359 —-0.2527
C. — 1.5068 > 1073
[ —2.4809 %107
2, $500 39100*
. (B,) 0.04345 0.02928
cal—a,) —3.274%x10~* ~7.3x10-°%
s 5973x 10~
Cre -2351x 1077
R, A4) 2.62 3.19

*All rotational constants are based on assumptions about potentials; see
text.

*Assuming dissociation to Hg*?S) + Br~ ('S). The lowest Hg® + Br as-
ymptote lies 19400 cm ™~ lower.

occur in the v’ = 0 progression.) However, the remaining
0.06 A is significant, and it serves to shift the Franck-Con-
don pattern of Table 10 in Ref. 10 up by 3 quanta in v”. (For
example, the observed Franck-Condon “gap” for v’ = 1 in
our spectrum occurs near v° = 20-21 instead of v* = 17-18
as indicated in Table 10 of Ref. 10.) We hope to refine the X
curve shape and pin down the absolute R, values through a
rotational analysis. The Franck—-Condon factors will be pub-
lished when the full analysis is completed.'?

For the X potential used in the FCF calculations, we
have calculated rotational constants and fitted them to the
standard expression,

[4
_ -1

B, =p 42: c,x', 3)
where p and x are as defined previously. The resulting con-
stants are included in Table I, together with the Morse B,
and a, values for the B state. We emphasize that these values
can only be taken as a rough approximation of the true val-
ues, as they are grounded entirely on our assumptions about
the X curve and our FCF calculations; consequently they
will certainly change when the rotational analysis is com-
pleted. However, several points are worth noting: (1) The
two-parameter expression for B assumed in Ref. 10 is ina-
dequate to represent the 8 7 values for levels as high as
v” = 20.(2)Our B values are lower than those in Table 3 of
Ref. 10by 4% atv = 20 and 9% at v = 30. (3) The constants
predict that all low v’ bands will be simple red degraded (i.e.,
B> B uptov"~133; for larger v”, spikes and violet-de-
graded bands should occur, as they do in other emission
spectra of this type.*® The last result is in fact borne out in
the observed spectra.

Lasing has been reported near 5018 and 4996 A by
Parks,'? and in two three-peak groups near 5020 and S040 A
by Schimitschek and coworkers.'*'S The latter group has
obtained more precise measurements of these six peaks, '
which are compared with calculated band heads in this spec-
tral region for all 12 HgBr isotopomers in Table I1. While
there are a few coincidences, the bands involved are not par-
ticularly strong, so it appears that lasing does not occur pref-

J. Tellinghuisen and J. G. Ashmore 088




oy £

TABLE !1. Calculated wave numbers (cm ') of HgBr B—X band heads near measured laser lines at 19817.3, 19833.0, 19844.0, 19896.1, 19906.0, and

2-25 3-26 427 0-22 1-23 -4

199164 cm ™. **
: Band (v'-v"}
Species Abundance P 0-23 529 1-24
(%)
198, 79 5.1 1.001429 197922 19796.4 19805.6
199,79 8.5 1.000711 794.3 7919 807.5
200, 79 1.7 1.000000 796.3 799.4 809.5
201,79 6.7 0.999294 798.3 800.9 8114
202,79 15.1 0.998596 800.3 802.4 813.3
204,79 35 0.997218 804.2 805.4 817.1
198, 81 49 0.992551 817.6 815.6 830.0
199, 81 8.3 0.991825 819.7 817.2 8320
200, 81 114 0.991108 821.7 818.7 834.0
201, 81 6.5 0.990396 823.8 820.3 835.9
202, 81 147 0.989692 825.8 821.8 8379
204, 81 34 0.988301 829.8 824.9 841.7

19822.5 19843.2 19867.8 19918.4 19927.8 19940.6

8244 845.0 869.4 920.4 929.7 942.5
826.2 846.7 871.1 922.4 931.7 944.4
828.1 848.5 872.8 924.4 933.6 946.2
829.9 850.2 874.4 926.4 935.5 948.0
8331.5 833.7 87.7 930.2 939.2 951.6
845.8 8654 888.7 943.4 952.0 963.8
847.8 867.2 890.4 945.5 954.0 965.8
849.7 869.0 892.1 947.5 955.9 967.6
851.5 870.8 893.8 949.5 957.8 969.5
853.4 872.6 895.5 951.5 959.8 9714
857.1 876.1 898.8 955.5 963.6 975.0

*Measurements from Ref. 16.

*Includes all bands having v’ < 6 which are prominent in our **Hg "Br spectrum.

erentially near any specific band heads. Rather it is likely
that lasing is occurring on a nearly continuous overlap of
rotational lines in the many overlapped v'-v” bands of the 12
isotopomers.'” It should be noted that this overlap is so ex-
tensive that most of the calculated band heads in Table 11
cannot possibly be discerned in the spectrum of “natural”
HgBr and can only be accounted for though the analysis of a
single-isotopic species.

We thank Erhard Schimitschek for arousing our inter-
est in this project, and Frank Hanson for communicating to
us the laser wavelengths of Table II. This work was support-
ed by the Office of Naval Research.
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1A 400 K the most populous rotational levels in the B state have J '~-63.
The R and P lines in this J'’ region are the strongest individual lines in a
given band. The rotational constants in Table I predict these lines to lie
about 30 cm ™' to the red of the band head.
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Appendix 2 (Submitted to Applied Physics Letters)

The B> X transitions in HgCl and Hgl

by

Joel Tellinghuisen, Patricia C. Tellinghuisen, Sue A. Davies
Patrick Berwanger, and K. S. Viswanathan
Department of Chemistry
Vanderbilt University

i 6 Nashville, Tennessee 37235

Abstract

The B> X spectra of HgCl and Hgl are studied at high resolution for the

' single 1isotopic species, 200“835(:1’ 2001131271, and 2001131291. For HgI the

analysis indicates that the v’’ numbering should be decreased by onme unit from
1 the previous assignment. For both molecules the analyses deviate progressively
from the previous assignments at high v’’, extrapolating to lower estimates of

the ground state dissociation energies. Franck-~Condon calculations yleld Ake

(= Re'-Re") . 0.60 A for HgCl and 0.49 X for Hgl. The strongest laser features
previously reported for HgCl occur near the heads of the overlapped 0-22, 1-23,

2-24, and 3-25 bands. The Hgl laser operates in the region of the 0-14, 0-15,

—_———— e T

1-15, 1-16, 2-17, and 2-18 bands.
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Appendix 3a: Preliminary FCFs for 290Hg35c1, +' = 0-5, v'' = 9-32.

FRANCK<CONDON PACTORS, RaCENTROIDS, AND Ree2<CENTROIOS
INTEGRALA TAKEN OVEN 221 POINTS, STARTING AT T = 1 FOR STATZ { AND T @ 141 PFOR STATE 2

PRANCK<CONDON FACTORS

ve e - vap.® 9 Ve m_10.. . . Yea @ t% Yee 8. 13 .. ;
Q@ _ . 1,61408°08 7.)993Ee08 _ . 3,0080E04 1,2691C00 —.

1 1,4243E04 6,4!00(-04 2,4334¢€0) 7,7030%a0)

2 7,2909€-04 2,02300.0) o,eso:z.o) 2,3047Ca02

1. L 2.SM0TEe0Y 9,0000Ee0)  3,1772Ee02 __ 4,4469E407 1
4 6,3764E°0) 1,0241802 ) 280042002 t.osvlz-o:

S l.l??Ot-ot 3,10640002 307!:-02 9,9496€002

NCENTROID VALUES (ANGSTROMS) 3

f&q T e vee 8 9 ] Ves w10 Ves & 11 T ves m 12

o 2.8)602400 2.8508E+00  2,8836%e00 2.90128600
t 2,02%1€400 2..!9!!000 2,0813€400 2,06038,00
2 S 2.01870000 2,0201Ee00 . 2,0419€400 2,08608,00
) 2.0046E400 2,8176E400 2713008400 2.0442€400
B 4 2,7949€400 2.90748400 z,ozoacooo 2.0329€,00
| L) _,z.zsaa;gae_________ 279200000 2,0097€400 2,02192000
: %
. Res2eCINTROIDA _ e :
g, Ve . veem 9 . ves g 10 . Ves @ 11t Ves u 12
' 0 8.04302¢00 9.1278€400 9,21)¢E400 8,30302400
4 [ G 7.90328e00 9.0623€000. 1«40tooo, - 0,22082,00
; 2 7.,9240L400 7,9990¢400 8507778400 9,1979C400
H ) 7.0672€400 7.94008400 n,otcAe.oo 0,0005€,00
' 4 _ V,0120E000 O TL003%E,00  _ __ 7,9837E,00 0,0237€,00
s 7,7999C400 7.8272€400 1209818400 7.96202400
PRANCK=CONDON FACTNRS
ve vee ® 13} vee 3 14 Vee & 1§ veo s {6
(] 4.10)0E=0) 1.10¢3E=02 2,07102002 $,949)C002
. 1 1,0294E+02 4,3934g02 7,65092002 1,0308E=01
1 2 4,7225Ke02 7,4432€02 8,42092002 5,0398E402
) 6,7783E=02 7,06042002 - 4,0300€e02 3,0983240)
. 4 6,33362003 3,45942.02 z,:v:vz.on 1,3069C02
‘ ) 3,96152¢02 3162948003 9.7461%00) 4,12%%802
" ReCENTROID VALUES (ANGSTROMS)
Ve ves ® 13  yes w18 Vee s 18 Yes 8 18
0 1,097)E000 : 91428400 2,9319r400 2,95082400
1 2.0035€+00 9038400 2,91560600 2.93248400
2 2,0704Te00 z,.nsac,oo 2,90012400 2.9144E8,400
] 2,0879¢¢00 2,0718¢400 : 00428400 2,00608400
4 2,0457C600 2,0878€,00 z,lsvot.oo 2,00798,00 ]
s 2.03)32600 2,03738400 2,07072400 2,07098400 i
Ree2eCENTROIDS ‘
]
ve veo s 1} ves g 4 Yoo o 19 Yes » ¢
; 4 0,3964L000 l.ooo)tooo 8,39742400 0.70718000
t 9,31620000 0,40718400 . 230168400 0,99928400
2 0,2403C000 0,32470,00 l €102€400 0,49278,00
) 0.1670C+00 0,24528400 u 11723¢400 0,32018600
¢ $,09798000 l,tcnvt,oo .:sznc.oo 9,40108400
s 9,0204€C¢00 9,04222400 9,2493¢400 0,20072400
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FRANCKSCONDON FACTORS
= Ve ves 8 17 ves = 18 vee 3 19 vee = 20
: o .
! ° 1,0433E=01 . 1,3338Ee0l 1,0631201 1.93208001
, 1 9,9343E.02 5,6032€-02 6,99972.03 1,195C02
, 2 1,3517€e02 1,6404E0) 4,9227r003 0,05))E¢02
- 3 1.17338e07 5,2935E-02 . 4,9426E003 4,4409200)
4 4,7870€<02 3,4613C«02 3,6162C04 3,94752.02
£ 9 3,0480E402 2,0361€.04 2.66028002 3,94172.02
i ReCENTROID VALUES (ANGSTRONS)
' ve vee s 13 T vee s 18 " T ves s 19 ves & 20
. 0 2,9703E400 T 2,9916E400  3,0146E400 3.0399E400
o 1 2.94942000 2.963)€400 2,96472400 3,0431E,00 ﬂ
o 2 2.92372600 . __ 2,.9803€+00 . 2,91838,00 2,9931£,00
) 2,9301E400 2,9192E,00 2,95198400 2,94138400
4 2,9070E400 1,91772,00 2,8516C400 2,96462400
s 2.9009E400 L MT4Ee00 | 2,92908.00 2,93708,00
4
. Res2eCENTROIDS - Ll 4
v ve vee ®» 17 ves g 19 . Ves m 19 ves & 20
: ) 0.0241€400 9.9502€+00 9,00012400 9.2412€400
. | 0.6904E000  _ 8,79078400_ _ . _ __ 8,77028400 9,2692€,00
2 9,5420E400 8,0933E,00 $,07352600 8,95808400
. 3 0.5915€400 0,6401£400 0,7096E400 0,6365E400
y 4 0, 48130600 8,5109€400 _ _ __ 9,00)28400 8,79172,00
¥ ] 0,3440C400 7.00378400 0,5061€400 9,62908,00
1
! FRANCK=CONDON FACTORS
ve vee 8 21 vee g8 22 ves = 23 vee 8 24
o 1.4163L=01 - 9233¢6Ee02 3,3349€+03 0.34868-0) 3
1 9,1165C02 1,7169C=01 1.7233201 1,0026€a01
2 3,6493E002 1.,20008.0) 0,33008002 1,9204C.01
3 2,2019€-02 7.27¢%202 2,9175¢+02 1,20038.02
4 $,0%24Ce02 4,00702203 2,9421€02 6,30168602
' 1 1.4718€e0) 2.9700E02 303018002 3.4232€.04 i
ReCENTRDID VALUES (ANGBTROMS)
: l ve vee s 31 T vesas 21 veses 1 veo = 24
1
0 3.0606E+00 T y.10228400 3,14428400 3.2031E400
' 3.0831E400 3.0786E400 3, 11118400 3.13328.00
2 3,0024E000 _ 3,2021E400 3,09712400 3,122308,00
) 3.01092400 1,0177%400 3,0136£400 3,10468400
4 2,9730E400 2,99541£400 3,03228400 9,03108400
s 2,9044E400 L 2,90868400 2,9090¢400 3,2186€,00
Res2eCENTADIDS
ve ves 8 21 . ves ¢ 22 . Voo u 29 veo o 24
0 9.,4151L000 9,62212400 9,00212000 1,0382g401 .
1 9,)249€600 L 9,47908000 . 9.4706Ee00  9,9399E,00 :
? 9,00918+00 1,02798401 9,59802400 9,78438400
3 9,07092400 9,1080€400 9,07148600 1,0031E404 .
4 0,0375€400 0,70918600  9,2080800 9,10258,00
s 0,4000€400 0. 91738400 0.93118400 1,067,401
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FRANCK=CONDON FACTORS

ve vee 8 29 Vee 8 26 Ves » 27 vee = 20
(111X 1] L J 9
° 9.1107g=04 3.7310E=08 1,5036E08 241007804
1 3,0770g=02 3,3030r.0) 3,04022-06 1,2390C.04
2 1.6938Ee01 6,3304L=02 6,0690£20) 2.2039C<0¢
3 1,5490Ce018 2,2112€-01 9.7901£-02 6,0479240)
¢ 1,1870€03 1,0819C«01 2,5348¢2.01 1,2343E01
s 3,3421E+02 1,5871¢8+02 7.10968202 2,0360C.01
ReCENTROTO VALUES (ANGSTROMS)
ve Yoo 5 29 ves & 26 ves u 27 ves s 28
[ “3,3154E400 T 4,4l78E000 3,0792€400 3.4160£400
1 3,2149¢+00 3,3430€400 2,8260€01 3,16062400
? 3.1635E000  _ 3,2279€400 3,30092,00 2.8723€,00
3 3,1403€400 3,1760T400 3,24302400 3,4617C400
4 2,.7006C+00 3.1662€+00 3,1910E400 3,26008400
s 3,0370E400 . 2,98)5E4Q0 3.2116E400 3,2008E,00
Re22eCENTROIOS o .
ve ves & 28 ves & 26 Ves & 27 Ves n 20
) 1,0964£+01 1,80462401 9,4228£400 1,1802€401
1 . 3a9328Ee01 | 1,1161E401 «8,7657€400 9,9480E8,00
? 1,0007E+01 1,0413E401 1,1440E401 6,01)9¢,00
3 9.0673€400 1,00082401 1,0512€401 119138401
4 7,0496L000 1,004980¢ . _1,0106E401 1,0820F,01
s 9,22%0£+00 0,6740C400 1,0330€401 1,0301E,01
PRANCK=CONDNN FACTORS
ve vee ® 29 Yes & 3O vea = )1 ves o 33
° 1,4073E=07 9.7003E08 1,0163£00 240434C<09
1 $,9266E+06 4,0089Ea06 2,99392007 2,9696E007
2 ¢,6953E<04 $,67708a07 2,64608008 6,00912400
3 1,6499€0) 1,012320) 4,90032e0% 7.11278<08
4 €,0202E¢03 6,2087€<03 1,114180) $,16008<04
s 1.3712€201 1.4930804 1,4033802 2,0472C404
ReCENTROTID VALUES (ANGBTROMS)
Ve " Vee s 29 ves »_ 30 ves s 31 Yoo » 32
] 1.7992£400 3, 36742400 2,0171€400 3.9394£400
1 3,6493E+00 3,0361E400 3,69362400 3,1144€400
2 _ 3,2347£+00 $,3)78Es00 3,2012¢+00 4,11502001
3 2,9774E+00 3, 31912400 2.6998€400 3,34082,00
4 3,863082400 3,1109C400 3,45938400 3,0043E,00
s 3,2025€+00 $,7460L400 3,19022400 4,1569€,00
Ree2eCENTROLDS
ve ves & 29 ves 3 )0 Yeo s N ves u 32
] 7.61042000 1,1245gs01 7, 71440000 1,23272401
1 1,30700001 | 9,26098900 _ 1.33192408 9,6208€400
2 1,04277404 3,03852401 1,0198¢2401 7,7007C400
3 8,7005E400 1,09738401 $,9919£400 1,11448401
¢ . 1,3097C40¢ 9,64308,400 1, 1879401 9,32068,00
s 1,0771240% 2,66708401 1,0209¢001 1,6379¢401




Appendix 3b:

FRANCKeCNNPNN FACTNRS,

Preliminary FCFs for

ReCENTROIDS,

AND Res2eCENTROING

LS oo 8+ LN ¢ NP W 2 e 3

9Br, v' = 0-5, v = 12-31.

INTEGRALS TAKEN OVER PNINTE, STARTING AT 1 & 1 FOR BTATE ) MWD T @
PRANCKCONDAN PACTORS
Ve Voo ® 12 Ves s 1) Ves B 14 Yee 8 1S
° 2.07982e04 0,592)re04 3,0495F00) 9,2009€0)
\ 1,6020€003 $,49072.03 1,56877002 9,66948402
? $,2299£-0) 1,74772002 3,9195¢002 6,00108.02
3 1,6131E002 3,6367€002 6,1929r002 7,3915€02
. 3,0047¢0se 8,4478¢402 6,62477002 4,6207€002
s 4,6227E002 6,0623E.02 4,66247202 1.14328402
ReCENTANID VALUES (ANGSTROMS)
Ve Ves ®» 12 Yoo » 1) ves 8 14 Vee 3 1§
° 3.0843F+00 3,0678€+00 9,0813F600 9.0980E490
1 3,04298400 3,0384rF400 3,06837400 3. 00168400
2 3,0320F¢00 3,04397,00 3,08607400 3,0604£,00
) 3,0217€400 3,03792400 3,0443F400 3,0887€,00
4 3,0117€400 3,02248400 3,0)31r400 3,04327400
s 3,0023€400 3,0123E400 1.0220L400 3,02092,00
Res2eCENTROIDS ’
\ Ves & 12 vese s 1) Vee » 14 Veso 8 18
0 9,3303£400 9,4118£400 9, 49617400 9,50818400
1 9,2606E400 9,3366F400 9,41551400 9,4974E,00
2 9,1944E400 9,2662€400 9,33997400 9,4193€400
3 9,1314F400 9.19937400 9,26037400 9,3374E400
4 9,07128400 9,19%47400 9,1995r¢00 9,26032400
) 9,0134E+00 9,0738E400 9,13108400 9, 17182,00
PRANCK=CONDNN FACTORS
Ve ves & 16 Ves » 17 vee » {0 Ves & 19
0 2.41)4E°09 5.3309Fen) 9,903peny 1,8300€e01
1 6,9144E207 1,0080F=0) 1,05437e01 6,5691Fe02
2 9,30)3E00? 6,R6077e0? 2,2201re02 0, 3146004
3 $,1792E202 1,0502¢02 S,1134ren) 4,6391%e02
4 2,0002€%0) 5,40707003 4,16027e02 4,7069€002
) 2,0006E=03 3. 4406E002 3.02048002 3,1148¢0)
RaCPNTROIN VALVES (ANGSTROMSY
ve vee 8 16§ ves & 19 ves 8 10 ves ¥ {9
0 3,1109F400 3.12707400 3, 14417000 3.1628%400
1 3,09847000 3,10077,00 3,12408000 3,13748,00
2 3,00097¢00 3,0931E400 3,10217400 3,1016¢,00
3 3.0466E400 3,0726F.00 5, 11197400 3. 1134200
4 3,0490L400 3,0P10E,00 3,00807,n00 3.,00)7E.n0
s 3.08012000 3,08088,400 3,.0688r 000 3,0629%,00
RNee2eCENTRNINS
ve vese g 16 ves o 17 ves o 1 ves » 19
0 9,6791Fe00 9.7700F400 9,0047400 1,00028401
1 9,5024E¢00 9,67038.00 8,9504¢000 9,0419C,00
? 9,4920€400 9,8644E.00 9,6199¢400 1,0140%,01
] 9,4032F000 9,43707400 9,60007400 9,69468,00
4 9,29298400 9,50207400 9,81827400 9,56908,00
s 9.37068400 930747400 9,41570000 9,37228,00
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FRANCK=CONDON TACTORS

Ve Yes 8 20 ves s 21 vee ® 22 Voo 5 )
0 1,9310E=01 19306201 1,495)7001 9,38108002
1 1,0701E02 1,1180F202 9,5429¢.02 1,8543Ca01
? 4,2214E202 i,s!zv:-o: y,0%64r002 1,0978€.0)
) $,4735E-02 0,0618Fe0) 1,8865¢02 71179802
4 2,0859€20) 2,25607.02 S,1677702 6. 4304E0n)
) 1,0801F+02 4,2133¢8e02 397687003 2.5110E202
ReCENTRATID VALUES (ANGSTROMB)
ve ves ®» 20 ves 3 9 ves & 227 Yoo s 2y
0 3.1827€400 3520837400 3,2312r400 3,26262400
1 3,1379E+00 3,2136E400 s 21697400 3,2390€,400
2 3,1487E400 s 1896€400 s,lccvr.oo 3.34708400
3 3,1230L400 ),11!9:.00 3,17617400 3,1771E400
. 3,0022£400 3,13462400 s,ssoor.no 3,12818.00
) 3,1042E+00 3,.1090E400 3.09572400 3,14992400
RO#2eCENTROIDS
ve ves s 20 ves s 21 vVes = 22 ves » 23
[ 1,0130E401% | 0274F401 1,0440r404 1,0643F01
1 9.03917400 o:sst.ol 1,03917.01 1,0403E,0¢
2 9,9167€400 o,otanr.oo 1,0011F401 1,1224€,01
’ 9.7824K400 9,7189r400 1, ?0003r401 1,0094E401
4 9,4004E400 9,0290E400 o,csaat.oo 9,7840E400
] 9,6392E400 9,6680E400 9,5716r400 9,9248€,00
FRANCKeCANDON FACTORS
Ve ves & 24 ves » 2% Voo & 2¢ Yes = 27
0 3,0803Fe02 s;cllc:-os 2, 7143804 3.1444FeN8
1 1,0012E201 9,34707.02 l 1400702 7,0145Ea04
? 1,0013)E0) 2,14048201 t'dlltrool 4 :oooc.oz
’ 2.4665€002 2 4276202 1,98672.01 22419E.01
. 2,007)F<02 s 8042702 4,74007504 1,6123Ee0
s 3,9895E002 4i1301Ea04 4,87037002 s.qo::t.o:
ReCENTANID VALUES (ANGSTROMS)
ve Vee 0o 24 veo & 2% Ves 5 24 Ves = 27
0 3.3041E000 3,37087400 3,37547400 3.,P196E400
1 3,2609E+00 3,3102€400 3,3007r4n00 3,6650%,00
2 3.28%)38400 J,:vnac.oo ! 31707400 3,9927€,00
3 3,1807€400 3,071,000 ! 29238400 3,3273€,00
4 3,1003E400 3,1769€400 ),91!47.00 3,3141€,00
(] 3,18042400 3.30462400 3.17608400 2,06428,00
RO82eCTNTROIDS
Yo ves 8 34 ves g 28 ves o 26 Vees u 27
o 1,081)F401 1,13572401 1,2711re01 8,99)48400
1 1.0606E001 1,0988¢,09 1.14197401 1,33178,01
? 1.0602701 1, 107407001 1,10070401 l,lsﬂlt.n|
) 9,9777¢400 t,ooocc.o: 1,00447001 1,10728,01
4 1,0160E401 1,0000T401 1,9399¢409 ,oo’ttonl
s 9,92)1F400 1h00var. 01 1000017001 7,9910C,00




PRANCKSCONDON PACTORS

ve Ves & 20 Ves 3 29 Yeo & 30 Voo ® 3%
0 2,7040E°03 S, 2762800 1,1018P08 6,0061E.00
1 ;,a‘asc-oo 1,86912.04 : 40762406 9,9009E.06
2 6,0240¢004 1,7319€.0) s,z)osz.oc v 9935F,08
3 4,2%93E002 4,8743E.06 $,41508.0) z,:vcvt.oo
4 277008Ke01 " olasr.o: 2,255%¢.0) 1,1303E402
s 1,3748¢€e01 3.03872001 5.98400002 1,99078.02

ReCENTROID VALNES (AVGSTROMS)

\ R Veo 8 28 ves v 39 ves 8 )0 Voo » i
o 3.3641€00 $,40647400 3,2929¢400 4,8147%000
| 3,1847¢e00 3, 42848400 : 62207400 3,30692,00
? 3,91242400 3,2404E400 s 8192¢,00 3,1278€E,00
3 3,40817400 1,19232.01 3.3082ren0 3.79298,00
4 3,31892400 ) 4297%,00 2,0083r.00 3,94378,00
s 3,3440C400 3.38228400 3.46172.00 3. 1033€,00

Rea2«CENTROIDS

ve Ves B 2§ ves » 29 Ves = 30 ves s M
[ 1,12862401 2,4088F401 1,0000re01 2,09198001
1 9,0066£400 : 1690E+01 6 7330€400 1,14948,09
2 1749608401 1, o4v0r,01 1, T2326r.01 9,7067£,00
3 1,1606E+01 o 0342F401 1, " 0908r.01 1,40218401
4 1211518401 1, 11808401 l,soczr.no 1.12992,01
S 1,1193Ce01 1012428400 1,1970F401 1,01008,09




