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1. Summary:

It is appropriate to mention here that this project was
originally directed By Professor Dr. M. Rafi who later on took an
assignment at King Abdul Aziz university, jeddah and it was

assigned to the present principal investigatbr.

In this project, we have taken up the emission and absorption
studies of diatomic molecules. It is known that the AZ state of
alkali hydride molecules has an abnormal character. The
anharmonicity parameter (B-13) is négative for all the members of
alkali hydrides in contrast to that for the rest of the molecules.
We have, therefore., planned to carry out rotational and
vibrational study of this state (in absorptidn)for molecules of
hydrides of lithiuh, potassium and sodium near the dissociation

energy which has not been done earlier.

Despite the fact. that there should be a great number of
electronic states, we find that data on many molecules consist of
only few electronic states. An example is the bismuth molecule,
where very few states (4-7) are known. Also, in absorption,
molecules of lithium, potassium, bismuth, lithium—potassium have
been studied. Several new electronic states have been found in
these molecules. Band systems of hydrides of' lithium, potassium
and sodium molecules have been extended to higher vibrational
states close to the dissociation limit. For these band systems
rotational and vibrational analysig have been performed. Computer
methods have been used to analyze the data.The new as well as
improved values of the molecular parameters, thus determined, have

been presented.

Freliminary data have been taken on the speétra of oxides of
aluminum, galium and indium. Also work is direcced towards laser
spectroscopic techniques. In particular, an experiment is being
set ap for laser induced fluorescence (LIF) spectroscopy of
diatomic molecules. For this purpose, a Céerny—Turner type

monochromator has been designed and fabricated(1).



2. Introduction:

Information about molecular structure and spectra is valuable
from theoretical as well as applications point of view (1). Many
molecular parameters such as barrier potentials, position of curve.
crossing, dipole moment, dipole strength actions, 1long range
expansion distances, dissociation energies and moment of inertia
_etc may be derived. The accuracy of the internuclear distances
obtained from spectroscopic data is usually quite high (+ 0.001 R

or better).

Molecular states are derived from atomic states of the atoms
comprising the molecule. The molecular electronic states are
generated using all the combinations of the atoms involved and are
thus more numerous than the atomic electronic states. Although all
of them do not have stability, still there should be a great

number of molecular states.

A general appearance of spectra of diatomic molecules is a
complex group of band systems (2) with each band consisting of
many closely spaced spectrum lines. Each system af bands
corresponds to a spectral line for an" atom due to the additional
degrees of freedom. The nuclei in a molecule can vibrate about the
equilibrium bond length its center of mass. The molecule thus
possesses vibrational and rotational energy in addition to the
electronic energy. The complete guantum—mechanical Hamiltonian for
a molecule is too complex to use i@ in its exact form. However,
the concept of a molecule as possessing electronic, vibrational
and rotational energy levels is quite familiar. The three motions
may be separated from each other for most purposes. Rorn and
Oppenheimer (1227) have shown that the errors for separating
molecular motion into these types of independent motions, are very
small. This separétinn implies that the total molecular wave

function may be written iﬁ the form:

WTOTAL=‘ wewvwr 5 (1)
and that Wy ¥ and y are functions of independent coordinates.
v T
The electronic wave function may be considered as the
eigenfunction of a purely electronic Hamiltonian in which the

nuclei are fixed. The electronic energy will vary with

A
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internuclear arrangement, and for each different electronic state
the arrangement, of the nuclei which gives a minimum value (Ee)
for the electronic energy, 1is known as the equilibrium
configuration. In vibration this electronic energy acts as a
potential energy V for variation of internuclear distances, giving
vibrational levels with energy Ev relative to E9 (i.e. Vs
Even at OOK, quantum mechanics predicts that the molecule will
have energy greater than Ee. In each vibrational level of each
electronic state the molecule may be regarded as rotating with a
moment of inertia which corresponds to an average geometrical
structure, The model for the interpretation o+ rotational levels
assumes that molecules are rigid bodies, and the total molecular
energy is then

=y kb 4+ F (2)
v r

total” e

It is well known that atoms have a spherical symmetry whereas
the diatomic mblécwles have the axial symmetry about the
intermolecular axis. There is no orbital angular guantum number L
as in the atoms. Instead, L rapidly pretesses about the
internuclear axis in the electrostatic field of the nuclei. This
results in the component of the angular momentum along the

molecular axis, defined by

z = ML SR s e e e e R R O
Fhus if L = 5, ML can take value? Sy 2ol cans el =30 wus 0 e
molecular states with ML;= On 1, 2} 3 etc are called the ¥, n, A
and ¢ states etc. The states differing only in sign of ML are

doubly degenerate. The doubly degenerate states can be described
as n° and n or ATand A etc which indicates the symmetry properties
of the wavefunction of the electronic states.- Thus those states
whose wavefunctions do not change sign upon refiection through any
plane which includes the internuclear axis are positive states and

those which change sign are negative.

The equation (2), can also be written in term of wave number
units:
T=T4+6 +F s (3)

where T . 6 and F represent respectively the electronic,
(=3
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vibrational and rotational terms. For the vibrations and rotations

of the molecules in different electronic states, the model of the

vibrating rotator gives

B = 0 (VFL725S & ¥ [vE122) %% o x vy (4)
e e © ® © .

and E=BJlier/2) = DVJZ(J+1)2+HVJ3(J+1)3 (5)
v

the relations (4) and (5) show that the .wave numbers of the
spectral lines corresponding to the transition between two

electronic states are given by

T-T = (T-T) + (6-G) + (F- F) (6)
3 (7)
r

ar 5 P e YD

e v

The single and double primed quantities represent the upper

and lower =tates respectively.

The molecular spectrum lines can be classified into bands and
band system. Since, in general, F is small Campared to G, we may
neglect vr(= F- F) for the time being in Drdef to get a general
picture. Using equation (4) for 6 and putting F— F= 0 we obtain
the formula for the vibrational structure.

vo=v o+ olv +1/2) - e x (v +1/2)°-[w (v +1/2)- o x (v +1/2§ ]
e e e e e e e

neglecting higher. powers of (v+1/2).

This equation represents all possible transitions between the
different vibrational levels of the two participating electronic
states. Bands belonging to the same electronic transition but to
different vibrational transitions form a band system. In the above
equation (&6). the value of o is called the Dfigin of the band
system. For the vibrational transitions in electronic spectra no
simple and stringent rules hold as for pure vibrational spectrum,
In the latter only changes by one duantum number occur with great
intensity. In an electronic spectrum., on the other hand. the most
intensive vibrational transitions may be those in which the
vibrational quantum number is remained unchanged or one in which a

change of many guanta has occurred. The reaéan for the difference



between the electronic-vibrational transitions and the pure
vibrational transitions is that in the letter, the nuclei move in
the same potential in the initial and final states, whereas in the
former the average potential due to the electronic motion has
changed during the transition so that the nuclei are subjected to
different forces before and after. The vibrational transitions in
electronic spectra can be systematized by the simple rule that
during an electronic transition neither the positions nor the
momenta of the vibrating nuclei have time to undergo an
appreciable change. This rule is known as the Frank—Condon

principle.

From the eguation (7) it can be seen that the quantity
o= A p 2
(o] (=] v .
is constant for a specific vibrational tramsition, while v is
r
variable and depends on the different values of the rotational
gquantis number. All of the possible transitioens for a constant

value of ¥ 4 taken together., gives

v = v°+F(J)~F{J) : ()
Where ¥ is known as the origin of the band. Thus according to

equation (3)., and neglecting higher power terms. one obtains:

v = v +B J(J +1)-D J° (J +1F -[[B 3 (3+1)- D_J3%) (3+1)% ] (10)

e} v v ) v\ v

The rotational transitions are governed by certain selection
rules. If both the electronic states have N = 0 (i.e.}- ¢
transiSan) the Selectioh rule is-4d = + 1 and the results is &

set.of two series of spectral lines.



Se Experimental details:

All the experiments are performed in absorption. A 3.4m Ebert
spectrograph equipbed with a 1200 lines/mm plane grating. The
background source of radiation was emitfed by a 450 W high
pressure Xenon arc lamp. LiH molecule was generated by heating
Spectroscnpicaliy pure lithium{or potassium or sodium) metal was
loaded in a stainless steel tube that was 1.5 metre long, with 2.5
cm inner diameter and Z2mm wall thickness. This tube was directly
heated by a high current low voltage transformer. Typically 800
ampere at 10 volt a.c. The ultimate temperature achieved was about

S0 degrees Celcius. The pressure of hydrogen gas in  the furnace
was about 30 torr before heating the sample. Both the ends of the
furnace tube were water cooled to avoid dammage to the quartz

windows assembly. Best experimental conditions for fecording the

spectra of alkalimolecules are presented in table-—-1.

For the experiments of bismuth molecule (14), bismuth metal
was heated in an atmosphere of hydrogen at a presure of about 300
torer at a temperature of 900°C degree Celcius. Similarly for the
potassium molecule, Fotassium was loaded in  the atmosphere of
hydrogen. Originally. the idea of using hydrogen was to extend the
KH spectra. The reciprocal disperssion was 5.1 A/mm and 2.6A/mm in
the first and second orders respectively.
N

A steel mesh'as an inner tubk was placed in the steel tube to
contain the vapours in the central zone. The spectrum was recorded
on Ilford G plates with exposure time ranging between 13 and 320
minutes. The spectrum was also recorded on x—-ray films. The
position of the spectral lines and band heads were measured on  an-
Abbe comparator by comparision with iron arc lines to an accuracy
of iD.ig for the sharp lines. The ison wavelengths were taken from
MIT tables (15). The vacuum wavenumbers of wavelengths were
obtained by a Computer‘pragramme using the dispersion formula of
Edlen{lé).The advantage we had, was a long absorption column and

thus a longer path length available for the experiments.



TABLE |

THE BEST EXPERIMENTAL CONDITIONS

Spectral region

2800-3400 &  for LiH
3200-3800 3  for NaH

3600-4200 8  for KH

Tempersture of
the furnace

1100 + 50 € for LiH
1000 + 50 € for NaH

gs0 + 50 & for KH

Order of the

spectrograph used 2nd order
N\
\“
Slit height 7-8 wmm.
S1it width 40-50 microns(um)
Pressure in the 300~350 torr

steel tube

Photogrsphic plates Q-2 plates/X-ray film
Exposure time 30-50 min.
Iron exposure 20-30 sec.
Background source Xenonrérc lamp (450 W)



4. Observations and results

Near dissociation spectra of molecules possess special
importance in connection with the construction of true potential
energy curves because an extrapolation from a limited number of
vibrational levels to the dissociation 1limit of the potential
curves would be highly uncertain. Alkali hydrides being the
simplest diatomic molecules have attracted considerable interest
since the 1%30s both experimentally and theoretically (15).
Farticularly the spectra of the AZ—XX system (16—-19) have been
extensively studied. In the alkali hydrides, the vibrational and
rotational constants approach’a maximum value and then eventually

decrease with the increase of vibrational guantum number of LiH.

The spectra of A-X system of LiH show simﬁle F and R
branches. Its spectra are shown in figure—1. Fresent data extends
this system from v, = 16 to v = 26 in the A-state. The branches in
the bands extend to J = 20 in most cases. However above v = 24,
there is continuuwm near the band origin and the analysis is
tentative for v = 25 and 26 as the first observed line is at J =
12. Wavenumbers of various bands are listed in tables 2 through 6.
Tabie—-7 liste the combination differsnces for the ground state.
Table-8 provides data for band origin whose plot is given in
figure—2. Rotational constants and band origins are given in
table—-7. Vibrational spacings AG versus (v + 0.3) are plotted in

fiqure-3. Term values are listed in table-—10.

For NaH, we have extended the {18,0) and (19,0) bands to
higher 4 valuss and report the (20,0}, (21,0} and (22.0) bands for
the first time. S5imilarly we have observed (12,1).(13,1) and bands
with v =19 to 25, for the first time and (18,1)band is extended.
The wavenumbers of F and R branches for various bands are
presented in tables 11 through 22. The ground state combination
differences of the bands are listed in tables 27 and 24. Some of
the data for the band origins are provided 1in table-25 and a
typical band origin plot for (19.0) band is shown in figure—6. The

mbhination differences for some of the bands studied are listed
le-246. Rotational constants of the excited as well as ground

state are given in tables 27 and 28. Vibrational terms of the A



Pate 1. AT X7 Syptem of LM

Figuyg-—1! ¢ The Absorption Spectr:s of LiH Molecule Showing

the Rotational Structure Near the Dissociation Limit.
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TABLE--2°

Wavenumbers of P and R branches

A's—x's System of ‘LiH

€18 1) (17.1)

J R P R P
1 sz 0 e 30810.16 30796 .04
T SRS 30413.48 796.04 771.76
3 413.48 380.14 771.46 738.68
4 380.14 338.28 738.68 695.38
5 chae SEEE R 694 .38 643.48
TH e R R e e s B 580.05
¥ e S s R e O 509. 24
8 30156.72 073.87 509. 24 3t 3
9 077.79 29986.51 431.21 341.28
10 29989.62 899.68  \ Mmoo
11 890.43 783.11 B o T 136.43
1 669.15 S
13 669.15 T R MeEa s 29896. 94
14 546 .48 413.17 29894 .75 764 .51
15 41917 T2 4 ey 0 el
16 272.42 124 .98 618.35 474.19
17 e s 466.73 316.23
1§00 e i de g 306.27 150.87
i, T e d S Mo

—————— to weak to observed.



TABLE- .3

Wavenumbers of P and R branches

Alz—x's System of ’LiH

(18.1) : (19.1)
J R P R P
$.0 0 e 31145.11 Sel 3T
2 31144.34 f21 58 o L 31459.12
3 121.53 086.45 455.68 427.88
4. 086.45 043.01 s e
5. 041.76 30892.71 376.42 326.84
g TR 322 .44 265.13
T s o 857.04 258.71 191.68
8. 852 .55 776.38 182.89 109.64
9. 7L 685.70 098.32 018.31
10. 680.98 585.40 008.69 30915.25
1. 580.05 476.98 ——e——- - 804.70
X2 471.23 sefen il Gt s o seiiit, 686 .64
- .. N 30670.96 557.85
O 096.67 540.97 421.89
15. 088.25 29855.13 UL A i
15, e LS asa s e
9 29789.48 643.53 086 .87 29957.13
18. 627.59 474 .89 298930.27 786.865
19. 457.12 299.68 757 .66 606.73
2 aaas 23 BrE. . =

116.

to weak to observed.



TABLE-4

Wavenumber; of P and R branches

A'z—X's System of ‘LiH

(20,1) (21.1)
3= R P R P
1. | mmmmmee- 31807 .46 32126.58 = isssed
il e R L Gayan e g E
B . 749.17 083.45 32054 .48
4. 31741.52 704 .89 046.36 009.98
5. 694.23 649.33 31999.93 31955.08
5. 638.78 584 .68 st 88 @
7. 572.72 509.48 874.32 815.08
8. M el 796.21 729.56
9. 410.89 331.87 e N
10. 316.03 228.57 610.84 528.68
11. 209.43. 116.84 \ e G
i 094 .62 30995.25 385. 64 289.79
i3, 30969.42 862 .04 258.71 156.75
14. 836.17 720.96 $21.53 013.98
15. 694 .38 Si2d . e 30862 .04
18, TR e AR i 701.18
17 e oo a 30658.43 530. 84
T o E 073.87 e N s
19. 032.20 2OBl0 43 0 . Lol o
20 . T RREREE e e e e

to wesk to observed.

13



TABLE -5

Wavenumbers of PP and R branches

A's—x's System of ‘LiH

(22:1) (23.1)
J R P R F
1 32416.06 32405.63 " 32681.87 32670.03
2 399.1 379.21 663.91 646.78
3 37221 343.96 635.95 610.08
30 e 596.48 563.86
5 | s lsae 505.186
6 2s8Es. e e 436.33
7 155.14 102 .77 —pym 359.89
8 075.27 015.18 335.17 272.94
9. R 31918 45 0 eebiae i Y Cheasy
AN 807.46 141.35 = seee.
R 689 .78, == 200 SEie.o o amecas
12 31657.48 562.32 31807.47 31820.81
13 527 .84 426.91 774 .57 683.66
14 887 58 . aaaa 631.38 535.23
15 238.18 130.84 478.82 378.09
16 080.5% 30966.42 319.986 210.03
17 30912.65 793.58 | S 034 .64
18 736.31 612.62 30969.42 30852.55
18 550.48 422 .83 779.47 658.43
20 A58 27 o Soadue 580.05 457.79
) gl . e N 0 SRR e aanl e

—————— to wesk to observed.

I



TABLE- 6

Wavenumbers of P and R branches

A's—x'S System of LiH

(24.1> ik £28.13)

J R P B P R P
1. IR A a1 (il S e e S
2 BUS 0l —ros—mch U ChlEaans 0 e e Rusie . R MR S
3. BR8] - 32888 .TE o osNdeset U Semmllil S eR RGeS - Ot
4. 833 .27 TR S R T R e L R L L R L
5.  =m—=e- o B R e PR s SRRl e R
6. TN 034 Teemmeiin Plessinee o e edaians - S isiaat g 5N
< B40. 18 ~resms e sea s s Sk R i
8. 563.86 SHBLON -  oessee U Sieete D E e 08 S e
9. 468.92 UG 13 o AEmesah o Lesamet TRl D
10 366.93 296 45 2 smmres . smesas D smsecs . a-meka
11 BRI TR e T i s S 32535.91
12 128.53 046.36 32315.76 32237.06 32474 .84 400.08
13 31993.84 31906.67 9 @« ~=——-- 085.12 334.04  ------
14 848.78 756 .55 030.45 31943.80 183.88 102.77
15 684.23 587.14 31874 .32 @ = ~-=eas- 024 .54 31937.&2
186 530.15 427 .86 704 .89 608.92 '31852.85 762.58
17 356.38 284908 - ~eme-w 429,38 673.29 578.12
18 « —=—-re= 062.25 339.83 237.28 483.82 385.64
19 ¢ ~-—-—- 30866.12 145.11 @ —=——-~- 283.17 182.89
20 Eeeeae | ceewe 30940.87 30828.50 @ —--m=x 000 —eeeea
2]  ERe—ae L e 725.89 612.84 = -~==--- 30750.82
—————— to weak to observed.

5



TABLE. - 7 )

Ground-state combination differences

AzF €J) =

RCJ=-1) - PCJ+1)

A12+— Xf2+ system of LiH

AF (1) o
J (16 13 (310 (18,1) (1937 .. (28,1 &P I)

(Obs.) (Calc.)
2 71.43 $1.48 o aauns (R L e e 71.82
3. 100.26 s oo 100 .41
Base o 128.28 129.52 To s 0 L 128.86
L el 158.63 157.63 A . e 157.13
5. 184 .56 185.14 184 .72 e L e 185.18
. Cedmsu il Giae . LGl Sl . e 212.97
B, e gl pn - 240 @ o 240.45
9. it e SAEE Sy 15 se7T BN . i 267.60
i8. 294 .68 294 .78 BN TR, 28 L 294 .36
9 L e s g e 320.71
A o5 fE . Lo laan L sis 346.59
13, R 871.92 BEse. o Sl 372.07 371.98
4 e oL el R 397.02 396.82
15, dui | 499,56 e o seaaneriel 421.31 421.08
185 e $41.57  Wle.TE. it b 445 .42 444 .72
e e WE e R R 467.31 467 .70
16 L O 489. 80 gag Wy ... 490.40 489.98
i, T e - 511.52
B S il o BE L. e e 532.35 532.55

16



TABLE S 8

Data to determine the band-origions & the rotational constants

-

of the A'='- x's* system of LiH

[R(J-1)+P(J)] / 2 AzF(J) / (J+1/2)
J i (23,13 (23,1) LI+ ) (23.1)
1 S AR TR 2.25 6.951 7.749
2 4 32397.63 32664 .22 6.25 7.959 6.862
3 9 32371.53 32636.99 12.25 8.071 7.391
4 16 —-——e—- 32599.99 20 .25 ————— 7.253
5 25 ————ee 32550.82 30.25 = —-=—=  —-=e
6 36 @ —mmmee= —eeeeee 42.25  —-=-= o=
7 49 32164.17 ~———-—- 56.25 6.982 --~--
8 84 32085.15 =  ~—-—--—- 72.25 7.874 7.824
9 81 31995.86 = ——-———- 99.25 = —-=-= mmee-
10 180 @ —-—mmmm e 119.25 3 ~====  ——ee-
11 121 mmesmme eemmeeo 132.25°  —m=-= meee-
2 144 ——iee- —-—-——5\ 156.25 7.611 8.927
13 169 31542.19 31795.56 192.25 7.478 6.732
14 196 ——————— 31654, 90 210.25  ~---- 6.629
15 20 31259.19 31504 .73 240 .25 6.922 6.501
36 256 31192.30 31344.42 272.25 6.913 6.661
17 289 39937.02 31177.30 396.25  6.899 = ~—---
15 3i¢ 30762.63 = ———-——- 342,20 6.681 8.322
I8 . 381 30579.47 30813.92 380.25 6.552 6.210
20 499 2« -----—- 30618.63 4208.25 2 ~---- 5.961

17
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8l

—— [RU-D+PW)] / 2 ———

(Thousands)

A B

JZ2.48

3780

O
O
&

W

30.50

o 80

320

| e e )

A>-State of LiH molecule, using the data of

Graph for the band-origion of v’'= 22, of the
(22.1 ) band.

400



TABLE -

q

Rotational constants of Lhe vibrational levels in cm—1
Aiz s X‘Z system of 7L1H

”

Upper state constants

v 51 wo B B D xip™* D x19™*
v, v v v v
(1) (2) ¢iy (2)
16 30452 .0x0 .2 2.467x0.003 2.4y 4,35+0 .06 4.28
17 30808 .60 .2 2.412X0.002 2.427 4.3510 .03 4.25
18. 31159740 .1 . 2.349x0.9003 2.346 4.2620.07 4 .20
19 31498.1+3 .2 2.245*0.991 2.254 4,180 .98 4.15
20 31820 .6%0.4 2.138x2.903 2 108 4.93+0.09 4.18
21 32129.6%0.3 " 2.241¥0.906 2 @ ~——-- 4.02t0 .05 ————
e 32439 35 2 1.994*0 . A6 2  ~——~—- 3.803x0.09 ————
23 32684 .8%9 .2 1.800x.0066 2 @ -=—-- 3.901x90 .09 _————
24 32922 101 1.735¢0.998 2  ———=—- 3,270 .06 -————
0 J3126x2 1.67119.5Qﬁ ————— 3:85%8.1 ————
26 33289%8 1.8@7iﬂ.ﬂ@é ————— 4.25%0.1 ————
(1) Present work.
(2) Rafi at al 1983 [34]
Ground state constants
(1) (2)

Average B-= 7.1888 = @.09208 B 7.1941 * @.006

= (8.304 * 0.007)x10” D = (8.348 * 2.231)x10 "

Average D






TABLE - 10O i

. Vibrational Term Values in cm
A's — State of 'LiH

v Pev v=l) T(v,v=0) Averagde
Present work : Rafi at al
16 32507 .72 32507 .39 32507.55
17 '32865.32 32866.70 32866.01
18 33215.45 33216.29 33215.87
19 343553 .82 33553.54 33553.68
20 33876.32 33878.02 3387%.17
- PRIO0 3 2= o vmavess 34185.32
22 SHaro . B2 - eneseae 34475.02
23 34740 .52 S e e 34740.52
24 MIT L . S desasae 34977.82°
25 QUID L IE S aiadewens 38181 72
26 BORE S IR e s e e e 35345.52
\\

The ground state term values are used, given belXow.

697 .09
2055.72

i

T(@)
A5

These ground state term values are determined by using the
relation (4.2.8), the vibrational constants are taken from

Herzberg [45], given bellow.

we = 1425 .65
wexe = 23.20
weye = +0.163

21
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Ultraviolet spectrum of NaH molecule in absorption)
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Fig.r & ~ +: The Absorption Spectra of MaH Molecule Showing
the Rotational Structure Near the Dissociation Limit.



Wavenumbers of R and P-branches
A12+“—‘ X12+ system of NaH

(13,0) . (14,0)
J R(J) P(J) J R(J) P(J)
o6EEs t8 | oo @ 27185 €1 | -

192.74 27181.99

%)
1 838.57 26829.23
2 184 .01 166.00

: 831.809 813.14
3 817.16 91. 27 169.60 144 .24

1
2

3

4 797.91  764.09 4 1468.88 115.14
5 779.46  73@.21 5 122.21 ©82.84
6 738.18 690.68 6 @89.41 043.04
7 700.10  645.50 7 P50 .51 26997.31
8 B56.P2 594.42 8  ©95.81 945.54
9 606.01  537.36 9 26955.33 888.086

10 550.00 474.42 19 898.88 828.61
11  488.25 496.28 11 Bus.aw  7155.59
12. 491 P9 931 .91 12 768.02 680.65
19 % ms TR N 13 694.18 599.99
14 601 188 a2 14 1 @14.42 513.81
15 184.34 @715 Bi 15 528.99 422.96
16 ©94.02 25979.69 16 437.78 324 .69
17 25998.32  877.45 12 W1 28 271 9%
18 eelbs ve.n 18 239.01 113.98
19 780.77 657.72 19  131.70 260809.61
20 679.00 540.65 0 T8 81 e

21  56¢ 88 417 )
22 438.93 288.99
23 311.86 156.81
24 179.91 ——----

—————— to weak to observed.
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Wavenumbers of

TABLE - 12

R and P-branches

A12+——— X12+ system of NaH
(15,9) 5 (16,9)

J R(J) P(J) J R(J) P(J)

1 27539.81 ----- 1 27884.57 —----
2 531.85 27513.16 2 875.86 —----
3 516.33 - 491.57 3 860.77 27836.21
4 595.39 463.61 4 839.51 808.98
5 468.47 429.58 5 811.89 773.92
6 435.46 389.51 6 778.48  733.72
7 396.21 343.93 7 738.76 686.86
8 351.23 291.89 8 693.90  634.46
9 309.99  233.51 9 641.99 575.96
19 242.99 169.74 % 583 .27 511.81
i1 17891 1898 1T 9.4 e1.27
12 11191 922¢.54 12  45@.28 365.27
13 ©36.28 26943.52 13 874.57 . 283.49
14 26955.81  858.53 \ 14 £83.51 185.8%
15 869.69 764.04 15 ~P@B.53 182.91
16 777.93 B66.52 16 113.99 003.88
17 680.86 @ 562.55 17 P15.24 26899.44
18 577.77 ° 453.81 18 26911.45 789.59
19 469.48 339.77 19 802.12 673.98
20 355.66 220.53 20 687.20 554.01
21 236.79 ©95.79 21 566.34 428.41
22 112.99 25966.34 22 #41.91 289.58
23 2598%.68 ~----- 23 3.7 181.77
: 24 174.51 ©20.94

25 15  ———---

P34.

to weak to observed.
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Wavenumbers of

R and P-branches

A12+—*— XiZ+ system of NaH

(17,0) (18,0)
3 R(J) P(J) J R(J) P(J)
1 28203 .82 3pE315 38 §f 28587.43 @ --——--
2 214 .57 197.44 2 548.20 28531.77
3 199.29 175.63 3 532.87 509.35
4 177.99 147.15 4 510 .68 480.85
5 150 .08 112.54 5 482 .59 445.93
6 115.28 071.93 6 448 .46 404 .78
7 gz s 7 407.82 357.85
8§ W 27972.37 8 360.78 304 .09
8 27877 12 913.32 9 308.19 245.12
10 919.26 848.74 10 249.27 179.31
11 855.08 777.91 11 184 .30 198. 36
12 784 .62 700 .84 12 i -
18 708.25 618.40 13 ?35.93 ————-
14 626.10 530.26 N\ T 27857.51
15 538.35 435.99 15 27864.36 763.26
16 444 .66 336.31 16 769.63 663.22
17 344 .91 231.17 17 669.20 557.08
18 240 .14 120 .54 18 563.23 445.21
19 129.67 P04 .22 19 451.51 328.32
20 P13.88 26882.81 20 334.73 205 .99
21 26892.52 756.18 21 211.87 - 878.22
22 766.02 624 .25 22 §83.84 26945.40
23 634 .37 487.61 23 guus] 28 -
24 96 el

26



TABLE - |4

Wavenumbers of

R and P-branches

A'st— x'st system of NaH
(19,0) : (20,8)

J R(J) P(J) E 5 R(J) P(J)

@ 28891 81 « s--oo-

1 67 8% - - i —eeees 29199.63
2 878.55  28861.91 2 29199.863 183.53
3 862.62 839.52 3 183.53 161.01
4 840.23 810 .00 4 161.01 132.98
5 811.51 775.57 5 132.96 ?96.75
6 776.76 734 .55 6 P96.73 ?55.09
2 735.92 686.77 7 955.85 | o---ewm
8 688 .32 632.99 8  =mmem- 28952.84
9 634 .69 573.02 9 28952.74 892 .60
19  574.87 506.93 19 892.46 825.45
11 509.11 434 .87 11  825.25 752.45
§12° 438.88 @ —e-ouo '3 12 752.18 673.67
S o e 19 B7a W 588.72
14 2974.95 182.41 14 588.33 487.91
15 184.71  ---—-- 15 497.41 491.23
16 ©§89.21 27984.77 16 4090.78 298.64
17 27987 .34 877.71 17  297.96 199 .42
W e 18  189.58 076.47
19 767.35 646 .57 I “Iires -l
20  ~wdeae 522.85

21 525.93 393.88

22 o5 14

27



Wavenumbers of R and P-branches

A‘Z+——— X12+ system of NaH

(21,9) : (22,0)
J R(J) £Cd) J R(J) P(J)
1 29530.00 29520 .33
2 520.03  —--——-
< 481.71
4 481.09 452.68
5 451.76 417.21
8 4186.91 @ ------
7 373.76 @ --———-
8 325.16 ———=—-
9 270.11 21117 g  ————- 29524 .81
10 209. 14 143.88 10 29520.32 456.81
13 141.92 070 .48 11 451.85 381.83
12 P67.99 @ ——---- 12 375.86 301.19
13 —-—e-- 28905 .00 13 294.71 214.860
14 289091.95 813 32\ 14 207.67 121.49
15 809.99 715.86 15 114 .22 022.77
16 712.51 = ———--- 16 @14.54  28917.869
il 508 .30 502 .46 17 28909.19 807 .04
18 498 .12 387.89 18 797.77 690.52
19 388.14 2 -—-——-- 19  680.76 568.32
20 261.91 @ --———- 20 557.95 = —-----
21 e P9 .04 21 429.55 307.64
22.  m-te-- 27873.03 22 295.65 168.33
23. 27866.63 731.47 23 156.56 --—--
24 724 .48 584 .36 24 ----- _ 27876.11
25 576.79 = —em=e- 2% 27862.31 721.98
26

424 .46 275.00 26 707.37 562.25

—————— to weak to observed.
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Wavenumbers of the R and P-branches

A‘Z+——“ X12+system of NaH
13, 1> (18,1)
3 R(J) P(J) J R(J) P(J)
1 25707.66 25696.90
2 700.23 681.68
8 - 25307.95 § a - 660.00
4 - 281.37 4 667.34 634.07
5 25290:28  249.49 5 841.21  601.83°
6 259.81 211.92 B 610.99 563.73
7 2%¢.41 160.6% 7 575.08 ------
8 182.43 120.09 8 . —-—=—- 471.28
9 135.37 §65.73 9 484.95 416.50
10 082.79 006.20 12 ------ 356.20
11 024 .81 24941.35 13 . 872,58 200.63
12 24961.95 870.74 12 308.56 —————-
13 89242 795.02 13 238.99 -—----
14 818.11 ------ ¢ - 183.97 -
15 738.49 627.97 15 @83.58 24974.24
16 853.62 536.B67 16 24897.77  -=———--
17 563.45 440.20 17 906.22 785.39
18 4686.36 338.18 18 81@.12 682.99
19 368.01 232.094 19 =-t--- 575.35
20 262.88 ------ 20 B602.95 463.34
21 152.94 005.84 21  491.24 -———--
22 @37.67  --Z---

i

=



Wavenumbers of the R and P-branches

Atst— X‘Z+system of NaH
(14,1) (15,1)

J R(J) P(J) J §ii) . )
g Z8e0n 48 i

I zepbR A - R o e

2  ©51.49 26033.32 2 . S as -

§ e iaas 3  384.91 26360.32

4  ©18.13 25985.55 4. 388 18 392.95

5 25992.48  953.39 5  340.94  300.89

& 98l a7  9ig 9 6  398.50 262.18

¥ 283 g19.97 7 270.48 218.33

8 g9] 85 B21 .86 8 227.51  168.38

8 B33 18 7BB 45 §  -179.32 i12.09

19 779.89  705.85 10 125.24  ©51.77

1 729.91 ©39.84 11  ©@64.93 25984.91

12 656.68 567 .84 12 25889.33  913.11

13 s 499.93 13 928.18 825.25

14 508.91 408.45 \ e . 752.30

i5 4271.59 320 .38 N

6 B R 277 16 682.81 569.89

e 129.20 17 588 35 471 18

. . 18 491.17 a7

19  ©48.95 24917.58 10 Seer . ..o

20 24914.25 804.79

21 828.97 ------

22 2 ———=-- 536.91

2% smmse | o

94 462'.86 304 .85

B i (i e

26 19494 937 54

2 B aE
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Wavenumbers of the R antd P-branches

Atst— X’Z+system of NaH
(16,1) : €17:1)
3 R(J) P(J) 3 R(J) P(J)
1 27090.19 @ —-----
| 2 §81.98  --=-=-
3 26729.P2 2 ---—-- 3 @67.81 27043.95
4 708.59 26677.19 4 P47.20 216.13
5 682.49 644 .60 8 P20.84 26983.40
6 650.83 605.78 6 26988.76 944 .99
7 613.34 561.48 7 950 .40 899.43
8 569 .64 510 .92 8 906 .47 848 .96
g 520.45 455 .05 9 856.82 792.11
10 485.45 393.31 10 801.37 729.94
11 404 .84 326.04 11 738.67 662.49
12 338.09 253 .40 12 672.77 588.82
13 267.03 174.96 \ 13 599.73 509 .99
14 188.83 ?S1.36 : 14 521.29 425.25
15 105.85 PP1.68 15 437.62 335.88
16 P17.65 25907.49 16 1'347.99 239.85
17 25924 .01 807.76 17 253.47 139.24
18 824.78 702 .68 18 185 23 ?33.23
19 720 .45 592.83 19 047.85  ———-e-
20 611.01 477 .90
21 496 .64 358.18
22 377.33 233.687

3



Wavenumbers of the R and P-branches

AiZ+ X‘Z+system’of NaH
(18,1) . (18,1)
3 R(J) P(J) J R(J) P(J)
12N e £ SRR eaiee
2 $ind 0 S 2 c T
# e 27377.37 3 730.72 27707.64
4 380 .57 350 .46 TR 678.19
S 317.28 5 682.51 646.20
6 321.25 277.76 § L CeeiaG 606 .70
955 282 .80 232.53 7  609.90 560 . 50
8 239.23 181.34 8 564 .44 509. 16
9 187.58 124.41 9 513.01 451.51
19 131.18 ?61.80 19 456.07 388. 31
11 ©69.98 26993.66 11 7393.24 318.69
12  901.33 919.34 12 324.00 243.62
13 26927.78 839.59 13 249.68 163.66
14  848.70 754.30 \ 14 169.25 077.17
15 763.94 663.53 15 ©83.37  26885.53
16 673.87 567 .08 16 26992.12 887.91
& 577.97 465.75 17  894.77 785.29
18 476.81 358.60 L e 677.85
16 o is | anEe-- 19 684.36 563.89
20 571.38  ~--——-
21 453.44 322.38
23 - 326.0¢ 193.74
23 201.18 ?6@.57
24

to weak to observed.
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Wavenumbers of the R and P-branches

A’Z+—*“‘in+system of NaH
(22.1) (23,1)

J R(J) Py J D) P(J)
@ 2BTI7T. 08 eem--i

1 713.80 28704.51

2 704 .20 688.69

3 688.38 666 56

4 666.25 638.25 4 e 28951.13
5 637.83 603.97 5 28949.23 916.31
6 602 .54 563.15 6 913.64 874 .86
7 561.30 516.12 7 gL
8 514.45 462.94 8 823.72 773.63
9 461.14 4p3.71 9 769.55 713.64
10 491.39 338.26 10 708.98 647.59
11 335.96 266.79 11 642.46 575.53
12 263.87 189.45 12 569.92 496.94
13 186.39 195.92 13 490 .94 412.87
14 183.16  S----- N 14  406.47  322.99

—————— to weak to observed.
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Wavenumbers of the R and P-branches

|
mman T

AZ

-

£+system of NaH

J

4 SRSESETY
5 28004
B 279971
T 931
8 885
g 833
10 775
11 St
12 642
13 566
14 185
15 398
16 306
17 208
18 104 .
19 269496
20 881

(20,1)

RCTY

S0

.99
22
59
.48
S

=

5B83.¢
482 .

a484 .89

3@

204 .

100

288894

Bl

18
27
73
42

65

to weak to ohserved.

33

(el 1)

J R(J) P(J)

1 28378.56 28388.22
2 388.22 372.38
3 372,84 e
e 323.06
5 323.23 288.e2
6 289.14 248.53
7 248.89 202.92
8 202.41 149.13
9 149.44 P99 . 50
10 P90.73 —~----
11 —--m-- 27955.02
12 3785827 878 .89
13 879.03 796.34
14 796.57 708.35
15 708.865 614 .88
16 615.24 515.43
17 515.64 419 .76
18 410 .90 300 .57
19 300 . 64 185.16
20 165.33 264 .53
21 P64.49  26938.37
24 2BD0B.20 °  =-w-uw




Wavenumbers of the R and P-branches

Altst— X‘Z+ﬂystem of NaH
(24,1) (29 ,1)

J R(J) P(J) J R(J) P(J)
2 2333988 n -t s

1 336.28 29327 .60 1 29641.03  —~==—-
2 323 .16 3 72 2 631.97 29617.03
) 303505 289.34 S ceee R e
4 286.45 260.51 4 590 .43 565.51
5] 296 .89 225,23 5 560.18 02921
6 221 .88 183.54 8] 92281 487 .32
7 178.47 135.48 7 480 .06 438 .57
8 129 .68 781.98 8 431.486 383.91
g P74.55 « -——-- % 9 375.04 82217
A e e 28953 .45 19 312 .96 254 .83
11 28945.42 880.33 \ 11 244 .46 181 .22
12 87161 801.09 A\ 12 169 B 109 .89
13 FiS 18 el 5105 71918 13 P88.87 -
14 795 .59 6524 .48 14 @ --———- 28822 .18
19 6513.55 9247 .28 15 ZB99T .89 824 .00
16 515.61 @ ——---- 16 808.21 718 .06
17 0 === 315.47 1o 704 .44 609.41
18 30231 201.04 18 = == 493 .74
19 187213  —--——- 19 475 .32 312 O
20 e e 20 354 .58 245.20
2k 278407 21 824 .85 21 228.31 114.24
272 808'.68 688.85 22 $92.48  ————--

—————— to weak to observed.



TABLE - 23

Gronnd-state combination differences

AZE CJ) - e CRC J=1)" = -PC 31D

+

AL - X2 system of NaH

AF (3)

(17,8)  (18.8) (19,8>  (20,8) (21,0) (22,8) AF (J)
~(0bs . ) (Calp.)

g ee s e Ee e 28.99
7. s ie B el o 48 %s A 48.29
3. Shez et BeBh  Brsr . gHERL 67.56
g @e s B ergh abve Lo o 86.76
I W o oseB 0 wviez o ies Ll 105 .90
g LN UL S g SRR G 124.94
¥ el MY e MBEe - o ol 143.89
8 162.08 162,70 10208 . 16245 H6TLP - 162.53
EE 1B dy A e B 181.78
10 199,21, 196.83 1082 20D 70 IWER - USRS
BeuidielB D o 218,79 sl 219.13  219.87
L TENTE e 296.52 236,82 . 237.25 ' 236,98
13 254.36  255.07 254.47  2%4.27 254.67 254.37  254.20
Vi o TR0 SRR e Ui 271:94  Pve g
. R L e 289.98  289.69
16 307.18 397 .08 307.79  306.99  3097.53 307.18  307.08
17 gde L shadr S sie s gdlied sue Wy Sl
16 Gepiede Mles sdp P oo o Loioo EeBGT a5
19 g7 E M. - R T 357.36
20 373.49 3329 373.49 e 374 .10 3(3.12 33 73
$i Wmel see s -~ 388.88 389.62 389.21
e aie - iy Lo o 4p4.66
e e Lo 419.54  419.34
24 e S o e e 434.58  434.23
2505 e e i n 449.53

EX




TABLE - 24
Ground-state combination differences
AeF. ©1) . % " RCI-8> - PCIM)
aA'zto x'zt syutem of NaH

AZF"I( S5 -
J (1, 1) Fia 1) e ) €15, 1 () (25,1) AF (J)

(Obs.) (Calc.)
PSR gies == 46.73 === ..., =-=-=- 47.23
2. - 66.16 65.85 66.45  ----- 65.56 65.78
4., @ —eee-e eeeee deeee 84.02 BELgE . e 84.43
5. . o=--= 193.61 180321 123.00 102 .81 123.11 103.24
8. 121 .61 e s 12191 125.7) 121.01 I21.8)  121.98
i 139.81 13971 139.81 149 .11 138.91 138.99  138.77
8. 158 .38 158 .58 158.18 15799 1568 .29 157.89 158 21
<8 176 .23  -—----- 176.93 1795 176.33 176.63 176.13
10 194 .83 194 .32 194 .32 194 .41 194 .41 193.82 194.16
11 21888 e 23205 .4 1A 212.95 211,987 211.92
12 228 09 e 229.68 239.68 s SF . RGNS 229.74
e SR R 248.23 54].@3 246.73 247 .62 247.47
14 264 .45 264 .75 ~m e o e 265.3b5 264.87 264.94
15 281.44 o R 28114 ~—cne 281.34 . ... === 281721
16 2906.28 298.18 298.19 298.39 298.09 298.58 298.38
17 314 .44 514.78 G e 314.78 314.97 31517 U14Y 03
18 331.41 339.87 ------ Sl o e 331.18 J91 .47 331 .12
R OB T ——swae . ees i 0.8 ... mrres 346.86
20 J62.17T. =me—al r—emao T ecbeee 8227 361.98 361.8B9
R R e e 377.34 e 377.3¢ .... --—--= 377.44
R e el 392.84
R 497 .21
29 @ ———--— - Al B2 s s 421.82
L e L B T 4350328 ~~sEe o meamda L T e 435.97
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STOBEE - 25

Data to determine the band-origions of the

st gt s§stem of NaH

tRCI-1L PLa)]) / 2

3 (19,02) (20,0) (18,1) (19,1)
R

7y 28674 .86 ¢ S-=-.o o Ulidee . oGl

39 28859.03 29180.32 27396. 54 27726.74
4 16 28836.31 ST 90 i 27704 .45
5ags 28807 .90 29128.88 27388.92 | c-oeoe-

8 88 28773.93 $0093 57 geies 27644 .60
¥ 49 28931 T8 el SIS ey s

8 64 28684 .45 29003 . 94 a7, 97 27559.53
g g 286D 87 . e s 27181.82 27507 .97
19 190 28570 .81 28889 .09 27124 .69 27450 .66
1 19% 28504 .87 28822.486 27062.42 27387.38
12 144 SalaL . 2874946 26994 .21 27318.43
13 169 Tunade s 28670 .45 26920 .46 27243 .83
14 196 28270 .60 28585 . A4 26841.04 27163.42
15 O i 28494 .78 26756.11 27077 .39
16 256 26084 .74 28398. (2 26665.50 26985. 64
17 289 27983.46 28295 . 60 26569.71 26888.70
18 he o e 28187.21 26468.28 26785.91
19 88f 2 amEe o e S 26678.03
20 400 27645 . 19 SeouoEe o GEsRReRLE o e

21 441 Lo e s aaE 26446.88
oo R s Gl T e e 26323.59
23 529, @ —io-—-- S e 26195.20

38
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TABLE - 2.6

Data to determine the rotational constants of the AX-state

of the A" 4% syvatem of NaH

[ A2BC3) = RUI)-PCI - /. 4J+172)

(TP (180 (20,9) (18,1) (19,1)
2 6.25 6.656 B.d4P @ eemae
3 12.25 6. 600 5.434 = = . - —eteo 6.592
4 20.25 6.718 6.433 6.691 = -—---
5 30.25 6.535 G290 - eeas 6.600
6 42.25 6.494 6.406 o TR S
1 56.25 B.553 | e-siaa 6.680 6.588
8 72.25 B 6.811 6.501
g 90.25 6.492 6.331 6.648 6.472
19 118.25 6.470 6.382 6.612 6.448
11 I8 25 6.456 6.330 6.558 6.481
12 156 35 ek 6.281 6.560 6.432
B 182,25 - -4 6.279 6.532 6.381
&4 210.25 6.369 6.236. 6.510 6.350
T ae 25 o il 6.205 6.481 6.311
16 g¥2.25 6.330 6.191 6.462 6.308
17  306.25 6.265 6.145 6.411 6.262
18 MF W - 5.114 6.389 6.222
19  380.25 Bo49d 0 colene o o miRss 6.178
2P CAEEES - - el ST Laa
21 4B .25 6.101 Shee DR RSN 6.096
2o Me s - Sl oy o e 949
22 8B - oo o0 e .983
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TABLE 27

Rotational constants of the vibrational levels

A'st— State of NaH

Bands  Bands Origion B e o ow v’
(v,9) §
(13,0) 26838.3+0.2 1.829+0.006 1.6240.02 2.12%0.77
(14,0) 27191.2%0.2 1.801+0.002 1.59%9.91 4.63%3.65
(15,0) 27538.8+0 .3 1.774+0 .003 1.48+0.04 3.93%0.54
(16,0) 27883.5%0.3 1.741+0.005 1.40%0.05 3.19%0.67
(17,8) 28223.10.2 1.715+0.094  1.41*0.94 1.65%0.87
X(18,0) 28556 .8+@.5 1.681%0.003 1.32+0.03 4.65%0.88
¥(19,9) 28886 .5%0 . 3 1.653%0.002 1.3740.02  4.96%0.67
Xk (20,0) 29210.7+0.2 1.609+0 .006 1.20+0.96  3.29+0.89
*%(21,0) 29530.340. 2 1.580+0.006 1.24%0.04 1.64%0.98
*k(22,0) 29843.9%0 .5 1.539+0.002 1.11#9.93  1.83+0.98
\l
¥ Extended Bands N

¥ New observed Bands

Rotational Constants Of the

Average

Average

Average

¢-Pre

w
no

D‘:

=
t

sent work )

4.835%0.001

4

(3.37t0.92) x 10

(3.47+0.56) x 10 °

4

x's*_ state Of NaH

D"

B"

( Olsson )

= 4.833

391

19



TABLE -

Rotational constants of the vibrational levels

A'st— state of NaH

o

Bands Bands origion BQ D; x 107° Hy x 10"
X¥%(12,1) 25352.810 . 4 1.855+(3.909 1.40+0 .09 2.39+0.60
*¥%(13,1) 25706.1*0.6 1.827+1.008 1.52+0.07 @.84*0 .50

(14.1) 26058 .90+ .4 1.803*1).005 1.66%0.05 ).60*0.76

IhH, 1) 26406 .10 .5 1.779%1) . 904 1.73x9.04 3.60%0 .58

¢16.,1) 26750 .30 .6 1.742%6).005 1.18%0.08 2.6320 .67

¢i7, 1) 27989.6%x0.7 1.72420.903 1.60+0.03 P.95%0.96

*(18,1) 27423.810.6 1.685%0.006 1.51+0 .06 3.24*0.86
*%(19,1) 27753.9%0 .5 1.654+0.006 1.65¥9.05 2.02%¢9 .82
*%(20,1) 28078 .3%@ .4 1.615%0.007 1.37+0 .06 7.23%¢ .50
*¥%(21,1) 28397 .81P . 4 1.573+0.008 1.19%0 .06 P.790*0 .86
*%(22,1) 28714 .90*0.7 1.531x0.005 1.20+0.03 1.7520.78
*k(23,1) 29027 .21:0.7 1.50{?@.@04 1.39%0 .94 2.96%0.78
*%(24,1) 29337 .0%0.8 1.446N.003 1.13%0 .04 2.81%@.75
*¥%(25,1) 29642 .20 .7 1.400%0.905 1.00+0 .97 2.641*0.72

* Extended Bands

¥ New Observed Bands

Rotational Constants OF Lhe X's*—

State Of NaH

Average
Average

Average

( Thig

B
D
H

1

work )

4 .689+0 .0086
(3.32120.07)x19" "

(2.071%0.89)x10

42
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“( Olson )
B = 4.8982
D = 3.32Bx10
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TABLE - 29

Vibrational Term Values in cm "
AiZ+"“ State of MaH

v ey, v =20) Plwovy =1y Average
R R e iR . 27966.5 27006 . 50
13 27419.5 27420 .6 27420.03
14 ST7Te 4 27771.5 2712 . 48
15 28120.0 28120 .6 28120 .28
16 28464 .7 28464 .8 28464.73
17 28804 .3 286804 .1 28804 .18
18 29138.0 29138.3 29138.13
19 29467.7 29468.4 29468 .03
20 29791.9 29792.8 29792.33
23 39111.5 301123 30111.88
22 304251 30428.5 30426.78
23 - 30741.7 30741.70
24 31951.5 31051 .50
25 . §3358.7 31356.70

X

The ground state Lerm values are nsed, given bellow.

581.19 cm |

feri=0y) =

T(v = 1) = 1714.47 cn '
These ground state term values sre determined by using the
relation ¢4 258 the vibrational constants are taken fromnm

Herzberg [45], given bellow.

e = 20D
wexs = 19.72
weye = +.16

43
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TABLE - -390

Rotational and vibrational spechtroscopic constants
for the A':=T- State of NaH

-

CONSTANTS ~ THLS WORK  STWALLY PANKHURST
To 27284 0 eieien ‘ 227191
o 309.00 S 31y e - 3198
we xe 5.995 -2.703 5.41
weye n.203 0.262 -9.197
we ze 0.00082 -0.939 -0.00073
weaex10® 0.0076 0.16 ' 9.0073

N\
Be 1.7106 712 1.696
e 0.0948 -0 . 09102 ?.1083
re -0.014 -7.0123 - -0.9175
cex10’  ©.999 0.672 .
pex10® -1 .466 - -}, 180 -p.42
eex10”  1.255 .18 ———-

L5



ctate are listed in table—-29 and are plotted against (v + 0.3) 1in
figure—-7. Finally the rotational and vibrational constants are

compared with those of early workers in table-30.

The KH spectra are shown in figures 8 and 9. For the KH
molecule, eleven new bands are observed invelving (v = 0) of the
ground state and (v = 24 to 34) of the A state and twelve new
bands with v = 1 of the XI state and (v = 27 to 38) of the AX
state. This is about 99% of the expected bands for the AZ state.
Wavenumbers of P and R branches of the bands are listed in tables
31 through S5+ The ground state combination differences are
presented in tables 36 and 37. Some of the data for determining
band origins are given in table-38 and a typical plot is presented

. in figure—10. Combination d#fferences for v = 32 through 34 are
calculated in table—-3%9. Rotational constants of the excited state
are presented in tables 40 and 41. The plot of AG versus (v + 0.35)
is shown in figure—11. Vibrational terms for the levels studied
are listed in table—-42. The rotational and vibrational constants

are compared with those of Bartky and are presented in table—43.

In conclusion, the observation of 40%Z more vibrational levels
close to the disociation limits in the absorption spectra of LiH,
NaH and KH has enabled us to better dissociation energy values and
more accurate potential curves can now be drawn for these
molecules. Vibrational spacings\for the A state of LiH, KH and NaH

are compared in table—44.

The spectra of potassium molecule have - been studied
extensively in the ultraviolet region. Fgur electronic band
systems have besen recorded namely E-X, F-X, G-X and H-X of this
molecule. Besides two new systems of LikK have been recorded. In
addition to this the E-X and C-X systems_ofklithium molecule are

measured. The spectra are shown in figures 12 and 13.

The E-X and F-X systems of LiK have been observed for the
first time. Band head positions of these bands are listed in table
45 and 46. The Deslandre’s tables of E-X and F-X systems are given

in tables 47 and 48. The term values have been worked out and are

46
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TABLE -

2

Wavenumbers of the

R and P—braqches of

A'st — x'=' system of KH
C27 1) £28.1)
J R(J) P(J) - R(J) P(J)
§ eadr e
1 191.37 25094 .32 1 25333.82 25327.52
2 P94 .17 ?83.42 2 497 85 \ cveias
3 P83.12 P67 .89 g Sooooes 309 .93
4 P67 .55 P48 .05 4 300.18 281.04
5 P47 .56 $23.90, 5 280 .09 256.72
6 @23.16 24995.16 6 SRR 8F - Liioue
7 S808K 38 . el o S S 194.85
8 192.85 157.32
9 8 18 s
10 *113.35 269.08
11 ©66.83 ?18.586
12 S0 95 Secaie
(29,1 (30,1)
J R(J) P(J) J “R(J) P(J)
g 2558746 -~ \ .
1 563.33  ~----- X 1 25789.47 ------
amat e 25546 .34 2 WY I oo
3 545.22 530.75 3 770 .68 25756.59
4 i o s el 4 754.44  736.35
e 486 .60 5 98 88 =
6 484 33 = s Tl AR e
o AT 425 .55 7 678.45 25648.42
8 420 .48  387.78B 8 BT o=
9 382.81 343.20 g Lewens 568.77
e R 296.39 9 A8 9 .
1y 201 @4 245 1B 11 D19 . BE 46D 73
12 aauagn 199 .58 12 461.53 413.06
13 183 82 120 84 18 485 98 e
14 343.53 287 51
15 1. 82 2P .1
18 207.94 143.54
$F . s ?65.59
o ey s

to weak to observed.

41



TARLE - 32

Wavenumbers of the R and P-branches of

AR~ x5 Eyatem of KH

Gl h) (a2:1)

J R(J) P(J) J R(J) P(J)

1 26008.32 = 5 - 28168 45 eesai
2 ST o e 6 138.37 26114.867
$oogsdgd 9 u ‘ 7 198.68  ©79.61
4 e e 8 973.25  940.71
5 e 25990 08 9 @33.51 25997.20
6 925 .99 990 .53 19 25886, 18 —aa
7 BES 75| et 11 - 896.58
L 827.25 12 25886.91 840 .48
9 821.85 783.05 1 828.98  777.91
10 777.63 736.84 - iy 766 .56 712.89
11 728.18 684.62 15 700 .67 643.02
12 677.23 628.92 |\ 16 628.14 568.06
i3 . "Sihye 6B 78 o Y 551.61 486. 14
14 Sadeae LA '8 48018 @ T
15 490 . 54 431.24 19 387.03 shoie
8 w1976 356 .89

17 344 .94 278.21

18 265.34 194.21

19 - 1iES 108 . 94

20 P93.39  —--——-

—————— to weak to observed.
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TABLE - 33

Wavenumbers of the R and P-branches of

a'st — x's* system of KH
(33, 1) S(3478)
J R(J) BT J R(J) P(J)
P s 26418 .22
2 76416 88 407 .12
3 d@ies o A 3 26602.53 26590.95
g aw o 4 586.24 | sa-eee
5 365.29 344.91 8 563.18 544.43
g 338.71 314.47 6 534 .36 513.05
7 e 7 504 .80 478.84
Ea e 240.47 8  468.51 438.12
9 231.54 196.84 8 - 428.51 393.61
0 iR BE - ree g 38279 | 343 92
i 994 .21 1y 851 4 288.57
12 bel 7. 936.26 L e R
13 Wb e S e
14 —=—a-- e 14 = —me-=et 0 aianao
1§ ds 5 25834 .15 35 929.21
16 25819.38 758.14 16 gipEgs i
17  740.78 577.68 17 EeaT T aa
18 659.73 593.81 18  849.86 25784.87
$9 s g 504 . 58 19 761.68 695.07
20  483.43 411.92 20  670.04 609 .92
21 3% 75 312.08 91 5TE B i 8
92 - 288.78 211.99 o et 399.51
25 187 56 104 .00 B8 Vi i
o waa . 24 282 41 182.02
- 25 - 48 o8 P65.62
5 Wz el 0 oo

51



Wavennmbers of the R and P-branches of

Alst — x's! system of KH
(35,1) (36,1)

J R(J) P(J) ’ J R(J) P(J)
1 26618 .58 26813:32 bR Rt R 27003.52
2 802.02 2l ke 26991 .96
3 i es o o 3 26987.56 975.75
4 78038 764.. 16 ¢  955.47
5 758.11 738.92 5 946.61 928.44
6 73093 708. 29 6 919.51 897.48
3 698.95 672.99 7 B2 .y5 . o8
8 B0 58 oo 8 850 .06 821.87
g 587.26 g = 776.05
19 574.32 539.09 10 762.24 726.27
14 528 @8 483.77 11 7099.14 670.62
12 287:47 424.92 12 985 27 611.53
13 406.48 360.86 13 592.18 547.24
14 3198 14  525.32 478.25
% 15  455.78 4094 .99
16  381.68 326.03

Skl
3
W
Q
Q
w
w




TABLE -

Wavenumbers of the

FaS

R and P-branches of

a'st — x's* system of KH
€37 1) (38, 1)

J R(J) PCJ) J R(J) P(J)

I Drian el

2 185.22 27176.93 2 oMM BT s

e s s 3 347.54 27338.95

i e 138, 21 4 331.24  316.86

5 13118 . 113,01 5 307.98  290.43

6 193.38  ©981.72 6 279.76  259.85

7 970.68  ©45.95 7 245.60  221.74

8 932.10  004.14 8 208.51 181.72

9 269909.85 26958.48 9 166 . 50 137.41

Sane S e 10 117.59  ©85.42

P JEE R oo 11 Pea. 09 . DIT 87

12 854.03 793.27 . ME e e

¥ 77iel 728 .85 13 26944.67 26902.20

4 79516 BieM 14 - 87707 832 B

o o R 1 585.57 e e 756.71
16 72844 B78.89
17 - B846.87 592 .95

—————— to weak to observed.




TABLE -+ 26

Gronund-staste combination differences

"

Ak 1) =

. G |

RCJ=~1D

~ PCJI41D

ot 1)
A7 =X Y evabam of L KH

"”

AF (J)
J (24,0 (25.8) (26,8  (27.8)  (28.@) ....(34,0) AF (3)

(Obs.) (Cale’.:)
TR s e 3988 sdit9 syl ot 33.82
g DRl 46.65 47.25 47 35 aag o 47.23
4. 8L mese oo o R 60.74
SaE WG dide 73 dn uadiag it ma 74 .34
e B8y o na s R 87.74
7. 100N agies 199 R - ol g 100. 54
g:  1taWE s EEetnL ol s Rl 114 41
9. 12714 te el 1E - Y 0 127 .63 | 127.24
10 149.40 141.20 141.61 ----m  —m-mm- 139.61 141.60
11 —----- meeeem eee—eo 3o 153,52 158,52 15219
B 16E §9 BT a7 ooiiio o yae ks 186 2V 167 92
= 175 94 1B 1TSS g 179.94 178.47
T coulme s agRIGE L L e 192.44 199.94
e ool ol e O e e 206.23 205.59
e Ll syt eE 31856 Pt e 218.84 217.74
1 P W SeeiLl d6v es 230.96 231.55
U T 242.98 243.96 242.08
e SEEE s L e 256.85 254.87
TEERCRL e wn e 269.22 267.55
e e Ll aEe 277.54

X



Ground-state combination differences
- PCJ+1D

TABLE ~ 1 37

A2F () =

ted XfZ+ system of KH

RCJ=-1)

AF (I) .
3 (27,000 281 (2915 a1y (110 AR 1AL (1)

(Obs.) (Calc.)
5 goags. - - ool Sl el e 20.11
z 33.48 32.89 32.58 32.88 @ hiEooamaaE oo 32.92
5. 46.12 4B 01 i 48 .98 | ——ea- 46.91 45.96
q. & - 58.62 S 59,12 BT 11 57.74
5. oak SRR e S 72.10 73 14
e 85.24 fen e 524 . tan v B6.24 85.75
o e e 98 .24 g8 2 98.74 98.P94  98.49
e 109.69  112.79 198.19 119.92
9. —-----  123.79  124.99 N ----  ------ 123.09 124.16
19 - 136.63 13783 e 136.43 138.93 136.56
e e R YRR s e e 148.68
o R e 161.50  ------  161.49 162.79 161.85
L o R R R 174 .54 174.12
M il Satetc o> IHRBE HE 86 187.96 188.87
15 o L ISl R R Laae 199.94 199.43
. Loide e FiWEds oo Rs oD 212.87
Laa e SE e o L GO R el L 225.56
. W T g e 234.36
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Data to determine the band-origions of the

A12+_ Xiz+

TABLE -~

=9

system of KH

[RCI-1)+PC(J)>]1 /£ 2

J J (32,0) (33,8)

2 4 27158.44 27370.32
3 9 27146.16 27357 .99
4 16 27129.07 27340 .89
5 25 27107 .65 27318. 90
& 36 27084 .12 ——mmme-

Y ¥ 27049 .90 27260 .35
8 64 27013 .59 27223 .80
g 81 = —————me 27182.88
19 100 26927.17 27136.24
11 121 e 27085 .41
12 144 26821.48 27050 .92
13 169  26761.88 26968 Q6
14 196 mmmBaee el :
15 ¥9s5 26628.11 26833.97
16 258 —mmmge 26758.98
17 289 26475 .69 26680 . 21
e 26596.73
190 381 E e 26508 .59
20 400 S 26415.16
2P gl e L

B dma. Lo

T e R e e

(32,1 (33,1
26139.56 26339.88
26198.99 ----——-
26074 .69 26274 .10
26035.22 2 ~——-m-—-
25942.88 26139.58
25832.41 ———-—e-
25770.93 2 —--—-e-
25704 .80 2 --———~-
25634 .38 e
25557.14 25748.53
25476 .69 25667.29
——————— 25582.15
——————— 25492 .89
——————— 25397.75
——————— 25299.42
——————— 25196.89
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A¥X—-State of KH molecule, using the data of (32,8) band.
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TALE - -39

Data to determine the rotational constants of the AZ-state

of the A'st- x'=% system of KH

[ AzF(d) = ROJ)-FCd) T /iGiel/ 2

(Ieb2)y. (32.0) (33,0) (32:1) (33,1)
1 2.25 3.820 @ -—---—  ——==— e
2 6.25 3.736 3616 @ ———-—- 3.940
3 12.25 3.701 3.677 . =mmem e
4 20.25 3.811 3.671 = mmme= mmee-
5 30.25 3.807 3.689 = ---C= . 705
6 42.25 3.801. | a———- 3.646 3.729
7 56.25 8 .71 3.681 3.876 @ -----
8 72.25 3.815 3.675 S
9 0 35 s 3.574 3.822 3.653
19 118.25 @ d---- 3.600 @@ ——mmm e
11  132.35 - 3.796 3.655 = @00 m—aon oo
2 15625 3.758 3.630 3.714 3.637
13 18225 M7 e 5 3.783 2 -——--
M0 .25 —Eaee 3.641 3.711 ———-
15 248 .25 e 3.579 3.718 @ ~=iee
% 2005 3.687 3.606 3.6841 3.711
17 38B 25 3.726 3.634 3.741 3.606
18  342.25 =@ weee- 3.582 3.644 3.563
19 3825 ¢ - 3.467 . m—ewa 3.599
20 42025 ¢ ta oo .82 eeool 3.532
21 4E2-7% G smsoe e B 3.519
22 S86.25 . eree e dee DGR HE SRS 3.497
23 552.25 SR e o 3.556

S8



Rotational constants of

of

the

WARLE: —

40

A's?. state of KH.

Lhe vibrational levels

Bands Bands origion
(v,9)
(24,0) 25322.1* 0.3
(25,0) 25570 .1+0.5
(26,0) 25814 .5+0.7
(27,9) 26055 .00 . 4
(28,0) 26286.320.3
(29,2)° 26507 .63 .9
(39,9 26739.1+0.7
(31.0) 26957 .2+0.7
(32,0) 27169.3%0.8
(33,8) 27379.2+0.6
(34,0)° 27588.1%0.5

N\

¥

these bands origin are

Rotational Constants Of the x's'- state OfF KH in em *

‘l

not nsed

v Dvixi1ge
1.134+x0.001 6.94*0 .67
1.111+0.004 3.25%0.08
1.08:7+0 .05 6.150.06
1.077+0.003 8.51+0 .08
1.06+0 . 904 6.03+0 .05
1.935+0.003 3.010.05
1.010+9.005 8.48%0.06
0.981+0 . P04 5.55%0.07
0.9490 . 006 3.3340.05
9,920 . 0B5 4.57+0 .04
7.905+0 . 0D 3.07+0.05

.24

in calculations.

( Present work

)

Average B ‘= 3.379 % @.008
=l

Average D

S

9.86) x 10

( Bartky )

3.871

12781 218

5



TABLE - « 4}

Rotational constants of the vibrationalvlevels
of the A‘Z+— State of KH

Bands Bands origion B : Dyl 10T
(vil)

2 ) 25181.128.5 1.075+9.004 6.30+0.95
(28,1) 25333.7%0.6 1.06610.007 9.51+0 .08
(29,1) 25564 .0+0 .8 1.035+0.006 6.15%0.08
(30,1) 25789.5%0.6 1.008+0.005 5.51+0.05
81,1 26009.10.5 0.981%0.006 5.32+0.95
Ny 26220.1%0.8 ?.946+0.004 5.70+0 .05
£33.:1) 26425.1%0.7 - 9.928%0.008 7.71%0.04
34,193 26624 .2%0.8 ?.901+0 .006 7.79%0 .07
(36,1) 26820 .20 .9 @.876+0.005 6.45%0.07
(36,1) 27010 .3*0 .6 ?.852+0 .005 4.68+0 .06
(AT, 1) 27195.2*0 .6 ?.830+0 . 006 5.36%0 .06
(38,1) 27373.3%0.8 \\ ?.801+0.007 7.57+0 .03

Rotational ‘Constants Of the XIZ*- State Of KH in om_1

( Present ‘work ) 3 ( Bartky )
Average B- = 3.2848 + 9.098B B = 3.2898
Averase D = (it 99 +@@e) x 18T R p - 1331 xMBT

60
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Vibrational Term Values in cm

TABLE -

i

A'st—— state of

KH

-1

Average

% Ty = ) Tev, v =

24 Zogilsdhf i Ve BT e se T e s
2.6 2605803 CrREaG

26 263002 -7 S o
25 26543 .2 26544 . 2
28 2605 ARG
29 2649956.8 27007 .7
30 2NEET 3 SR SR
31 27445 .4 20D 72 3
32 2itBeoT -0 27663 . 3
33 27867 .4 2786843
34 28R76.3 28067 .4
35 S 28263.1
SO - e 28493 h
37 e ol 28638 4
38 e \%88]8,?

The ground state

These ground state

relation

Herzberg

term values

are nsed,

-1
em

25810 . 30
26058 . 30
26302.70
26543.77
26775.72
27007 . 20
27230 .02
27448 .87
27660 .42
27867.87
28067 .40
28263 .40
28453. 50
28638.40
28816 . 50

given bellow.

Jre-e
T(v

Cd 7280
(4517,

7
L)

the

= 488.22

= 1443.22 em

term valnes

vibration

given bellow.

wa = .983 .6

weaXe =

14.

3

[y

are

al

determined by

constants

are

using

taken

the

from



Rotational

TABLE -

and vibrational spectroscopic constants
for the A'S’- State of KH

THIS WORK

BARTKY’s WORK

CONSTANTS
Te 19050 . 4 19952.8
we 228.31 228.23
we Xe -6.004 =5.750
weye -9.2096 -0.1693
wezex10” “F A - e
weaex10” Samn e ool
webex 1@’ S8 - i

Be 1.349 1.269
e -0.0248 -0.9375
rex1p® ~2.427 ~2.32

cex10” T e
pex10’ e

63



TABLE - : 44

5 ”> " 5 1 +
Vibrationsal Spsceing AuG(v) of the A'Z -~ State

. ok
of the A'E'- 5 =systen

Lifk kel KH
v’ &8 (v ) v’ A0 0¥ ) v AGlw
0 281 .90 3 343 .61 2 257.83 28 230.30
1 317 77 4 349 .29 3 266.39 29 225.50
2 33983 8 354 A 4 273.56 38 - 218.85
3 35292 6 357 .43 5 279.46 31 211.585
4 365.80 74 368.87 6 284 .18 32 207 .45
& 37049 B 360 .52 ¥ 287 .80 43 1898.11
6 38261 S 366 .00 8 290 .47 34 196.00
7 S8l 07 162 359.50 ) 29227 35 199.10
8 390 .47 1 358.48 18- 283.208 36 184.08
g 391.64 - 354 .09 11 890t 3 1 1)
19 391.16 13 ool gl 12 282 82
14 38819 =14 348 .10 13 = 491,68
12 385.83 15 344 .21 14 290.99.
13 38118 16 339088 15 5 28779
14 375.81 17 33&346 18 - 285.11
I8 368.22 18 330 .11 17 282 00
16 38966 19 324 .42 18 278.48
17 350.98 20 319.47 19 274.60
18 338.61 2 31643 20 279.386
19 325.06 22 313.21 21 265.79
20 308 .88 23 309, 22 260.88
24 289.41 | 24 3P5.24 23 «.255.B5
22 265.86 24 248.00
23 237 .46 25 244 .49
24 203.62 26 241 .85
25 17491 RIS 73185
In 1LiH the datas points npto v = 15 are taken from Stawlley[32]
In HNsH +fthe dsata points upto v = 11 are taken from Olsson [§]
In 8N Lhe dats points upto v = 23 are taken from Yang [37]
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pres=nted in tables 47 and 50. The AG values are listed 1in table
. 51. A correlation diagram is shown in figure—14. Computer methods
with least square fits are used to find out the molecular
constants, that are given in table-52. In all four systems of
potassium, study has been extended to higher vibrational states.
The spectra of E-X and F—X systems are overlapped. These systems
were first observed by Yoshinage (20). Later on Sinha (21) worked
on these systems but his analysis was unsatisfactory. In  the
present study. the systems have been extended to higher
vibrational states. In all, 37 new bands have been' recorded. The
band head positions of E-X, F-X, G-X and H—X,systems of potassium
molecule are presented in tables 52 through 546. The Deslandre’s
tables of thsse systems are given in tables 57 through ‘60. The
calculated term values of E, F, 6 and H states are given in tables
b4 and 67. A correlation diagram has been constructed and F and G
states have been correlated to 4PD and 4D P states of one of the
potassium atoms respectively whereas the other potassium atom 1is

assumed to be in the ground 5§ state.

mn’

In case of lithium molecule, new bands have been recorded for
the C-X system and a new system named, E—X system is observed. The
band head positions of thess systems are given in tables 48 and
&7. The Deslandre’'s tables are given in tables 70 and 71. The term
values of C and E states are presented in tables 72 and 73. A plot
of AG versus (v + 0.5) for the X state of lithium molecule is
shown in figure—1&6., whereas the\AB values of C and E states are
given in " table-74. The molecular constants ‘Df lithium are

presented in teble-75. A correlation diagram of lithium molecule

with separate lithium atoms 1is presented in figure—-17. The

dissociation energies calculated using Birge—S5poner and from the
corvrelation diagram for LikK, potassium and lithium. molecules are

listed in tables 76 and 77 respectively.

Dismuth molecule, two distinct systems are

as G-X and J-X systems. The bands are degraded
Z1  bands have been observed and vibraticonal
analysis is presented. The spectrograms are shwn  in figure—18.

The band head positions and the Deslandre’s tables of G-X system

)
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TABLE <45 :

BAND. HEAD POSITIONS OF E-X SYSTEM OF LiK

Vi KoLr(Ao) L'vuc(obs)cn;1 P.)\/cw;(ccxl.)cm"1
G2 3804 .0 26280.3 262789.1
6530 LB 26463.9 26463 .6
G50 3752 2 26643 .2 /286427
3.0 7579 268171 - 26817.7
Cdi i) 3764 0 26889.9 269888.8
550 3681 2 211564 2715611
G655 SH558 2 ShArAc el 27319, 7
Gl 3638.1 7479 B 27479.86
¢85t 3647 276339 2768356
(9.0 3587.6 27788 1 27787 .86
C1d, 03 3578 .8 27935 3 27935.0
Gl Bt (Al 26253 6 ¢ 262541
21 S aE 26434 .1 26433.3
t 3l R 573 26807F 1 28608.3
4ol 3733 .1 26719 B 26778.3
& iy STl 26946, 2 26948.7
658 3687 .4 27111 .4 29 L1e 4
AR 2860 1 27270.0 27270.4
c8 1) 38453 27424 1 274262
(51 3624.8 27579 .8 27578.0
Gt 1) 3597 3 2786128 27868.3

68

A

\



TABLE .44 :' BAND HEAD POSITIONS OF F-X SYSTEM OF LiK

YooV Aoair € A0 b vvac (obs )cm—,' vvac (cal )Cm_x'
CE B 3345 4 : 29886.7 29887 .4
¢ Lol 33298 30022.7 30022 .4
{2 A 3314 .9 30187, 3 3015%7.0
300 aslliy 3 30283 3 3028113
L4, 8285.8 0425 30425.1
£5.8) d2714 30558 .5 305688.1
(6.0) 32573 30691.1 806815
7.8 32883 3DB23 7 30823.9
(8,09 SR e T R I HHY 30855.9
(9.0 S5 B 31086.9 331087 .3
£ (30 28D 3202.3 iy 31218.3
CLl ) 3189.0 31348.6 31348 .7
120 3175 .8 31479 1 31478.5
i Uy GRS, 31808 .4 31607.9
(ol ) 31508 FL 7358 S1Vae: 8
el S TaT 31865 % Si18B6551
Ll Si24 7 Jig983.1 318830
ety ShEes 302 =l 321205
G800y 3100.0 32248 7 327476
¢ 19.0) 3087.9 32375 0 SPASHE:

2,00 3075.9 32501:8 32500.6
(11 A369.5 VS SRS G 2481258
SETRES 3353 3 29812 .8 28817 9
Gty 38982 2994 7 28947 .5
L3010 BEZ8 .3 30082 .0« 30081.8
4. 1) 33U8.86 30215.6 \ T ln i b R
&5 1y 3294 .0 30349 .2 } :30348.0
5.1 3429 ¢ 30481 .9 \ 30482.0
) 3285 5 30614 .4 -30614.5
k) 3251 .8 30746, 3 30746.4
(9,1) 3237 .8 IABTT 1 30877 .8
SR 3224 .8 31008 .8 31008.8
til. 1) 42105 31138.0 31139.2
120k 31897 1 31269 .3 31269.0
gy 2483 .9 31398 .2 31398 .4
&1 oy 3128 8 31528 8 1821 53
RSy A8 “RtHR4 8 31555 .7
iRl 31455 217828 31783 6
il 4828 31909 .9 3191106
Wi SRS SREgE T 320880
EsE ety 31082 321636 32164 .8
R oy 084 .Y 32280.8 322910
101 3400 . 1 28402 . 29401 .4

ey

N D,
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Table 47 : DESLANDRE’S TABLE OF LiK E-X

e

v’ 0 1
0 S ELTIE L h
1 26463 .6 262541
2 26642.7 26433.3
3 26817.7 26608.3
4 26988.8 26779.3
5 27156.1 26946. 7
8 27319.7 27110.3
7 27479.6 27270.4
8 27635 .6 274262
g 27787.6 27578.0
10 gyl n . .
SE e 27868.3

T
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Table 48 : DESLANDRE’S TABLE OF LiK F-X

o v . 0 1 2 3 4
0 29887 .4 29677.5 S Tk &
1 30022.4- 29812.9 -~ .§29401.4 --
Z 30157 .0 29947 .5 29740.5 -~ 29333.9
3 30291.3  30081.8 - it i
4 304251 30215 .7 2 = o
5 30459 . 1 30394 .0 30142.0 - -~
8 30891 .5 olreae S = S
7 JUBZ23- 9 JB4E -5 e 30202.8 S,
3 30955.9 30746 .4 30539.4 - -
g 31087.3 .30877.8 i e o
10 31218.3 31008.8 - 130597.3 -~
1 31348.7 31139.2 E\ e i
12 31478.5 31269.0 = o g
j3 31607.9 31398 .4 31191.4 - e
14 31736.8 315273 31321.8 =5 S
18 31865.1 31855 .7 = -~ o
16 31993.0 31783.6 == o o
17 32120.5 31911.0 31704.0 Sz e
13 32247.6 32038.0 £ e el
19 32374.2 32164 .8 = s 4
20 3250U. 322910 -+~ -- --

T12-



Table 4%: TERM VALUES OF E STATE OFR L2 K

v 0 1 _ave
0 26385.9 mmmmma- 26358.9
1 26569.5 26568. 2 26568.8
Z 26748 9 26749.3 26749.1
3 26922.8 26922.3 26822.5
4 27095 1 27094 .7 27094 .9
5 27262 .86 27261.3 27261.9
6 27425 .8 27426 .5 274261
7 27584 .5 27585.1 27584 .8
8 27739.86 27740.2 27739.9
Y| LIRS R =8 27894 .1 27883.9
10 28040.9 g . 28040.9
I s 28183.0

2818&0
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\
3+ S\

13

R et SRS O SN A
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‘Table '$0,: TERM YALUES OF‘F STATE: OF 1 1KE

v i
v’ 0 1 2 AW ave o
0 |20993 7" "pggeslq SAEOT LN HERTEREE IR 29993.0 |
1 |so128.4 3012797 --tii ” giogiipiiese Ll ag e st |
3028297 50262 11790268102 Lo 30262.1 30262.0 |
3 30397.0  30397.1 -----i- - mmmm e 30397.0
4 30530.8 ' 30530.8 —----—-if onllmotiic SUl Dl 30530.8
5 30864.1 ‘3066413308845 ¢ LiUiELL o TR . 30664.3
6 30767 .8 .1 30798 0L i e 3079737 Sar-chn 30787.0 ,
2 0928 3. 30928 8 Lo 30831.0 ~------ 30929.9 /|
B 081 3 at0B1.4 31081 8 ool e 31061.5 ;
O I3EI82.6 131193 0 koot e e G TR ;
1o g s Maing b 313231 ina s 31323.5 |
11 |31454.3 31454 2 ot outoen s icER R et i |
12 131584.8 81584 .4, -—<t--m-ll e oeR e D P §
$3 {31714 0 31713.9° Siyi4a2 . ik Beel i o e )
14 . 131842.5 31841.9 31843.1 ~---=me: ~o-ooid 31842.5" |
15 [31870.8  31969.1 =------X  ------= ==-—-.- 31068.8 |
56 {39093 .8 32097 BN ocirs | eme---- o------ 32098.3
17 |[32228.9  32225.0 B32227.4 @ ---S-o- i —-ooo i 1322284
13 [32354.4 32352.3) —mmenoeeemdec Cioooos 32353.3
19 [324B0 & sza78 7 o solno i i b L
20 |32608.8 32B05.8 —-----= o mmmm—om ool 32606.2
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Table -&7) .: YIBRATIONAL TERMS FOR LiK E-X AND F-X

r Lik CcE-%) LiK(F-X)
Vil/2 Delta(G)em Delta(G)em'
5 133.7 180.3

1.5 135.0 173.4
2.5 133.8 197 .4
55 133.5 167.0
4.5 132.7 164 .2
5.5 132.9 158.7
6.4 131.6 155.1
7.5 191 .3 154.0
8.5 130.7 147.0
9.5 130.7 142.1
05 R - e s
11.5 e e e e
2.5 T desae O a
13.5 127 .4 N
14.5 128.4 e
15.5 L e
16.5 s i e e
17.5 126.4

18.5 TR e

76"



TABLE 52..: VIBRATIONAL AND ROTATIONAL CONSTANTS FOR E AND F
SEATES-OF LYk,

ai) B SN TE

Te = 20975 5 cm -

We -~ = 18527 om
texe: = . 135 Cm‘_1

weye = 8.0324x10° em !
o ' = -.000291 em’

Bo - o 180 en”

De = 8.9x10 'cm

b b STATE
Te - 26991.9 cm

2 -1
00& =188 85 cm

1

&

waxe = 2.580 em

AR S =3 =%
e ve = 8 %2301l cm

e =i =0 0018 (:l’al

Be = 0.185 em
Bo 7. 1x10 “em * \
) GROUND STATE
Te = U
21197 8%
Vs 78 op
B I I E o
4 = 0.002 em
P)e Tt S cm~1

76
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TABLE 'S4 BAND HEAD POSITIONS OF E=X SYSTEM OF K>

Voiry Aair ( AU ) ' Lvac (obs ‘)cmn1 J Yvac (cal Yem |

0l 3627 .8 27558 .4 Ciant &

Ly 3625.9 2/821.2 le]q.b

G 3611.5 2768435 27680 .6

; £ 3.0 3603.86 27742 .4 27740 . ¢
1 (4.0) Ja8dh. 9 27800.8 27800 .
(1) 3638.8 27446 0 27485,
Clal) 3631.8 27528 .1 Z2ials
A 3623.7 27558.0 27589 .
Eabaiy 3615 .4 276581 .4 27649
T (ol SBUTT ST SEY VAderan T
E ol 3600.2 27768 .1 277868.
.29 3651.9 LR N TR 27374 .

=

27437,
27498 .

27438.
27500.

(L) 3643.
{2 8] 3635.

wrccimeﬁhzb

~ ¢
'r"mm\]u@@Hm@[\JCﬂbJDU’D?'

€3.23) 3627 .8 Ao 27558,
€45 S5 e 4B, 27618 .
o 3611.9 27678 . 21677 .
CBRa) 3604 4 21738 271136
(13585 abas g R 273486 .
L2 00 3647 AT e e 27407 .
£33 35381 27469 .1 21488
€638 3616 . 27645 .8 27848 5
(=(8) 3608 . 270t g 27705.6
G830 3600 . 27764 .9 27764 .4
ched) 3676 . 27194 . 27184 .5
1.4 3867 272586 . 292548
(3.4) 9851 . 27379. 213785

24437
27496 .
27874 .
25732
FATAEES = o
211687,

4.4 3643
Cad) 3835
ot (8.4 CIBED
(9,4) 3604 .
3597
(-8 3680.

274382
274897 .6
26974 B
27733.1
2079 1
27187~9

S
I NONOWDOU K VD =

LT3 D W OO Ry~ ol

ALY 3671, 27227, 27229 .4
(3.5 3663. 90 27789, 27289 3
(4.4 Jusiie R734 /. 27349.0
LB 37005 27D 150 27016.8
| 1.8 36921 278, 27079 .2

74




TARLE «Ste BAND HEAD POS1TIONS OF G=X SYSTEM OF K2

0 5 ‘
STy ! : -1
dair (A ) vvac (obs )Cm pvac{cal ycm

(0,09
(o oy
C e
€313

3 c4 .0
(=)
(CaEeE Y
7 Uy
GE )
(9,0
*(10,0)
foRL 0D
12 .05
AORCIHEE
eta o009
Gial)
ENisaiy

3560.
3854
3544 .
2 3536 .
3529,
S0Z27
F5 14,
Sals
3561 .
3593.
348
34841
3474 .
3468 .
3487
ROl
9683
3936
3548.
354
g
3926
3519
3514
Aol
3488 .

G

W3~ @N O30 W e

it s Sl R Wey - MW@ X

28081.
28143.

28205.

28266 ¢

28326 .

28384 .¢
29443 . ¢

28498 .
285853.

%7823.

2@685.
28784
28769.
Z28821.
28871.
24989

28098 . &

28118
28175.
28234.
280891 .
2nant.
284086 .
284672 .
28519.

28802

C.

(S,

23080 .

28145.

28204 .

282895.

283295.

28384 .
284472 .

28499 .

28555.

AR
27823

28664 .

28,

28768.

28820.

28870 .¢

27889.
280561.
28113.
28174.
28234.

28283.

28350.

28407 .

28463.

28518.

2857%2.

28623.

ST en R g 60 ey G0 o ) G0 DY O

O w

;ﬂg:vHHCCCDC,(»m:DQ,-Aw:_nCQ

) 492 28626 .
¥(12 ) 3485. 28678 286'78.
w180 1 419 Rraliisl 28729
k(14 ) ad g ZH e Zhsaalash
ek ) A6 28828. 28828 .7
(118 a8 s 24898 ZyndB g
Gl ) Jo9fa S d A 279610 Y
(e SRl caE e oy SRl b
(L) Shit el S R P
by el) QD s A AN Y
A 3530 783880 2aa e d
Sl ) 516 b 28428 .7 I 20
Gl 20 3509 .9 28482 .95 23482 .0
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v new bands
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TABLE 5% : BAND HEAD POSITIONS OF H-X SYSTEM OF Kz

s

B : o = : .
Yooy Aair (A7) vvac (obs Ycm 2 vvac(cal Ycm .

*(16,1) 3288. 30403. 30402.

= ¥e1701y 3379 30480 . 30479.
. 1 *(18,1)+ 3271, 30557. 30558.
%0191y~ 132683 30633 . 30633 .

%(20, 1Y . 3225 30994 . 30994 .

k¢a1ii1) 32477 30785. 30785.

30861.

(0,0) 3420.9 29223.2 29223.3
€1.0y 8di1 8 29303.3 29303.6
2.0 gal2 4 29382.7 29383.9
(3.0)".. 33822 29462 .2 29464 .3
(4,0)" 3383.7 29544 .8 29544 .9
€5,0) 33247 29623.8 29624 .8
(B,0)5; 83865 29704 .5 28704.5
(7,0)  3358.4 29784 .5 29784 .8
(8,0 50334725 29864 .4 29864 .8
(9,0) 7 33387 . 29943.2 29944 .2
61050 54543328.9 \30022.8 30023.5
€1110)4+3921,2 30100.8 30102.8
Lig )~ 3312:.3 30181.2 30181.5
(13,03 3303.7 30260.3 30260.0
(14.0)" 132853 30337.1 30338.3
(15,0) 3286.9 30415.3 30416.3
(16,0) 3278.4 30494 .2 30493.9
(17,0) +:3270.0 30571.4 30571.2
*¥C18,0) . 32811 30647.86 30648.3
*x(20,0) 324586 30802.0 30801.3
*(21,0) % 38871 5 30878.3 30877.4
(1, 1):. 3422 0 29213.8 28212.1
R0ty 34127 29293.5 29292.5
¥(3.1) 34035 29373.8 29372.8
41y 33942 29453.6 29453.1
x(5,1) 3384.8 29534 .8 29533.3
218 1) .3375.7 29614 .1 29613.9
K0, 1Y 33865 29695 .4 29693 .4
X813 3357.5 29775.5 28773.2
*(9,1) | 3348.7 29853.9 29852.7
*(10,1) 3339.89 29932.3 29932.0
(11015 308 1 . 30011.5 30011.2
*(12,1) 7 538823 30080.5 30090.0
& x(1371) . 331386 30169.7 30168.6
i Bk (14,1 y 1 3308 2 30246.5 30246.9
j x(15:1) 1+ 3298.8 30324.9 30324 .8
2 1 5

8 4 8

6 0 8

5 5 5

4 9 2

3 4 g

4 1 8

e 1Y 328y 30861 .

~+ NEW BANDS
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Table $8.: DESLANDRE’S TABLE OF Kz F-X
i v 0 1 2 3 4 5 &
u Lobl 0 u7adt 1. 27374 06 - Z71y4d S = £27016.8
] 27019 5 5280 a7asy o 9vngB @ 272570 GTi87 .9 27nie
2 27880 .8: 27088 2 29498 8 27407 9 = 27289 .3 -

w

N

7740 .
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2ifrba
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Table $%

: DESLANDRE’S TABLE OF Kz G-X

e 1 2 3
2V

0 28080.5- 27989.0 .27898.2  27807.8

1 28143 2.0 28051 .8 2736D 9 -

2 28204 .1 81135 . 2627 B

3 282658 " 28174 &

4 28306 B - IHIS 4 281442

5 28384 .4  28293.0
28442.3  28350.8 . 28259.9 -
28499.3  2840%.8 28316.9

28899
28610.
28664 .
2810
28769.
28820.
28870.

L7 v R A o

i

>

28463 8

29018
208t
28825
28678 .
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W == = (O

8
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28427.8
28482 .0
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Table - 40 : DESLANDRE’S TABLE OF Kz H-X
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Taple . §):

TERM YALUES:-OF E:  STATE OF

¢
s

K2

86

¥

AN A 1 2 ' 3 4 S B ave
0 [26525.3 26525.3 26525.3 28523.7 26524.1 26525.7 26523.7 26524.7
B 128567.0" 76580130 26888 9 26586.5 - ----- —-oomioLoiio 26586.8
2 |26848.2 28BB439.5 26648.8 '26B49.7 ------- —ccmcon mmeoo 26649.0
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TERM VALUES OF F

STATE OF Kz

vf
R 1.~* & ! 4 2 B ave
helg7804 4 276D3.4 27603.5  -—=m7o0 SIBAT & aoesen 27602 27603.%
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Table « 63 :

TERM VALUES OF & STATE OF K2

02 s G p R oy WY o S, e

e e e T T S S e
AU~ S S S U T R

i
o ! Aot 3 ave

28127 .4 25126 .6 28126.5 28128. 1 28128 ¢
28189 .4 28189.9 BBIAL 8 i 28188.9
28251 .2 28249.8 BN 2 e 28247 .4
28312.9 283188 -solill e il 28312.86
28371.1 28370.0 it e 28371.0
28430.7 POGZE L annl o e 28429.9
28489.2 28488.9 chenlE 8§ - ol 28488.9
28544 .5 2854§\§ T eSEE e e 28544 .0
28599.7 28600.2 e TR 28599.9
FED50.4 © 9BB56.5 -l 28856.5  28857.1
28710.4 28711.5 Mo g i 28710.9
28763 .7 20784 ¢ anoasLl it L 28764.0
28815.0 2BBIS B 0 soloooo oas ol as o 28815.3
28867.0 20888 0 & e uo. D g 28866 .2
28916.9 28916.7 comEcas o B Lo gtle 28916.8
_______ 28965 .7 ——————— ——————— 28885.7
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Table -

64 : TERM VYALUES OF H STATE OF Kz

=
L& 3] 1 ave
) ro v s SRR T 29269 .1
1  29349.2 J05t 2 o990 o
2 29428 .6 29430.9 = 29429.7
3 29508 . 3 29510 1 29508. 2
4 29589.5 28551 9 29590 .2
5 29669 . 5 28872 3 29870 §
6 297504 29752 .4 29751 .4
7 29830. 5 29832.8  29831.6
8 29910.3 | 20912.9 299116
g 29989.0 \ 29991.3  29990.1
10 30068 .6 \\\ 30069.7  30069.1
11 301467 30148.9  30147.8
5 30227 .1 sd8os 9 30097 5
13 30308 .2 30307.0  30306.6
14 30383.0 30383.9  30383.4
15 304B1.%2 3NdB2 .3 30481 7
16 30540 . 1 30540.5 305403
17 30617.3 30617.8  30617.5
18 30693 5 30694.5  30894.0
SRR 30770.8  30770.8
20 30847 . 1 30846.7  30846.9
21 50924 .2 30922.8  30923.5
Sy L G 30998.5  30998.5
89



Table 65 /: MOLECULAR CONSTANTS OF K2

STATE ¢ Te we we Xe we _Ve
H® 29228.5 80.7¢C 0.037 2.63x10°°
+ B3 + 04 + 005
b -« s e ES - 7
H 29228 .0 81.092 RS e D
+.034 + 001
G" 28094 .7 63.67 .49 e
€ 4y * .04 + .04
A 28094 .3 B3 .7¢ 49 e
+ 93 + .80 + .04
. g 275709 85.01 1.36 ‘1432
oA 2l + U89 + 014
" MR T572 82.14 iR R e e
+.80 % .0 +.005
g 26492 .8 63 .5 389
. 011 + 18 * 018
£® 26492.98 | 83 .5 SR R e
0.3 + .05
X 0 g42.02 sPgHa e HE el

a = present work

e 4 b
b= previcus wvork (referernce no. H = 15, G = 14, F = 14, E = 17)

a0



Table « ¢4 : VIBRATIONAL TERMS FOR Kz E-X AND F-X

K2 (E-X) . Kz (F-X)

V+1/2 Delta(Giem' Delta(G)em
5 61.6 §2.4

1.5 82.6 61.3

Dk 62.2 60.0

3.5 59.2 587

4.5 59.8 59 .4

5.5 8.0 58.7

6.5 58.5 \ 61.5

7.5 57.8 \ 57.5

8.5 56.1 57.0

9.5 55.5 59.2

10.5 53.2

5 ok

e




Table « ¢4 : VIBRATIONAL TERMS FOR K2 E-X AND F-X
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Table

b7 V} BR’A_TIONAL TERMS FOR Kz H-X AND G-X
: K2 (H-X) Be (G-%)
V+1/2 Delta(G)em Delta(G)em’
.5 81.1 62.3
1.5 79.5 58.5
2.5 79 .4 85.2
3.5 81.0 58.4
4.5 80.0 58.9
5.5 80.5 59.0
6.5 80.2 \ 55.1
7.5 80.0 R
8.5 78.5 5% ¢
9.5 79.0 53.8
10.5 78.7 53.1
11.5 79.7 51.3
Bg 9.1 50.9
13.5 76.8 50.6
14.5 78.3 48.9
15.5 78.6
16.5 Y72
¢85 76.5
18.5 76.8
19.5 76 .1
20.5 76 .6
q2.
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TABLE 68 .: BAND HEAD POSITIONS OF C-X- SYSYTM OF Li,

My Aalr (Ao ) vac (obs )Cm_l Vvae (cal )(j.m-l
(0.0) 3278 .4 30494 .2 30494 4
(16 e el 30726 .0 30724 7
€2.0) 230 .2 30849.2 30949 .5
(3,0) 3207 .3 31189.9 31189.0
(4,0 3185.4 31384 .0 31383.4
(45,0) 3164 .3 31693 .1 31593.0
(8,0 3143.8 31799 .2 31798 .0

0705 31242 314998.3 31998 7
Fo(8,0) 3105 .1 32195.8 371953
* (9.0) 3086.7 32387 .1 32388.0
*(10,0) 3068.7 32571 . § 32577 ¢
(01 3316.1 30147.9 30148.1
(113 3290.7 30379 .4 30378.5
(,.1) 42668 q0604 .3 30803 . 3

' 19 3245 .86 énéxz.z 1 30822.8
(4 1) 3220 .1 31037 .4 31037.2
¢S5 1) 3199.5 31246.1 31248.8

6 1 3178.7 31449.9 31451.8
G 1y 3158.4 31652.4 31652.5
681 3138.9 31849.2 31849.0

¥ a1 3120.0 32041.8 2041.8
k(10,19 3101.86 322318 32230.9
kCILan T, 3683.2 324186.1 32416.7
(0.2 3354 .0 29806.6 29807.2
1529 3328.3 30038 .5 30037.5
(0.3) 3392 .1 29471.5 29471 .4
1:.3) 3385.8 29701 .86 29701.7

(i 3%  3340.8 2YYB .1 29926.5
o0 4) 3430.8 29140.1 20140.8
1.4) 3403.6 28872 1 2a373 .2
c2dy 33778 296596 .7 29596 .0

£ a5 3441.9 2un45 4 "904).5

8 29268 .5 2707

Cl o 3415 .

t NEW BANDS

.qu




: BAND HEAD POSITIONS OF E~X SYSTEM OF Liz

TABLE €9

Vv Aair (Ao )| vvac(obs )(‘;mm1 Yvacical )c;m_1
B8 3829 .2 26134.8 26133 8
18 3783 .4 26423.5 26422 .8
{2,8) 3744 .8 26896 .1 26696 .7
3950 3706.3 28973 .4 BELE. 2
(4,0) 3670.7 27233.8 27234.0
a5 0) 3637 .4 27484 .5 27485 .2
C8.0) 235056 27726 .6 297266
(7. 0) Sarto. B 27958.0 27958 .4
goie 3947.1 28178.9 28479 7
Gl 3878.9 25786 .4 25787 .4
Cled 3833.8 28078 .5 26076.6
2.1 3783.0 26356.7 26388 .5
(3,1) 3754.95 8628.1 . 26626.1
(4,1) 3718.0 28888.0 26887.8
5.1 3683.7 271385 271890
(Bl 3661.0 27381.3 . 27380 .4
Gl 3620.4 - 21615 4 27611 .8
8. 1) 8581 .9 278324 27833 .5
G951y 3564 .7 28044 .2 28044 .8

eI E) 3939 .1 28247 .2 28246 .0
¢1,2) 3884 .4 28738.5 28735 7
2.2) 3842.8 26014 .1 28815 .86
@2 3) 3882.8 25681.0 25878.8

9




Table « 70 : DESLANDRE®S TABLE OF Liz C-X

R 0 1 2 3 4 5
0 30494.4  30148.1 29807.2 29471.4 291408 ¢
i 30724 .1 303784 30037 5  29701.4° 293710 280
2 | 30848.5 30803.3 3 299268.5 285068 .0 28370 .7
3 31169.0  30822.8 o = . :
4 31383 0 310377 - - - =
o 31593.0  31248.8 v - - -
£ 31798 6 31451 8 - -
7 98 = aiesh n L - - -
ki 32195.3 = 318490 \\ - - - -
9 | 32388.0  32041.8 . - : .
g | S2BNL P 372309 - = e -
11 - 32418.7 ; . . .

q6




Tabhle

A DESLANDRE®S TABLE OF Liz E-X

. U 1 2 3
U 26133.5 25787.4 - -
1 dgag>r 8 - 26078 8 . 25730 .7 -
2 48973 2 . 2B358.5 280158 25678
3 26973 2 266261 - -
4 .27234.0  26887.8 - -
5 27485 .2 27198, - =
B8 27726.8 . 27380.4 - -
7 27958.4 27611.9 - -
3 2RLITS T 25@33 5 - -
9 - 28044 .9 - -
10 - 28246.0 B -



Tat)le

1SS

n

=3 D

o

10
13

S i T TRRM VALUL L OF EESEATE OF Lz

:

0 1 e = 4 5 ave
308669.2 30669.2 30688.8 306889.6 30669 .8 --~-v-- 306688.3
30801.0 30800.7 30898.8 30899.0 30900.7 30899.3 30899.9
witel 2 311280 - “=r--nw 3013400 211253 3ME02 @ 31100 O
31344.9 31343.5  ------e mcmmoe omme el 31344 .2
31568.1 315888.8 ~------ - oo Soae s O R8s B
31768.1 31767.4 -----=~ =~ meenl oo 3177 @
31874.2 31871.1 ------- —------ s edal wmie g L GH0TE 8
32173.83 321731 —wmmemm smsoon teolaa oo no o 321738
928708 32370 .4 StE o o e e = 32300
BN U SR OB2 8 seemeam shanas & e aalens 32562.9
B 0 3TN0 e cconlel Tt wanai 32752.6
_______ .32937.3 —mmmmmm e el = IS0



Table 73 b FTERM VALUES OF E STATE OF Liz2

V”

v 0 1 2 - 3 ave
0 263099 28307 .4 SR e 26308.6
1 26593 .6 26596 .8 ol E 26598.0
2 268765 .6 268878 .0 26877.2 28879.0  26877.7
3 27143.4 THER Y oo el 27148 .3
4 27408 8 pol g CERERRERE G e 27409. 1
5 276595 T o 27659 .8
- 6 27901.7 Fa e R e B Sl 27902.1
. 28134 .1 e s ol R e e 28134 .3
‘8 lzagss g’ 285&3.4 —————————————— 28353.6
TR e o RO i e S 28565.5
S Pyl THES EREEER LG R 28768.0

=
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Table 74 : VIBRATIONAL TERMS FOR Liz2 C-X AND E-X

Al

Liz (C-X) Liz(E-X)

Vil/2 Delta(G)en' Delta(G)en’
5 230.8 289 .4

o= 224 .4 279.7

2.5 219.9 270.6

3.5 214 6 260.8

4.5 208.9 250.5

5.5 204.9 2425

g5 . | do0s 232.2

TiE g 219.3

8.5 192.3 2119

9. 1897 202.5
10.5 184.7 1421

ol
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Ianle g

MOLECULAR CONSTANTS OF Liz

STATE Te we weXxe weye
L 30552.0 236.15 2.964 0.0408
.18 =0 2017 . 0002
E 26160 .6 298.50 4-53 8178
.30 S0 08 *.0040
X 0 351.43 Lol i e o]
ol




T Li+Lic2s%S)
Y 3d%p
3sz
=i
p'n
ECem®
i
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7 .
| B'n
xT
5 +
: g e nw 2s %
xxzj;c ted, not observed

Fig |7 :+ CORRELATION DIAGRAM FOR Liz
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Table:. 7( DISSOCIATION ENERGIES BY USING BIRGE-SPOKER
;{ ANALYTICAL FORMULA METHOD
Molecule State De(em')
5 F 33930.4
: LiK E 3431.57
' X 9048 . 98
E 4928.0
of Li, c 4709.98
X 3 11863.4
H . 44003 .3
G 2068.29
1 K2 L g 776 .89
% E 3463.41
: X 11863.5
.
o
| ool
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Table:

LiK

17 DISSOCIATION ENERGIES BY USING CORRELATION
DI AGRAM METHOD.

Molecule

PR, _.._{;, o

-1
Te{cm )

Dissociation

Eroducts

i

e o e e . et et - s}

298925 .40

268810

45

op

R b
DetCcm 2

3421 cm’

3869 cm

Li

30552.0 N

° 8808 cm

=%

g4zt em

S

H

(op!

28094 .0

27570

26523

4d

Hp

4d

5p

=3
Cm
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Table-7%: Band head positions of the G-X system of Bi, .

¥ & - {cm“‘) (i)
B measured calculated difference
B0 3380.3 29574.8 29575.5 -0.7
0 3368.2 29680.7 29682.4 -1.7
2.0 3356.2 29786.6 297688.8 -2.2
3 0 3744.3 29892. 29894.7 -1.9
T 3332.6 29997 .6 30000. 1 ~2.5
g iniQ o 321.1 »\30101.7 30104.9 -3.2
5 o 3309.8 30205, 1 20209. 4 =
sy 3387.8 29504.7 29511.5 -1.8
2 8 5373, 4 29615.8 29617.9 -2.1
LAY IF63.6 29721.4 29723.8 -2.49
4 51 3351.7 29826.8 29829.72 -2.4
80 3340.0 29931.7 29934. 1 -2.4
B i 3328.3 0037.0 30038.5 -1.5
Tl 3316.9 30139.5 30142.3 -2.8
8, n II0S.6 30242.5 30245.7 -3.2
954 3294.3 30346.5 30348.6 -2.14
10 3283.3 30448.8 I0451.0 -2.2
L o2 3407.4 29339.1 29741.,2 ~2.1
B2 3395.1 29445.5 29447 .6 ~B.1

id7



Table— ' continued:

29831 .3 29553.5 g =aa

i)
™
A
1A
QaQ
N
0

29656.5 29658.9 <2 4
29761:3 29753, 8 -2.5

S
N
§ A
7 S
\‘
[
[

L8]
N ]
i

»

w
~0
[

>
N
A
|
a
N
5

 29863.3 27868 .2 e

29968.9 295721 =502

~
M
D]
l'_.'(
LA
811
a

B> 3328.4 ¢ 30072.2 30075. 5 =
9 [ip 3338 30175.2 30178.4 -5 4
: i s 3390.5  29485.5 29488.3 2.
.o e R e =
bl Egea .

;\<"" _— e

i 7 4, 3 3354.9 29799.9 29802.4 -2.5
8 , 3 DX RAE D 29902.5 29905.8 T

J0005.5 30008.7 ==

0
i
A
R
A
[
a

10 8 3320.4 30107.0 Joi111.1 ~4.1

108

i
e
:rg;
.
fé'
i
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Table79.: Deslender’'s table

of G-X system

of B Cin O '),

109

v’ vi'=" O Vie 3 Vvi= 2 TEh
g 0 29574.8 SRR R
105. 9
1 29680.7 79509 .7 o et S SRR e JRTE A
105, © 106. 4 1006, 4
2. 29784.6 29615.8 o v e
106. 2 108 . & 105. 8
: 29892.8 | 29721.4 sy
104. 8 105. 4 1092
4 29997.b6 298246.8 29656.5 29495.5
104 . 1 104. © 104. 8
2 30101.7 29931.7 F e S S SRR T
103. 4 105, 9 103. 8
b 30205.1 30037.0 28080 .
1025 103. 8
SO SRR 30139.5 29968.9 25759.0
104. O 103. 1 103 S
8 b e e 30243.5 Sto72. 2 29502, 5
103. 0 102. o 103, O
CEREE e 30346.5 SO 78. 7 S000a5, %
1923 o e 102. 9
10 ook s R S TO107.8
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Table BF0O:

ferm values of

the G—-state of &2.

Term values (cm ')

v v 0 3 2 = Average

O 29661.0 S e Sl s R R e 26510
1 297670 2876820 27680 Toai o ZIFET59
2 29873.0 29874. 1 ol s PAa bRl B e 29874.1
b TR 2IGIF o F EFFEd e e 2RG79S
4 J0083.9 30085.1 30086.1 SRARS .7 . FRO85S.

a 30188.0 3?190.0 0191 .0 Sr SHERGL T
& S0291 .5 38295.3 DOZIRS P e 20295 &
7 o o 30Eg7.8 SOSI8L5 IAIFF 4 ROIGH G
BElimbs et . 30501.8 S0502.0 SOSN8 SO802 8
7 : SR I0604.9 30604.8 T80T 060501
10 e 30720751 TG SOTOR G

30708.1

1o




—

8(v + QL3> (Cam ).

108. 00

e e ey

o
106.00 &
” &,
A
a
a
104,00 — VN
4
- 4
a
102, 00
100. 00
e Hel 6.5 9.5

Fig.|§ PLOT OF @C(v + 0.%5) VERSUS (v + 0.%)
FOR G BTATE OF Biz.

I




Tahle ‘gi: Band head positions for the J-X systc'-_?m of BLZ.

viog e xo.t';- . {em T Eem )
! 8] measured calculated difference
| =
5.0 3319.9 30112.9 30113.3 -0. 8
i@ 3310.3 30199.9 30200, 4 -0.5
e 3300.8 39386.9 303687.4 s
T a0 3291.4 30375.7 30374.4 s
o g 1 3281.9 30461.1 30861.2 -0.1
5 .0 $875.7 30547.0 30547.9 ~0.9
N
$ 0 3963 .4 30633.9 30634.5 )
. P 3254, 3 30720.1 30721.0 “li, 9
‘5 B, 0 3245.2 30805.6 30807.4 -1.8
E ¥ 0 323k 1 30892.2 30893.7 -1.5
é 10559 207 1 30977.8 30979.9 -2.1
11 8 3218.2 31063.1 31066.0 2d
iz , 0 3209.3 31149.2 31152. 4 ~2.9
b .o 3200.7 31234.2 1238.0 -3.8
X 14 , 0 3192.1 31318.9 31323.8 ~§.9
15v. 0 3183.5 31403.2 31408.5 =
15, 0 3174.9 31487.4 31492.0 Ko
g7 0 31865 31571.8 31576.5 7

Iz



lTable43). Deslender’'s table of J-X system of Bé (in Cm-x).

v vz 0

0 QL A20 7
67.2

1 05557
87. 0

4 I02846.9
86. 9

> SOSZ3 .7
\\ 87. 4

4 I0461.1
85. ©

.5 30547.0
86. 9

6 B0633.9
80. 2

7 SO7ZE0L L
85. 5

8 30805.6
86. &

9 260892.2
85 ©

10 SA97.7 .3

7 3



Fona v

Table-— .

continued

E

14

15

16

85.3

SEO&5.1
96, 1

31149 .2

Ly



3

Tabte 83ﬂbrm values and the AG(v) values (in :mq) for s the

J state of B%.

v v'= 0
G(v) AG(v)
) T0199.1
87.1
1 30286.2
4 B6.9
2 303731
\
: \ 86.9
3 30460.0
87.4
A 30547.4
85.9
5 T0633.3
86.8
6 30720.1
86.2
=)
g 30804, 3
85.4
8] OB . F
867

s



B AR

TableB3 continued:

9 30978.4
85.7
10 T1064.1
85.2
11 31189,3
84.1
12 31235.4
84.8
13 31320.2 3
// 85.0
14 31405.5\\
85,2
15 31489.4
' : 84.2
16 31573.56
84.5
17 31658.1
116



B S

&

Gcv + 0.5) (Ca ‘).

92.00

90. OOH

88.00 -~
86. 00~
84 .00

82.00

80. 00

0.% 3.5 6.3 9.5 125 15.9

(v + 0.B)

v

Fig.20 PLOT OF G(v + 0.3) VERSUS (v + 0.35)
FOR J STATE OF Biz.

17
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Table-B4 Molecular constants of G, J and X states of &2
= -1
iR em .
states Te wWe we e weye
g 29607.58+0.39 107.39+0.14 D280 0 - L
" © 29609 .00 107.00 0.2 e
3 30155.4 87.22 (S5.03£0.8)%10° % (1.55%0.11:1"
X 0 171.55 o.%2 L
(b) : \

X 0 L 0.341

(a) This work.

(b) From work of Reddy and Ali [1].

18
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75 P + 4S5

‘“6p2P + 485

6p’D + 4S
30000
IP bp°D + 48
Lid
’ 6p°S + 4s
15000

5000 B /

By

Fig..21: Correlation diagram of 817 molecule.
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are listed in tables 78 and 79 respectively. The term values of
the G state are given in table-BO whereas the term value
separation versus (v + 0.5) plot is shown in figure-19. The band
heads of J-X system as well as the Deslandre’s table are presented
in tables 81 and 82. The term values of J state are listed 1in
table—-83% whereas the AG. versus (v + 0.5) plot is shown in
figure—-20. The molecular constants of X, G and J states are
presented in table—-B84. A correlation diagram for bismuth molecule
with the bismuth atoms is shown in figure-21. The detailed
rotational structure of this molecule requires guite large
dispersion as the reduced mass is 104.5 amu and in turn the
rotational conétant B is extremely small. It may be pointed out
that the separation between two consecutive rotational lines is of
the order of 2B. Thus for large B, rotational structure is too
congested to be observed unless the dispersion and resolution is

extremely large.

Emission spectra of oxides of aluminum, galium and indium

have been recorded. Figures 22 through 24 represent this

observation. The band head‘positions of the spectra are tabulated

in tables 85 through B7.

Work has been done in general to switch over to laser

spectroscopy and in particular to laser induced fluorescence (LIF)

experiment. Such a system requifb§ several components as shown in
figure 25. A monochromator is an important part of such an
experiment. This has been designed and fabricated (2Z2). For - this
purpose‘a stepper motor driven by a computer is utilized. The FC
can record data of intensity as well as the position of the
grating mounted on top of the motor. Thus intensity and wavelength
data acguisition 1is computerized. The angular precision is
improved by using a 1:5300 twn ratio gear with the stepper. To
detect the radiation, a fast photodiode in conjunction with an
amplifier is utilized. The whole assembly is in a light—tight box

aof dimensions cm X cm X CMa
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TABLE: 85 | ‘ /

Measured band heads of 1n0., : /
3 i | | i |

SSRE R S S [’

‘bands, wave lengths wave no. iql
! in A vacuum cm |

(0-0) 4242,96 2556 1. 82

(0-1) 43712.20 /86541 ;

(1-0) 4135.26 2417546 ;

- b et 4256196 v3uge. 33, |
ti-2) 4385.yzi 2279799
aE {213 4;4;féot Z4131.52
(2-2) 212,04 23401.50
= (2-3) 439051 22770.00
(3-2) 4163.26 264012.87

s 4286.04 23325.05 -
lieg-e) 441528 22642.26
: 4 g‘ (4L3) 417?%%6 23932.39
e 4297.88 2326074
3 (5-4) 4190.18 2385860
‘ (5-5) 4134.04 23173.67
(6-6) 4325 .89 23110.19
(7-6) 4222.50 23676.04
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9. Discussion:
The present project consists of three parts. In the first

part, the molecular states A of LiH, KH and NaH, have been
extended to higher vibrational levels and close to _ the
dissociation limit. If one user these data, one can correlate a
state conveniently and can develop the correlation scheme between
the atomic and molecular states. Near correlation data is thus
very useful in deciding the dissociation products. The variation
of rotational constant B has been evaluated. The EB constant
initially increases with vibrational quantum no. but decreases on
further increase of V. Since B proportional to moment of inertia
I, our results present a view of variation df I wversus V. This
information alongwith other rotational and vibrational parameters
can be used to plot the Rydberg—kKlein—Rees (RKR) potential enerqgy

curves of the states in guestion for these molecules.

As the second part, while working with hydrides of alkali
metal, alkali moleculs spectra were also recorded. The C and the
new E state of Li,2 Qere studied. The E state 1is conveniently
correlated (figqure—-77) with the 3Is of Li assuming the other
lithium atom in the ground state Zs. Similarly the E, F and G
states of Kz are extended to higher vibrational levels and provide
improved vibrationalconstants. The new state of Kz, named H state
is correlated (figure-77) to the 4d level'  of potassium. This
assignment is, however, tentafiye as the rDtafional structure

could not be resolved, to enable.its electronic character.

Similarly the new found states I and F of LikK molecule are
assigned to (Sp+Zs) and (4s+3s) of (Lithium+sodium) respectively
(figure—76). Both, states appear to have shallow potential wells.
The data on LiK is significant as very little is known about the

2lectronic states of Lik.

A new electronic state J of Bismuth molecule is found from
the spectra of the 6—X and J-X system. The fine structure of
spectra this molecule is very difficult as the reduced mass of the
molecule is 104.5 amu and in turn the rotational constant B is
very small. The spacing between adjacent rotational lines is of

the order of 2B and is thus very small. This requires very large
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resglving and dispersive powers in order to be able to distinguish

rotational structure.

In the last part we have recorded emission spectra of oxides
of aluminum, galium and indium. As is well known that while doing
spectroscopy with conventional light sources, the resolution is
limited but with the laser techniques, the resclution improves a
loct. With this in mind. we have started to set up a laser induced
Huorescence experiment. A monochromator has been désigned and wrk

is being done to complete this experimental set up.

6. Conclusions:

The spectra of hydrides of various diatomic molecules have
been studied in this project. Various new Eiectronic states have
been found and the spectra have recorded and analyzed. These new
states are in the molecules of bismuth, 1lithium, potassium and
lithium—potassium. The anomalous spectra of A-X system of the
hydrides of lithium, sodium and potassium have been extended to
close to the dissociation 1limit by extending the vibrational
quantum numbers. Thus up to date data on these molecules as well
as improved molecular parameters have been worked out. The
information presented here has increased the understanding of

molecular structure. N

\\

Further work with extra ordinary resolution is desired to
study heavy molecues 'such as bismuth, in arder to explore the

rotational structure.

127



7 References: »
e Imran A. Siddiqui, Igbal A. Khan, "Design and fabrication of

a monochromator", Proc. Sixth Conf. Front. of Fhysics,
Islamabad, (in press).
B Igbal A. Khan, M.Phil. thesis, Karachi University (1978):6.

Herzberg, Spectra of Diatomic Molecules 2nd. ed. (New York:
Van Norstand) .

[

J.D. Graybeal "Molecular Spectroscopy", (New York: McGraw-
Hill), (1988).

4, G.M. Almy, F.M. Sparks, Fhys. Rev.,44, 365 (1933).
S G. Nakamura, T. Shidei, Japan. J. Phys. 10, 11 (1%34).
6. S.P. Reddy, M.K. Ali, J. Mol. Spectrosc. 35, 285 (1970).

s N. Aslund, R.F. Barrow, W. G. Richards, D.N.Travis, Ark.
Fys. 8Os 171 (F965) .

8. K.F. Huber, G. Herzberg, "Constant of diatomic molecules"”,
New York, Van Nostrand (19792).

s W.C. Stwalley, W.T. Zemke, K.R. Way, K.C. Li and T.R. Proctor
Jd. Ehem. Phys. ‘&7. 47285 (1977).

10. W.C. Stwalley, W.T. Zemke and S§.C. Yang, J. Fhys. Chem. Ref.
tata 20, 153 (1991).

11. K.K. Verma and W.C. Stwalley, J. Chem. Phys. 77 2350 (1982).

1Z2. S5.6. Yang, Y.K. Hsieh, K.K. Verma and W.C. Stwalley, J. Mol.
Spectrosc. 83, 304 (1980).

- W.T. Zemke, K.R. Way and W.C. Stwalley, J. Chem. Fhys &9,
402 (1978).
: %
2L ML Rati, Mo tatif, 5. Mahmodﬁ, I.A. Khan, M.R. Husain, Z.
Phys. D 23, 1535-156 (1993).15. G6.H. Harrison, M.I.T. Tables,
New York (1930).
16. 0. Nedelec, M. Giroud, J. Mol. Spectrosc. 79, 2121,(1983).

17. F. Bs 8rth, WiC. Stwalley, J. Mol. Spectrosc. 76, 17, (1976).

18. F.B. Orth, W.C. Stwalley, S.C. Young and_Y.K. Hsieh, J. Mol.
Spectrosciy 77, F14¢1980).

19. M. Rafi, Zatar Igbal, M.A. Baig, Z. Phys., A3S12, 357(1983).
20. M. Yoshinaga, Froc. Phys. Maths. Soc. Japan, 59, 847(1937).
=l 5. F. Bamha, Proc . Phys. 56c. London, 59, 610(1947).

22. M. Imran Siddiqui and Igbal A. khan,

28



8. LIST OF SCIENTISTS:
e Frof Dr Igbal A. Khan
- Dr Razi Husain
De Mr. Shahid Mahmood
4. Mr Imran Siddiqui
J. Mr Mazim Ali
5 Mr. S. Shujaul Hassan
i Mr. Muhammad Latif
9. Graduate Degrees:
. Soofia Shabbar.
2. Tilawat Sher.
S Salvador Anthony Desa.
4. Javed Alam Khan.
Bl Nizamuddin.
& Mohd. Amir Nisar.
¥ M. Irfanullah Khan.
e Sultana Shakoor.
i Amina Anjum.
10. Lubna Shaheen.
11. Sadaf Saeed.
1Z. Uroosa Tabassum.
3. Nosheen Abdullah.
14. Azizur Rehman.
15. Aleemullah Sabir.
16. Ahmed Ativab.
4% M. Haris.

129

Frincipal Investigator
Professor
Lecturer

M. Phil student




10.

Appendix: reprints/preprints

M.Rafi, N. Ali, K. Ahmed, I. A. Khan, M.A. Baig and Zafar
Igbal,"Near dissociation photoabsorption spectra of LiH, NaH

and KH", J. Phys. B 2&6, 1129 (1993).

5 Rafi, K Ahmed , Fahs Khan, M.A. Baig, Lic
Igbal,"Rovibration Transition near the Dissociation Limit in
the Absorption Spectrum of the LiH Molecule", J. Fhys. B 26,
1431 (1895

M. Rafi, 5.M. Magvi, M. Jahangir, S.Mabmood, I.A. Khan,"F-X
and G-X systems of Kz", Z. Phys D 27, &1 (1993).

M.Rafi, M. Latif, S. Mahmood, I.A. Khan,"Two new electronic
transition of bismuth molecule", Z. Fhys. D25, 153-156(1993).

M. Imran Siddiqui, Igbal A. KkKhan, "Fabrication of a
monochromator”, Proc. 6th Conf. Front of Physics. (in press).

M. Rafi, I.A. Khan, M.R. Husain, 5. Mabhmood and K .
Ahmed,"Some recent studies in the spectra od diatomics at the
University of Karachi, Proc. Trands in Physics Symp. EKarachi
(1992), p S57-64.

30



Z. Phys. D 25, 153-156 (1993)

Atoms, Molecules
e and Clusters
© Springer-Verlag 1993

Two new electronic transitions of Bi,

M. Rafi, M. Latif, S. Mahmood, I.A. Khan, M.R. Husain

Department of Physics, University of Karachi, Karachi 75270, Pakistan

Received: 22 July 1992

Abstract. The absorption spectra of Bi, molecule has
been obtained in the region 3166-3380 A in the second
order of a 3.4 m Ebert Spectrograph with a reciprocal
dispersion of 2.6 A/mm. The bands obtained are found to
belong to two new systems named G-X and J-X. Vibra-
tional analysis is performed and computer methods have
been used to determine the molecular constants.

Y

PACS: 33.20.Lg; 35.80.+s

1. Introduction

A number of electronic states of Bi, have been deter-
mined by a number of workers by studying its-spectra
both in emission and absorption. Almy and Sparks [1]
studied the absorption spectra of Bi, in-the region 2110
7900 A and discovered four discrete band systems (A-X,
-X, E-X, F-X). They analyzed these systems and found
the molccular constants. They alsoirecorded a strong
continuous absorption near 3100 A and a series of dif-
fuse bands in the region 4200 4500-A. Nakamura and
Shidei [2] also photographed A-X, D-X and F-X sys-
tems in absorption and confirmed the analysis of Almy
and Sparks [1]. Reddy and Ali [3] performed experi-
ment in emission in an electrodeless discharge tube and
reported three new systems (1-A4, H-A, G-A) in the visible
and near infrared regions. All these states have a com-
mon clectronic state A which probably is the upper state
of the A-X system. Aslund et al. [4] have also worked
out the molecular constants or the A-X system. We
planned to look for I-X, H-X and G-X systems in ab-
sorption so that the data of I, H and G states could
be verified. Absorption bands in the “region belonging
to G-X system were obtained and in dddition a nearby
new system at 3315 A has been recorded. I-X and H-X
systems could not be recorded. However experiment is
in progress to record them in varying experimental con-
ditions. Gerber et al. [5] reported an electronic state X'
with w,=154.29 cm ™! lying about 1500 cm ! below the

X state while studying photoluminisence of Bi,. They
reevaluated the published data of Bi,. We have found
in our studies that it is the X state which serves as the
ground state and not the X’ state of the Gerber et al
[S, 6]. Computer methods have been used to make the
analysis of the recorded systems and to determine the
molecular constants.

Experimental

Bismuth metal is heated in a 1.5 m long steel tube furnace
to a temperature of 900° C in an atmosphere of hydrogen
at a pressure of about 300 torr. A steel mesh as an inner
tube is placed in the steel tube to contain the vapours
in the central zone. Light from a high pressure xenon
are (450 W) is passed through the molecular gas in the
furnace tube. The photograph of the spectra is taken
on Ilford Q, plates with an exposure time ranging from
15 to 20 min in the second order of a 3.4 m Ebert spec-
trograph giving a reciprocal dispersion of 2.6 A/mm. The
positions of the band heads are measured on an Abbe
Comparator by comparison with iron arc lines to an
accuracy of +0.1 A for the sharp heads. The iron wave-
lengths are taken from MIT Tables [7]. The vacuum
wavenumbers of wavelengths are obtained from the data
of Coleman et al. [8].

3. Structure and analysis

The absorption spectra of Bi, recorded in the present
studies show two distinct systems not previously re-
ported. They are named G-X and J-X and are described
in detail as under.

The G-X system
Reddy and Ali [3] obt.ziined the emission spectra of Bi,

where they reported a new system G-A4 at 8820-8030 A
We have got the bands in the region belonging to G-X
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Table 1. G-X system of Bi,

U’, U A’z\ir Vvac* U’, v’ A‘air Pvac
(N) (em™") (A) (em™)

0,0 3380.3 29574.8 1,2 3407.4 29339.1
1,0 3368.2 29680.7 2.2 3395.1 294454
2,0 3356.2 29786.8 &5l 3382.9 29551.3
3,0 3344.3 29892.8 4,2 3371.1 29656.5
4,0 33326 29997.6 952 3359.1 29761.3
50 3321.1 30101.7 6, 2 33474 29865.1
6,0 3309.8 30205.1 5 3335.8 29968.9
k1 3387.8 29509.7 8,2 33244 300723
2.4 3375.6 29615.8 9.2 3313.1 30175.2
3l 3363.6 297214 4,3 3390.5 29485.5
4,1 33517 29826.8 33 = =
S 3340.0 29931.7 6,3 & =
6, 1 33283 30037.0 T3 3354.9 29799.0
ol 3316.9 30139.5 83 3343.2 29902.5
8,1 3305.6 30243.5 9:3 3331.8 30005.5
9 32943 39346.5 103 33204 30107.8
10, 1 3283.3 30448.8

Table 2. Term values of G state of Bi,

Term values (cm ™)

v v’'=0 o= 2 3 Average
0 29661.0 £ ‘ z = 29661.0
1 29767.0 29768.0 29768.8 i 297679
2 29873.0 29874.1 29875.1 = 29874.1
3 29979.1 2899191 29981.0 E 299199
4 30083.9 30085.11  30086.1 30085.7 30085.2
5 30188.0 30190.Q 304910 - - 30189.7
6 30291.3 30295.3 30294.7 — 30293.8
7 - 30397.8 30398.5 30399.4 30398.5
8 - 305018 30502.0 30502.8 30502.2
9 - 30604.9 30604.8 30605.7 30605.1

10 = 30707.1 = 30708.1 30707.6

"S)(stem as it was planned. No such structure has been

reported previously. The bands have been obtained in
absorption and are found red degraded (Fig. 1). The
band heads of 31 bands are measured and tentative as-
signment of v/, v to the bands is made by looking at
the intensities of the band heads. The correct assignment
is made by constructing the vibrational terms of the up-
per state by adding the lower vibrational terms to the
wavenumbers of the band heads. The lower vibrational
constants are taken from Reddy and Ali [3] which are
claimed to be more accurate. The vibrational constants
of the upper state are determined by using a computer
program of least square fit to the equation:

T=T,+w,(v+1/2)—w, x,(v+ 1/2)*
o, 0+ 12 + ... (1)

The vibrational quantum number of the upper state is
allowed to vary until the residual variance becomes mini-
mum and thus correct vibrational assignment to the
bands is assured. This method has previously been
adopted by Rafi et al. [9-11] for the analysis of the UV



Table 3. J-X system of Bi,

U,: v’ A, ir Pvac U,v U A ir Pvac
(A) (em ™) A) em™)

0,0 33199 30112.7 9,0 3236.1 30892.2
1,0 33103 30199.9 10,0 3227.1 309778
2,0 3300.8 30286.9 ) 3218.2 31063.1
3,0 32914 30373.7 12,0 32093 31149.2
4,0 3281.9 304061.1 13,0 3200.7 312342
50 3272.7 30547.0 14,0 3192 313189
6,0 3263.4 30633.9 15,20 3183.5 31403.2
1,:0 32543 30720.1 16,0 31749 314874
8,0 17,0

3245.7 30 805 6

3166.5 31571.8

Table 4. Term values of the J state of sz

v Term values v Term valuces
(em™") (cm™1)
0 30199.1 9 30978.4
1 30286.2 10 31064.1
2 30373.1 11 31149.3
3 30460.0 12 312354
4 305474 13 31320.2
S 30633.3 14 31405.2
6 30720.1 15 314894
7 30806.3 16 31573.6
8 30891.7 17 31658.1

spectra of Na, and K, molecules. Table 1 gives the wa-
venumbers of the bands. Table 2 shows the vibrational
term values of the G state whereas Table 5 gives the

vibrational constants of the G and X states. The T, value .

of X given by Gerber et al. [5, 6] is 15004800 cm ™.
Due to this large uncertainty we follow the Reddy and
Ali’s values of T, of X state as zero. The comparison
of our values with.those of the previous workers show
a very good agreement for both the G and X states
thus confirming that this Sp(,(,llum belongs to G-X sys-
tem of Bi,.

The J-X system

A series of 18 bands of Bi, degraded towards red are
also recorded in the region 3165-3320°A to the higher
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energy side of the G-X system. These bands show sharp
heads and are measured to an accuracy of +0.1 A by
comparison with iron standards. The bands of J-X sys-
tem are also shown in Fig. 1. No such structure has been
reported previously. Several exposures in the same con-
ditions have been made at different times so as to ensure
that no spurious structure appears. The analysis is per-
formed on the similar line as is done in the case of G-X
system. The upper state terms are built and the least-
square fit program is used in (1). Table 3 gives the wave-
numbers of the band heads and Table 5 gives the vibra-
tional constants. The upper state is designated as J and
the system is named J-X keeping in view the designation
of the known states made by Huber and Herzberg [12].

4. Conclusion

Two new electronic transitions namely G-X and J-X
have been studied in absorption. The G-X transition
confirms the vibrational analysis of Reddy and Ali [3]
whereas the analysis of J-X system introduces a new
electronic state J of Bi, molecule. The constants of the
X state from the G-X system are evaluated and for com-
parison these values are also listed in Table 5. The agree-
ment is found to be within the experimental uncertain-
ties. The detailed rotational structure of these systems
requires quite large dispersion since the reduced mass
of Bi, is 104.5 amu. This is the reason that not much
information of rotational structure is available despite
the fact that almost dozen states of Bi, are known. Cor-
relation between atomic and molecular states is possible
only after obtaining detailed rotational analysis of these
systems of Bi, as well as further work on the atomic
levels of Bi. High resolution work on this molecule is
therefore desirable. :

The authors acknowledge with gratitude the financial assistance
of Pakistan Science Foundqtlon under research grant S-KU-Phys
(72). They are also thankful to Dr. Abdullah Sadiq of PINSTECH,
lslam\abad for providing the rescarch literature.
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RO-VIBRONIC TRANSITIONS NEAR

THE DISSOCIATION LIMIT IN THE

ABSORPTION SPECTRUM OF "LiH
MOLECULE ‘

M. Raft. K. Ahmad and I. A. Khan
Department of Physics. Karachi University.
Karachi-75270. Pakistan. ;
M. Aslam Baig and Z. Iqbal f
Atomic and Molecular Physics Laboratory
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Abstract:

New data on the photoabsorption spectra of “Lill is reported involving ground
state X! ( V'=1 ) and excited state A'S (V=16 to 26). Rotational and vibra-
tional analysis of the new bands are presented. The highest observed vibratoinal
level approaches the dissociation limit. The estimated dissociation energy is in

reasonable agreement with the previously known value.
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Introduction

The absorption spectra of alkali hydrides are of particular interest on account

of the anomalous behavior of the vibrational interval in the first excited
state A'E. The vibrational energy interval rises first and attains a maximum
value at about V=9 and then begins to fall monotonically. The rotational
constants B also follow a roughly parallel course with increasing vibrational
quantum number. This peculiar behavior of the A!S-state was attributed
to the ionic-covalent avoided crossing hetween the X!'S-ground state and the
AlZ-excited state (Mulliken 1936). The potential energy curve of the A'S-
state is flat bottomed and highly- anharmonic, the anharmonicity constant
wele is negative and as a result the spacing of the vibrational cnergy levels
is irregular. }

The band spectra of A'S-X'T system have been extensively studied using
conventional spectroscopy and laser spectroscopy. Nakamura (1930.31) was
the first to report the emission and absorption spectra of Lill in the range
from 3000 - 4100 A at a reciprocal dispersion of 2.3 A/mm involving ground
state X! Z(V=0 to 2 and excited state A'S (V=1 to 15). Subsequently, Craw-
ford & Jorgensen (1933) reported the high resolution absorption spectra of
"LiH and "LiD in the region from 3200 A to 4300 A. They reported 26 bands
of LiH A'S-X'T system extending the vibrational levels of X!'S-state from
V=0to 3 and A'S-state to V=1 to 14. Li and Stwalley (1978) reinvestigated
the emission spectra of “LiH and its other isotopes at high resolution using a
3.4 m Ebert spectrograph covering the spectral region between 3000-5000.1.
They identified seven new bands of *Lill and extended the observations
from V=13 to 5 involving the ground state X'Z. The potential energy curves
based on the RKR (Rydberg-Ixlein-Rees) calculationsavere also constructed
for the ground state and excited states. In a subsequent extensive study. Orth
and Stwalley (1979) identified 32 bands extending the observed ground state

vibrational structure from V=3 to 12. New turning points were calculated

2



up to V=12 of the X'E-state.

Spectroscopic studies near the dissociation limit of the N'Y ground state
have been reported by Verma and Stwalley (1932) using laser induced fluo-
rescence (LII) technique. They observed long progression of P-R doublets in
SLill covering the range between V=0 to 21 of the X'S ground state. Ennen
et al (1981) recorded the fluorescence transitions up to the vibrational level
V=26 which corresponds to 96% of the ground state dissociation energy.

The observations involving A'S state are limited to V=11 and much of
the theoretical predictions are hased on these measurements. In our previous
paper (Rafi ¢ al. 1983). we reported the rotational analysis of the vibrational
transitions involving V=0 for the ground state and V= 16 to 20 for the
upper state. It was remarked that the observations of high Iving transitions
are being limited by the diminitioning intensities of the transitions. In the
present paper. we have extended the carlier observations by employing better
experimental coriditions and observed the transitions as high as V'=26 [or the
upper A'S state involving V=1 for the ground state. We believe it is for the
first time that such high vibrational-rotational transitions have been observed

in LiH molecule using photoabsorption technique.

Experimeﬁfal:

The absorption spectrum of “Lill molecule was photographed in the second
order of a 3.4 meter Ebert spéclrograph equipped with a 1200 lines/nun
plane grating. The background source of radiation was emitted by a 450 \W
High pressure Xenon arc lamp. :
“LiH molecule was generated by heating spectroscopically pure Li metal
in an atmosphere of hydrogen. About 100 gms of Li metal was loaded in
a stainless steel tube: 1.5 meter long. 2.5 cin inner diameter and 2mm wall
thickness. This tube was directly heated by a high current low voltage trans-

former: 800 amp at 10 volts. The ultimate temperature achieved was about
] |



950 °C. The pressure of hydrogen gas in the furnace was about 30 torr before
heating the sample. Both the ends of the furnace tube were water cooled to
avoid vapour condensation at the Quartz windows.

The spectra were recorded on Q-2 plates at 2.4 /1/mm reciprocal disper-

. sion with exposure time about 20 - 30 min depending on the vapour density.

The wavelength calibration was achieved by superimposing the Iron arc
spectrum which possesses sharp lines covering this spectral region. The
plates were measured using an Abbe comparator with absolute accuracy of

+0.01A for blended lines and +0.0031 for sharp lines.

Results and Discussion

The data used in the present analysis consists of eleven roto-vibrational struc-
ture ; R and P-branches of a typical 'S —!' T transition involving V=1 in
the ground state and V= 106 to 26 in the excited A'S state.

The main features of the newly observed band syvstem of Lill are depicted
in Fig(1). There are well developed R and P-branches for each band and ex-
tend to J=20 in most of the cases. The rotational structure above V=20 can
be classified into the R and P-branches without any problem due to min-
imum overlapping of the rotational lines belonging to different vibrational
levels. Particularly, the relative intensities of the lines enhance at the encrgy
degeneracies of two transitions. Above the V=21 band origin, continuous ab-
sorption sets in, which restricts the observations of any rotational transitions
at higher energies. The rotational analysis for V=23 & 206 is tentative since
the first observed line correspond to J=12, therefore there is high uncertainty
in the values of the band origins for these hands.

The rotational assignment was carried out with the help of the ground

state combination differences:

Ay F"(J)y=R(J—=1)~ P(J +1)



which are known from the previous studies (Orth and Stwallex.1979). The
ground state combination differences derived from the A'S — N'Y transition
show good agreement to the known ones with an estimated RMS error of &
0.2 ecm™!. The wave numbers of all the observed bands are listed in Table
(1).

The rotational constants for the excited state were derived [rom the upper

state combination differences:

A F'(J) = R(J) — P(J)

which are expressed in terms of rotational constants as:

AF'(J) = 4B, (J + %) —-8D.(J + %-)3
using a least-squares fitting subroutine, the By and Dy for each band were
extracted and are listed in Table (2). The By values for the upper state
first increases with increasing vibrational quantum number. approaches its
maximum value (2.9083) at V=3 and then decreases monotonically. The
band origins were calculated from the observed lines near the origins of each

band and are given in Table (2).
The observed By -values were fitted to a polynomial in (v + 1) by a

least-squares subroutine using the f[ollowing relation (llerzberg 1965):

1 = L
B, = B, — a.(v+ s} +ade+ é)z + ne(v + 3)3 + higher terms

The observed Bi- -values are well represented by the following power series

in (v+ 1), with a deviation less than + 0.008 cm™.
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: 1 I
B(v) = 2.84184 — 2.51162 x 1072(¢ + 5) + L.8YT4H x 107 i)

—

1 1

—1.46001.5 x 107%( + 5)% + 149915 x 107! (v + 5)"
, 1 5

—6.36404 x 107°%(x + 5)° + 9.39519 x 107%(v + 5)°

The derived Dunham-type coeflicients are listed in Table(.1).
The energies of the vibrational levels are represented by the relation:
(Herzberg, 1965)

) 1 1 il §
G(v) = we(tv 4 5) —were(v+ 50 +wegelv + 5)° +wezelo+ 5) + ...

Since we have observed eleven members of the progression i.e the lower
state V=1 remains the same for all the observed bands. the difference between
the excited energy levels. AG(v) = G(v + 1) — G(v). can be represented as:
Grayheal (1938)

7 1 1 Ls:: 150
AG(U) ='[“-'f(l'2 = “)') —we(vy 4+ 3)] bgs [W'e-re("'z S ';)2 —weltetly) + _)')2]
G A :
+[weye (2 + _—)-)" — wele(t1 + ;)3] + ....higher terms

where v, and vy are the vibrational quantum numbers for the excited states.
For successive members of the progression v, is always (vq+1). so the above

expression reduces to :

AG(v) = we — 2wede(ty + 1) + wey (307 + 60y + 13/4)
+u-'¢:e(-h'13 -+ 121',2 + 13v; + 5) + ....higher terms

We have used an iterative procedure to obtain a single self consistent

set of vibrational constants for the A'S-state. The coelficients of terms are
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based on the data for V=0 to 26 and no external constraint is applied to
force the vibrational constants yielding the known dissociation energy. The
derived values of the Dunham-type coeflicients Yo; are listed in Table (3)

The zero point energy is obtained [rom the expression:

ZPEng = G(0) + Yoo
. Where G(0) is given as :

Y 3 ; :
G(0)=%3——jl+)§°+%+ .....

and the value of Ygq is calculated [rom the expression:

¥ =3_'6_1 Yioln ()'io)'il)z_ﬁg+
Mook s s g

We derived the values ZPEng = 131.813 em™!, G(0) = 124.553 em™! and
Yoo = 7.259 em™! from the data involving V=0 to V=26.

The observed and calculated G(v) are presented in Table (1) along with
the calculated values by Stwalley et al. (1977) based on the RIKXR potential.
Our observed G(v) values are systematically at higher energies than predicted
by Stwalley et al (1977) and this difference sets in at V=15. In figure (2) the
plot between vibrational energy spacings AG/(v) for the A'S state versus the
vibrational quantum number V shows the anomalous behavior. The previous
experimental data was up to V=15, marked as an arrow. where as the new
. experimental data is shown as circles and the calculated values by Stwalley
et al (1977) are shown as crosses. LExtrapolating the curve to AG(r) = 0
shows that the dissociation occurs between v= 26 and 27. the dissociation
energy is then derived as the arca under the curve.

“LiH A!'S-state, D, = 8G90 £ 20cm™!

-




The error in the determination of dissociation energy largly depends on
the extrapolation of the curve to cut the abscisa yielding zero vibrational
energy spacing.

The dissociation energy of the A'S state can also be derived from the
accurately known ground state dissociation energy and the dissociation prod-
ucts. The A!S-state originates from excitation of the valence 2s electron to

the 2po molecular orbit according to the excitation scheme:

K[2:0%)X'S* — K [2s0][2p0)A IS
The ground state dissociation energy is 19588.7 £+ 0.5 cm™! (Way and
Stwalley 1973). The products of dissociation for the excited state are Li
(ZP%.%), which lie 14903.89 cm™! (Moore. 1971) above the ground state. and
H(QS%) in the ground state. Combining it with the dissociation energy of the
ground state D, = 20286.7 cm™! , where D, is the sum of the Dy and the zero
point energy 697.95 em™! (Maki ef al. . 1990). and the term energy of the
AlS-state 26509.77 cm™! (Vidal and Stwalley. 1982). we get the dissociation

energy for the A'S-state as:

De(A'S) = DA XIS) + Li(QP%) — 1, (A'S) = 8680.77 cm™!

This value is lower than the value obtained from the AG(r) curve ex-
trapolation. Way and Stwallev (1973j reported the dissociation energy of
A'S-state as 8630.7 £ 0.5 cm™! based on the rotational predissociation data
and mass-reduced guantum number method. Vidal and Stwalley (1982) con-
siderably improved the precision for the dissociation energy. 8630.7 4 0.5
em™?, including adiabatic corrections. Recent ab-initio calculations (\Wang:
et al 1989 and Mendez et al 1990) give the dissociation encrgy of the A'S-
state as : 8630 cim™! and 8780 cm ™! respectively. The value given by Wang
et al (1939) is lower than the experimentally derived value 8690 cm™'. how-

ever the ab-initio calculated value by Mendez et al. (1990) is significantly

(97]
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at higher energy. The present value of the dissociation energy is in good

agreement with that of Vidal and Stwalley (1982) within the experimental

error.

Conclusions:

In conclusion we have analyzed eleven new bands of the A'S-X'S system in
the absorption spectra of “Lill which lie close to the dissociation limit. These

new observations will enable us to construct more accurate and true potential :
energy curves for this molecule. It is clear from the present observations that

it extends the A'T-state potential curve to about 99% of the well.
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TABLE-14A

Wavenumbers of P and R branches

of A’ - X!E system

N (16.1) (17.1)

R = R P
1Tt 30152 57 - 30810.16 | 30796.04
2 - 30413.48 796.0-4 T71.76
3 413.48 380.14 T71.46 738.68
4 380.14 338.28 738.68 695.38
153 338.28 - 694.38 643.48
6 - - - 580.05
T - 156.72 - 509.24
S 156.72 073.87 509.24 131.21
9 077.79 299386.51 431221 S8
10 | 29986.62 899.68 FE1:28 -
11 890.43 783.11 - 136.43
R 669.15 | 135.43 .
13 | ° 669.15 546.48 - - 29896.94
14| 516.48 413.17 . 1 29891.75 764.51
15 #1317 20242 760.80 -
161 2242 124.99 618.35 174.19
Lo | 12049 - 466.73 316.23
18 - - 306.27 150.67
19 - - 142.98 -
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TABLE - 1B

Wavenumbers of P and R branches

A!S - X'S System of "Lill

N (13. 1) (9t
R P R P
1 : 31145.11 | 31499.34 .
2 3114431 | 121.53 w0 PSRN0
3| 17153 086.45 | 435.68 127.86
4| 086.45 | 043.01 422.59 :
5 | 041.76 | 30992.71 | 376.42 | 326.84
6 . il 32244 | 265.13
7 . 857.04 | 258.71 191.68
8 | 852.55 | 776.38 182.39 | 109.64
9 | 77176 | 685.70 | 099.32 | 018.31
10 | 630.98 | 585.40 | 008.69 |30915.23
11| 580.05 | 476.93 i 804.70
12 | 469.23 . : 686.64.
13 . 2 30670.96 | 557.85
14 . 096.67 | 51097 | 421.89
15| 088.25 |29955.13 | 101.38 :
16 - 803.21 “ .
17 | 29789.48 | 643.53 | 096.67 | 29937.13
18 | 627.59 | 47489 | 29930.27 | 786.65
19| 457.12 | 299.68 | 757.66 | G606.73
20 S5 EERER Y 85690 -
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1
TABLE - 1C
Wavenumbers of P and R branches
AlS - XS System of “LiH
: ,
; N (20. 1) (21, 1)
i : R P R P
- . 1 : 31807.46 | 32126.53 :
2 : : e
] 3 : 749.17 | 083.45 | 32054.48
; 4 | 3174152 | 704.89 | 046.36 | 009.98
5| 694.23 | 649.33 | 31999.93 | 31955.08
6 | 638.78 | 584.68 | 942.80 -
TEB512712 1 50048 | 87132 | BI508
8 | 496.34 - 796.21 | 729.56
: 9 | 11089 | 33187 | TOT.79 :
10 | 316.03 | 22857 | 610.84 | 528.68
11| 209.43 | 116.84 | 502.46 :
12| 094.62 |30995.25 | 385.64 | 289.79
13 | 30969.42 | 862.04 | 258.71 | 156.75
14 | 836.17 | 720.96 | 121.53 | 013.98
15| 694.38 | 572.43 - 30862.04
16 | 540.97 : : 701.18.
17 | 380.14 : 30658.43 | 530.84
I8 3 073.87 : :
3 19| 032.20 | 29890.43 : -
3 20 | 29843.41 : : .
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TABLE - 1D

Wavenumbers of P and R bhranches

AlY - N'S System of *Lill

e

N (22.1) 21 1)
R P R P
1 | 32416.06 | 32405.63 | 326381.67 | 32670.03
2 | 399.10 | 379.21 | 663.91 | G646.78
3 | 372.21 | 343.96 | 635.95 | 610.08
1 3 : 596.48 | 363.86
5 | 2819} : : 505.16
6 | 22558 . : 136.33
= b s | 0207 : 339.89
g1 inoe o036 | 35w 2029
9 : 31916.145 : >
10 : 80746 | FHL35 .
11 % 639.79 : .
12 1 3165748 | 562.32 | 3190747 | 31820.81
131 52781 | 42691 | 77457 | 683.66
14| 387.54 = Gi 38 | 51523
151 238.18 | 130.81 | 478.82 | 378.09
16 | 08052 |30966.42 | 319.96 | 210.03
17 | 30912.65 | 793.53 . 031.61
15| 736.31 | 612.62 | 30969.42 | 30852.55
19| 55048 | 42263 | 77947 | 638.43
20 | 355.27 - 530.05 | 157.79
21 | 152.91 - . ¢




TABLE - 1E

Wavenumbers of P and R branches

AT - XIS System of "Lill

N 25 1) (25. 1) (26. 1)

R. P R P R P
1 | 32918.467 : . ; : :
2 | 899.52 3 . : : :
3 | 87091 | 32846.79 : - : -
i1 B0 799.38 : ; : ;
5 - 742.33 : : : -
6 | 719.34 - : : : :
7| 646.18 : . . -
8 | 563.86 | 506.56 - ! - :
9 | 469.92 106.13 - : : :
10| 366.93 296.45 ; - - -
11| 252.83 3 i : : 325335.91
12 | 128.53 016.36 | 32315.76 | 32237.06 | 3247-1.817 | 400.06"
13 | 31993.84" | 31906.67 . 005.12 | 33101 -
14| 849.78 -56.55 | 03045 |31913.80 | 13380 | 102.9%
15| 694.23 50714 | 3187492 - 02451 | 1937.02
16| 530.15 9786 | 70189 | 608.92 | 31852957 | T62.58
17| 356.38 219.06 : 938 | em329 | 57942
13 : 06225 | 339.83 | 23726 | 48382 | 335.64
19 . 30866.12% | 145.11 L 283.17 +| 182.89
20 . : 30910.87 | 30828.50 : -
21 . : 72589 | -612.84 : 30750.82

“Blended Lines

i




TABLE-2

Molecular constants in em™! for

the "Lill A'S - XIS svstem.

Vo

Bia

DL x 107

16
17
18
19
20
21
22
23
24
25

26

30452.0 £ 0.2
30809.6 &+ 0.2
31159.7 £ 0.1
31498.1 £+ 0.2
31820.6 £ 0.4
32129.6 £ 0.2
32419.3 £ 0.2
326548 £ 0.2
32922.1 -+ 0.1
33126 £+ 2
33300 £ 8

2.467 % 0.003
2.412 £ 0.002
2.349 £ 0.003
2.245 £ 0.001
2.138 £ 0.003
2.041 £ 0.006
1.904 4= 0.006
1.800 % 0.006
1.735 £ 0.001
1.671 £ 0.008
1.607 £ 0.008

4.35 £+ 0.06
4.35 £ 0.03
4.26 £ 0.07
4.18 & 0.08
1.03 £ 0.09
4.02 + 0.05
3.03 £+ 0.09
3.01 £ 0.09
3.2¢ 3 601
3.85 £+ 0.09
s 00

f
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TABLE - 3
Dunham coeflecients Y;; (cm™!) for
J =0 and 1 for the A'S state of "Lill.
Vibrational C'onstants
Yieu (i) TGN ‘
k. Y20 | (~ were) | -26.85138
Y30 | (~weye) | -3.33872
Yio | (~wez) | 0.35573
Y50 =2 96177 %1072
Ye.0 1.74293 x 1073
g —7.06097 x 10~3
Y50 1.89402 x 10~¢
Yoo ~305187 x 1078
Y100 2.22147 x 1071 b
Rotational C'onstants I
[
Y20 B, 2.81184 i
YToa a, 2.51162 x 102 - :
Y R |
112 <5 ~1.46001 x 10~3
Yia 149915 x 10~ i
Y14 —6.36401 x 1078 | !
\ Yis 9.59519 x 1078
! 116 9.59519 x 10~'°
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8
- TABLE - 4 i
Experimental Vibrational Energy Spacings E
AG(v) in the A'S - state of LiH. |
V L Gl E oo AG(v) AG(v) ‘
Present work | Stawlley et al. ,
i
Bh e 280.9 282.0
b A 312.8 309.8 %
B Taaln 335.8 334.6 |
e lf‘figi 352.9 352.4
£ i 365.8 365.1 |
5 1780.03 @ 5
e 375.5 375.1
s e 382.6 382.5
[ 2538.14 = &
\ fSet 387.5 387.5
aadl 8 | 2925.66 ? :
L 390.5 390.2
9 3316.13 <
10 3707.77 391.6 391.7
tott . ;
11| 4098.93 i et
3R9.2 389.1
12 488,12
e 385.8 384.3 :
13 4873.95 3 ; ; !
381.2 382.4 ;
14| 5255.14 3 -
3 : 379.3 376.4
15 5630.45 o ;
P 368.2 369.8
s 359.9 362.3 |
17 6358.55 A X :
b 350.1 351.4 '
18 6708.64 2
S 338.6 339.5
19 1047.26 RS e ]
20 737233 8251 3237 :
S| Badign | | S08H 306.2 ;
S 289.4 284.0 f
22 1970.65 1
: g 265.9 256.9 j
23 8236.53 o i
§ e 2371.5 219.4
21| 847102 =Sk 3
. ot 203.7 160.7
25 | 8677.68 it S
A 26 | 8841.93" ; L
- !
* For these bands only higer rotational transitions with .J > 12 were !

observed. Presently, the missing transitions near the band origin lie in the

dissociation continum. -
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[F-X and G-X systems of K,

|
M. Rafi, S.M. Naqvi, M. Jahangir, S. Mahmood, LA. Khan

Department of Physics, University of Karachi, K:lrnchi-7§270_ Pakistan
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Abstract. Absorption spectra of K, in the UV lcy(m of

3480 A 10 3700 A have been recorded in the second order
of a 3.4 meter Ebert Qpcclrogl.lph giving a reciprocal
dispersion of 2.6 A/mm. This region consisting of F—X
and G- X band systems has been found to conLun 37
new bands. The vibrational analysis is performed .md the
molecular constants arc evaluated using compu(t.r mclh-
ods.

PACS: 33.20.1.g - |

Introduction ‘

There has been a lot of interest in the spectroscopy of
alkali molecules because of the laser action of Na, and
Li, in the visible and near infrared. Laser fluorescence
techniques are the most directly 'used methods ld study
the high lying vibrational-rotational energy levels oi'clcc.-
tronic excited states as well as the levels of the cleétronic
ground state [1-3]. These methods are reliable for stud-
ym!, the states covering the visible and near infrared
regions but as far as the higher states are concerned tra-
ditional absorption and emission techniques are still val-
wable. Using these methods the UV spectra of potassium
molecule have been studied by a number of workers
[6-8]). First of all, Yoshinaga [8] worked in the UV region
and made the vibrational analysis of The bands recorded
in absorption. Work in the same region was laler done
by Sinha [7]. He was not satisficd with the earlier work
done in the region 3480-3700 A and regarded it as un-
satisfactory. He did not present any vibrational .umlysis
It was, therelore, felt to study the spectra of; K, in this
regton and verify the work of YOShllhlbd [8]. We per-
formed the experiment in the UV region to study the
absorption spectra of K. In the first instance we obtained
ancw band system called - X in addition to the systems
IV and V of Yoshinaga (also called I'-X and G-X systems
[4]). H =X system appeared quite distinct whereas sys-

FOR PHYSIKD
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tems IV and V were not so good. Therefore more exper-
iments were to be done in different experimental condi-
tions and the two works could not be put together. H—X

~system has already been reported [6]. The present paper

N\

describes the work extended in F— X and G — X systems.
The analysis has been made to evaluate the molecular
constants.

Experimental

The experiment is done by heating the potassium metal
to around 800 °C in a 1.5 meter long steel tube directly
heated by a 10 KVA transforimer. The heating is done in
an atmoshphere of hydrogen at a pressure of 300 lorr in
order to extend these studies to obtain the spectrum of
the hydride of potassium. The spectrum is recorded in
the second order of 4'3.4 meter Ebert Spectrograph glvmg
a reciprocal dispersion of 2.6 A/mm. The spectrum is
recorded on Ilford Q, plates with an exposure lime of
about 15 minutes. The abbe comparator is used to make

1e measurcments of the band heads to an accuracy of
40.1 A Tron arc is used to get iron standards. Vacuum
wavenumbers are oblained by a computer programme
using the dispersion formula of Edlen [4].

Resul(s and discussion

The spectra of F—X and G — X systems of K, lic in the
region 3480- 1700/\ and contains bands dcgmdud to-
wards red. There i§ an overlapping of bands of E—X
system onto the F =X system. The assignment of vibra-

“tional quantum numbers to the band heads is conven-

" least square fit

iently done by the already assigned values of Yoshinaga
[7]. The Tables | and 2 show the assignment of the bands
and for comparison the previously known values are
also given. The upper state terms are built by adding the
wavenumbers of the band heads to lower vibrational
terms (Tables 3,4). Computer nmicthods incorporating
are used to find out the values of
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Table 1. F =X System of K, . Ne i

Table 2. G~ X Syslem of K,

(g L 0,,, (em™"), b,;, (cm ") ) AulA e (cm™") vy (em ™)
(This work) (This work) (Yoshinaga) (This work) (This work) (Yoshinaga)
0,0 3627.5 275597 | % 0,0 3560.3 28 080 2 L
0 3619.5 27621, | " 27621 1,0" 3552.0 - 28:145 5. Nim
2.0 3611.2 27683 ! 27684 0. 3544.4 torw 28208 ey
3.0 3603.7 241 27 745 3,0 35367 - 28 267 i
4,0° 3596.3 27799 | = 4,0 3529.6 28 325 agagh .1
0.1 3639.8 27466 | 27 468 5,0 3522.3 28 383 . 28484
11 3631.7 21597 27528 6,0 3515.1 ‘ 28 441 S 28443
2,1 3623.6 27587 27 590 0 3508.2 28 497 . 28500
30 3615.6 27650 v -, 3,0 3501.2 28554 28 558
4,1° 3607.6 A L 9,0 = = - .. 28614
5,12 3600.1 27769, g 0.1 3572.0 > 27987 27987
0.2 3652.0 o SIS E N Tl 3564.0 28 050 28050
.2 3643.6 97437 27439 2 3555.9 28114 28112
2.2 o = ] 27500 3,1 3548.3 28 174 28 175
1 72 3627.9 27 556 ~ 4,1 3540.9 28 233 28232
4.2 3619.8 27618 ' < 5,1 3533.1 28296 28292
5.2° 3611.9 7679 - . | = 6,1 35263 e apala Eaa | gD
62" 3604.4 . 27736 | < 7.4 3519.2 28407 28 408
0,3 i 2 i 27290: - 8,1 3512.3 O OReE 28464
3 3655.7 SruT | L 9,1 3505.3 28520 - © 28520
G2) * ' L Soh o TR0 T 3498.8 5198 537 Fn
5.3 3639.3 27470 S 0,2 ' '.35838 nE 97806 . 2789
4,3 3630.7 SO SagC v 1,2 3575.7 27959 © 27960
5,3 3623.5 27590 | = 22 3567.6 28 023 28022
6.1 3616.3 S - W 32 3559.6 : 28086 28083,
290 3608.0 SR8 vl 4,2 355200 28 145 28 143
8,3 3600.5 27766, | ! o 52 3545.2 28 200 28 202
0,4 3676.3. R e TR el REE L B
1,4 3667.7 27258 (i 27.249 . o ,,3530.6 b Ut
2,4 S e ol e b =i dgp -8, 2° o T Sadiaes o Ela
3,4° 36519 . 27379 ’, Sl lg e 1N 3516:6' u 1 oglaag it Do
4,4* 136434 27439 . . 4 aE 10,20 Freniegsggigl el boE) itgggger Lt b
5. 4 116357 . 127497, . t g 11,2 3503.5 28835 op o nul e
6,4 - - : = 0,3 3595.4 27 805 27 806
7.4 = = s i -
8,4 36123 27675 | . TR e
9,4 3604.8 2% >
10, 4* 3597.4 27:790 - -
?g 3680.3 27 164 ‘ 27161 Table 3. Term values of F—X System of K, (in cm™")
g5 3671.6 27938 - & S
3.5 3663.4 . 27289 2 :
4,5 3655.3 27 349 4 0 1 2 3 4 5 ‘ave
5.3 = = R - 0 27605 27603 27603 - 27602 - 27603
6, 5* 3639.3 27479 3 | 27666 21665 27666 27666 27666 27662, 27665
7,5° 3631.5 27529 * _ '
i : S 2 IR = s 27726 27726
0 = = 35 27787 271987 27785 27788 27787 27386 21787
1.6 - = 27075 4 27845 27848 27846 27849 27847 27846 27847
“ N hands & Lo 27906 27907 27908 27906 - 27907
6 = = 27964 27964 - 27967 27965
e : = 28026 - 28026 28026
g = = 28084 28084 - 28 084
e e - - 28141 - 28 141
o s - = 28199 - 28199

7

e

T=T. 4w, (+1/2)—w, x (v+1/2)2.

w,,w,.x, lor the IF and G slates. The relation used is:

The molecular constants thus calculated are given in .

Table 5. .

We recorded 37 new bands ofi IF =X and G —X sys-
tems of K,. The good quality and the large number ol
bands obtained is duc to the improved design of the ab-
sorption column in our experiment. The disadvantage in
using this type of dircctly heated steel tube with potassium

metal heated in an atmosphere of hydrogen at a pressure
of about 500 torr is that the potassium metal vaporized
in the central part, condenses at both the windows. In
order to overcome this problem the principle of heat pipe

‘has been used to obtain a uniform long column of the

molecular gases. The Tables 1,2 show the summary of
the bands observed: The molecular constants are evalu-
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; Table 4. Term values of C X System of K (in cm ;')

u’ v” P S : ‘
0 I 2 3 : ave

28 126 28 125 28 124 28124 28 125
I 28 191 28 188 ° 28 187 - l 28 189
2 28 252 28252 28 251 ety 28 252
3 28313 28 312 28 314 - i 28 313
4 28 371 28 371 28373 - | 28372
5 28 429 28433 . 28428 - i 28 430
6 28 487 28 488 28 486 - { 28 487
7 28 543 28 545 28 544 o - 28 544
8 28 600 28 601 28 604 - i 28 602
9 - 28 658 28 657 = ! 28 657
10 - 28 711 28713 - S 28712
He - = 28 763 - 28 763

|

Table 5. Molecular constants of IF and G states of K, (in cm'(")

Stite - T, w, $ 3 w, X

| 27572.14:0.8 , 62.144-0.10 02331() 005
F® 27571 62.29 0.24 !
(e 28094314123 63.78 4+ 0.80 0.4940.04
G* 28 091 64.90 S0 4

* This work : :
® From work of Yoshinaga [8]

L

ated and the comparison of these values Wllh those of
Yoshinaga [8] shows an agreement within, the experi-
mental accuracy (Table 5). In the light of this dgreement
it can therefore be rcgard d that Sinha’s remarks are
incompatible with our findings. ¢

v . A SR

=
NN Se
>

The bands belonging to these two systems appear dif-
fuse compared to the bands of E—X system. A tentalive
correlation diagramm for atomic and molecular states of
potassium has already been given by Rafi et al. [6]. In
this diagram the F and G states of K, have been corre-
lated to 42 D and 42 P states of one of the pol'\ssium atoms
lcspccllvcly whereas the other pOldSbIllm atom is assumed
to be in the ground 2S state. This correlation diagram
suggests that the F stale may be predissociated by the G
state resulting in the diffuse appearance of both the sys-
tems. This suggestion can be further studied by making
higher rcsoluliou studies of these stales.

We are gr.llcful to Pukistan Science Foundation for the | ﬁnqnual
assistance 1o carry out this work under rescarch grant S-KU-
Phys(72).
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Near-dissociation photoabsorption spectra of LiH, NaH
and KH
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Abstract.’ New data on the photoabsorption spectra of LiH, NaK and KH are reported
involving ground state X 'Y and excited state A 'S near the dissociation limits. Rotational
and vibrational analysis of the observed bands is presented:

LiH X 5oy > AT (16 V=26)
V=0 13=sV<22
NaH x'z{ ->A'S {( )
V=1 (12< V=25)
< JV=0 ; (24<V=<34)

KH Xy -A'T
V=1 (27< V=<38).

In each molecule, the highest observed vibrational level lies very close_ to the dissociation
limit and it corresponds to about 99% of the expected bands for the A 'S state potential
energy curve.

Near-dissociation spectra of molecules possess a special importance in connection
with the construction of true potential energy curves because an extrapolation from a
limited number of vibrational levels to the dissociation limit of the potential curve
would be highly uncertain. Alkali hydrides, being the simplest diatomic molecules
have attracted considerable interest since the 1930s both experimentally and theoreti-
cally (Pearse and Gaydon 1952 and references therein). Particularly, the spectra of the
A 'S-X 'S system have been extensively studied due to the anomalous behaviour of
the vibrational energy levels AG(v) and the rotational B, constants of the A 'S state.
In all the alkali hydrides the vibrational and rotational constants initially increase with:
increasing vibrational quantum number, approach a maximum value at (V =9, 12 and
1S for LiH, NaK and KH respectively) and eventually decrease in the usual manner.
This anomaly was attributed to the avoided crossing of the zero-order covalent and
ionic potential energy curves (Mulliken 1936).

These investigations were once again picked up by Stwalley and co-workers (Stwal-
ley et al 1991 and references therein) who also constructed the RkrR (Rydberg-Klein-
Ries) potential energy curves for the X 'S ground state and the excited states A 'S and
B 'TT in most of the alkali hydrides. The limitation of Stwalley’s group was that they

§ Present address: Department,of Physics, Faculty of Science, King Abdul Aziz Uniyersity, Jeddah, Saudi
Arabia.

0953-4075/93/060129 +06307.50 © 1993 IOP Publishing Ltd L129
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observed the vibrational progressions in the A 'S state up to V=15 in LiH (Li and
Stwalley 1978, Zemke et al 1978, Orth and Stwalley 1979), V=19 in NaH (Orth et al
1980) and V=26 in KH (Yang et al 1980). However, looking at the constructed
potential energy curves, it seems to be possible to extend the vibrational progressions
right up to the dissociation limit provided proper experimental conditions are achieved.
Since the studies of the X 'Y ground state have been extended near the dissociation
limit in LiH (Verma and Stwalley 1982), KH (Hussein er al 1986) and NaH (Nedelec
and Giroud 1983), there is a great urge to investigate the A 'S state up to the dissociation
limit.

Keeping this extension in mind, we have reinvestigated the absorption spectra of
alkali hydrides with improved experimental conditions and longer path length available
in the early experiments (Rafi et al 1983). In this letter, we present new data on the
extension of the vibrational progressions in LiH from V =14 to 26, in NaH from
V=12 to 25 and in KH from V =27 to 38. The v1brat|ona1 and rotational constants
of these newly observed bands are reported.

The absorptlon spectra of LiH, NaH and KH molecu]es were photographed in the
second order of a 3.4m Ebert spectrograph equipped with a 1200 lines/mm plane
grating. The background source of radiation was emitted by a 450 W high-pressure
xenon arc lamp.

The molecules were generated by heating spectroscopically pure metals in an
atmosphere of hydrogen. About 100 g of material was loaded in a stainless steel tube:
1.5 m long, 2.5 cm inner diameter and with 2 mm wall thickness. This tube was directly
heated by a high-current low-voltage transformer: 800 A at 10 V. The ultimate tem-
perature achieved was about 950 °C. The pressure of hydrogen gas in the furnace was
about 30 Torr before heating the sample. Both the ends of the furnace tube were water
cooled to avoid vapour condensation at the quartz windows.

The spectra were recorded on the Q-2 plates at 2.4 A mm
with an exposure time of about 30 min.

Lilve: wavelength calibration was achieved by superposmg the iron arc spectrum
which possesses sharp lines covering this spectral regxon The plates were measured
using an ‘Abbe comparator with absolute accuracy of :tO 01 A for blended lines and
+0.005 A for sharp lines.

The data used in the present analysis consisted of Tovibrational structure; R and
P branches of a typical 'S-'S transition involving V=0 and 1 in the X 'S ground
state and the A 'Y excited state.

The main features of the newly observed band systems of NaH are reproduced in
figure 1. The structure of LiH and KH is very similar to that of NaH but slightly less
prominent. There are well developed R and P branches for each band which are
extended to J =20 in most of the cases. The rotational assignments were carried out
with the help of the ground state combination differences (Herzberg 1950):

~! reciprocal dispersion

AFUSF=REI=1) - P{I+1)

which are known from the previous studies (Stwalley, et al 1991). The ground state
combmatlon differences derived from the new bands ofthe A 'S « X 'S transition show
good agrcement with the known ones with an estlmated rRMs error of £0.2 cm™'.

The rotational constants for the excited state were derived from the upper state
combination differences: !

AF'(J)=R(J)-P(J)
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Figure 1. The absorption spectra of NaH showing the rotational structure near the dissoci-
ation limit:

which are expressed as:

AF(J)=4B,(J+})-8D.(J +})".
Using a least-squares fitting subroutine, the rotational constants B, and D, for each
band were extracted and are listed in tables 1-5. The B, values for the upper state
first increases with increasing vibrational quantum number, approaches its maximum
value and then decreases monotonically. The e .Qluated B, values:were fitted to a
polynomial in (v+1) by least squares to evaluate the equilibrium constants using the
following relation: ‘ s

B,=B.—a (v+})+y(o+) +e(v+i)]+. ..

whereas the vibrational energy G(v) is represented as (Graybeal 1988):
G(v)=w(v+}) - wx(v+1)+ weye(v+ 1)+ w.z.(v+1)*+higher terms.

Table 1. Rotational constants for the A 'X-X 'S system in LiH.

Band pand origin B, D, x10°*
(16.1) 8D 452.0£0.2 2.467 £ 0.003 4.35+0.06

(S e ) 30809.6 0.2 2412+ 0.002 4351 0.03
(18, 1) 31159.7%0.1 2.349 = 0.003 426£007
(19, 1) Y31 4981+ 0.2 2.245+0.002 4.18 £ 0.08
(20.1)'  “+31820.60.4 2.138 = 0.003 4.0320.09
@n. o R 1296 w03 2.041 = 0.006 4.00+0.05
(22, 1) 32419.3 £ 0.2 1.904 + 0.006 3.03x0.09
(23.1) 32684.8+0.2 1.800 = 0.007 3.01+0.09
(24.1) 32922.120.2 1.735 = 0.008 3.27x0.06
(25, 1) 33126+2 1.671 = 0.008 3.85+0.1

(26, 1) 33289+8 1.607 + 0.009 4.25+0.1
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Table 2. Rotational constants for the A 'S-X 'Z system in NaH.

Band Band origin B, B, &1

(13,0) 26838.3+0.2 1.829 £ 0.006 1.62+0.02
(14,0) 27 191.240.2 1.801 £0.002 1.59+0.01
(15,0) 27538.8+£0.3 1.774 £0.003 1.48+0.04
(16,0) 27883.5+0.3 1.741 £ 0.005 1.40£0.05
(17,0) 28223.1+0.2 1.715+0.004 1.41 +£0.04
(18,0) 28 556.8+0.5 1.681+£0.003 1.32+0.03
(19,0) 28 886.5+0.3 1.653 £0.002 1.37£0.02
(20,0) 29210.7+0.2 1.609 + 0.006 1.20£0.06
(21,0) 29 530.3+0.2 1.580+0.006 1.24£0.04
(22,0) 29843905 1.539+£0.002 1.11+0.03

Table 3. Rotational constants for

the A'E-X 'S system in NaH.

Band Band origin B, D,x107*
(12,1) 1253520404 1.855 +0.009 ‘1.40 £0.09
(13, 1) 25706.1 0.6 1.827 £ 0.008 1.5240.07
(14,1) 26 058.0 0.4 1.803 £0.005 1.66 % 0.05
(15,1) 26 406.1+0.5 1.779 +0.004 1.73£0.03
(16,1) 26750.3+0.5 1.742 £0.005 1.18+0.08
(17,1) 27089.6£0.7 1.724+0.004 1.60 +0.04
(18,1) 27423.8+0.6 1.685 % 0.006 1.51+0.06
(19, 1) 27753.840.5 1,654+ 0.006 1,65+0.05
(20, 1) 28 078.3+0.4 1.6150.007 1.37£0.06
(21,1) 28397.8+0.4 1.573 £0.008 1.19+0.06
(22,1) 28714.0+0.7 1.53140.005 1.20+0.03
(23,1) 29027.2+0.7 1.501 £0.005 1.39+0.04
(24, 1) 29337.0£0.6 1.446 +0.003 1:13+0.04
(25,1) 29642.2+0.8 1.400 £0.005 1.00+0.07

‘Table 4. Rotational constants for the A '2-X 'Z system in KH.

Band Band origin B, D, x107°
124,0) 25322.1+0.3 1.139 £ 0.002 6.94+0.07
(25,0) 25570.1£0.5 1.111 £0.005 3.25+0.08
(26,0) 25814.5+£0.7 1.083 £0.005 6.15+0.06
(27,0) 26055.1+0.4 1.077 £0.004 '8.51+0,07
(28,0) 26 286.3+0.3 1.064 £0.004 6.03+£0.05
(29,0) 26 507.6+0.9 1.035+0.004 3.01 +£0.05
(30,0) 26739.1+0.7 1.010 £ 0.005 8.48+0.06
(31,0) 26957.2+0.8 0.984 £0.005 5.55+0.07
(32,0) 271683 +0.8 0.949 + 0.006  3.34+0.05
(33,0) 27379.2+0.6 0.923 £0.006 4.57+0.04
(34,0) 27 588.0+0.5 0.905 £0.004 3.07+0.05
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Table 5. Rotational constants for the A 'S-X 'S system in KH.

Band Band origin B, D, x107°
(27,1) 25101.1£0.5 1.075+0.004 6.30+0.05
(28,1) 25333.7+0.6 1.066 + 0.007 9.51+0.08
(29,1) 25564.1+0.8 1.035+0.006 6.15+0.08
(30,1) 25790.0+ 0.6 1.008 +0.005 5.51+0.05
(31,1) 26 009.1+0.5 0.981 +0.006 5.32+0.05
(32,1) 26220.1+0.8 0.946 + 0.005 5.70+0.05
(33,1) 26425.1+0.7 0.919 +0.008 7.71+0.04
(34,1) 26624.2+0.8 0.901 £ 0.006 7.79+0.07
(35,1) 26 820.2+0.9 0.876 +0.005 6.45+0.08
(36, 1) 27010.3 0.6 0.852+0.005 4.68+0.07
(37,1) 27195.2+0.6 0.830+0.006 5.36+0.06
(38,1) 27373.3£0.8 0.801+0.007 7.57+0.07

Since we have observed a vibrational progression, the successive differences between
the vibrational band origins can be expressed as:

AG(v)=G(v+1)=G(v) =T Yi[(v+3)' ~ (v+})].
After substituting the values for G(v), it turns out to be a rather simple relation:
AG=w—-2wx(v+1)+ wy(3v2+6n+'73) +wz(4v> + 120>+ 130 +5)
wa(5v*+20v°+650%/2+250+22) +. ..+ higher terms.

We have used a least-squares subroutine to“fit the observed data in all the three
molecules along with the data previously known\m the literature and evaluated the
vibrational constants. Our observations are as follows.

(i) For LiH, we have analysed eight new bands involving the ground state X 'Z
(V =1) and the excited state A 'S (V =16 to 26). The observed AG is well represented
using a sixth-order polynomial fit. However, it differs from the calculated AG by
Stwalley et al (1977) at higher vibrational quantum numbers. Therefore, a new RKR
potential should be constructed based on the present observations since about 99% of
the expected bands of thé A 'S state are now known.

(ii) For NaH, we have extended the (18,0) and (19, 0) bands to higher J-values
and report (20, 0), (21, 0) and (22, 0) bands for the first time. Involving the X 'S state
(V=1) and the A 'Z state, we have observed the rotational structure for V=12 to 25.
The (18, 1) band is extended whereas the (12, 1), (13,1) and V=19 to 25 bands are
reported for the first time. A seventh-degree polynomial is employed to fit the vibrational
energy differences and the difference between the observed and calculated values does
not exceed 0.5 cm ™.

(m) For KH eleven new bands are observed involving the X 'S state (V =0) and
the A 'X state (V=24 to’34) and twelve new bands from the X' state (V=1) to the
excited A 'S state (V= 27 to 38). This is about 99% of the expected bands forthe A'S
state.

In conclusion, the obscrvatxon of 40% more vibrational levels clOs& to the dissoci-
ation limits in the absorption spectra of LiH, NaH and KH will enable us to construct
more accurate and true potential energy curves for these molecules.
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Summary:

Studies in the electronic spectra of diatomic molecules both in
emission and absorption on a 3.4 m Ebert Spectrograph at a reciprocal
disperson of 2.6 A/mm are being made in the Spectroscopy

Laboratory, at the University of Karachi. The spectra of Bi,, Na,, and
K,, have been investigated in the recent years. The details of these
form the topic of this talk.

1. Introduction:

In recent years molecular spectra of alkali dimers have become of increasing
importance as these moleculaes are considered as prospective candidates for
laser processes. The electronic spectra of dxatomllc molecules is a result of the
transition between tow electronic states of moleucle. These spectra appears to
be comprised of bands which in turn consist of rotational structure called branches.
We were working on the formation of diatomic molecules in our Laboratory
and investigate their electronic spectra. The analysis of these spectra is carried
out and the molecular states are evaluated. Spectra of a number of molecules
have been studied by us in recent years." In this paper we shall confine to the
description of the spectra of Bi,, Na,, and K,, observed and analysed recently.

2. Spectrum of Bi,

A number of band systems of sz have been studied by earlier workers.>®
We planned to look for I-X, H-X and G+X systems in absorption so that the
data of LH and ‘G states could be verified. Absorption bands in the region
belonging to G-X system were obtained and in addition a nearby new system
at 3315 A has been recorded. Computer methods have been used to make the
analysis of the recorded systems and to determine the molecular constants.
Bismuth metal is heated in a 1.5 m long steel tube furnace to'a temperature of
900°C in an atmosphere of hyderogen at a pressure of about 300 Torr. A 450 W
high pressure xenon lamp acts as the background source. The spectrum is recorded
on lliford Q2 plates in the second order of a 3.4 m Ebert Spectrograph giving a
reciprocal dispersion of 2.6 A/mm

The absorption spectra of Bi, recorded to the present studies show two distinct
systems not reported previously. The are named G-X and J-X. Tables1,2,3,4 give

* Present addres: Department of Physics, King Abdul Aziz University, Jeddah, Saudi Arabia.

57



e

Table 1. ~ G-X System Of Bl?

.

YoVt A v
[ & o VIlC:‘
R) (cm )

0:.- 0 3380.3 29574.8

£ 0 3368.2 29680. 7

25,0 3356.2 29786.8

3.0 3344.3 29892.8

e, 3332.6 29997.6

s, 0 39211 30101.7

6,0 3309.8 30205.1

e 3387.8 29509.7

250 3375.6 29615.8

3 3363.6 297214

1+ 3351.,7 29826.8

S 3340.0 29931.7

6, 1 3328.3 30037.0

Tt 3316.9 30139.5

8., 1 3305.6 30243.5

9., < 3294.3 39346.5

1051 3283.3 30448.8

1.2 3407.4 29339.1

200 3395.1 29145. 4

3.2 3382.9 29551.3

4.2 387131 29656.5

5,42 3359.1 : 297613

6 2 3347.4 29865. 1

T2 3335.8 : 29968.9

8 7 3324.4 30072.3

CE ) 3313.1 30175.2

4.3 3390.5 29485.5

B aaanERR T o e e DR

6 » 3 - e o = ———— -

7.0 3354.9 29799.0

g .3 3343.2 29902.5

9 ia 3331.8 30005.5

0153 3320.4 30107.8
Table 2. Term values (in cm") of G state of Blz
v' viteg 1 2\ 3 Average
0 29661.0  mmmmem= mmmmeen e 29661.0
1 29767.0 29768.0 29768.8  ——m———m 129767.9
2 29873.0 29874.1 29875.1 ———mee 5.29874.1
5 29979.1 29979.7 29981.0  —=m—=—- 29979.9
q 30083.9 30085. 1 30086. 1 30085. 7. 30085.2
5 30188.0 30190.0 30191.0  —===——- 30189.7
6 30291.3 30295.3 30294.7  —=mm-m- 30293.8
7 e 30397.8 30398.5 30399.4 +30398.5
8 0 mmmmee- 30501.8 30502.0 30502.8 .30502.2
9 e 30604.9 30604.8 30605.7 30605. 1
10 emeeeee 30707.1  —==se=e 30708. 1 :30707.6
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Table 3. J-X system of Bla'

Vi, alr vac.
' (R)

% 0550 3319.9 30112.7
0 3310.3 3U199.9
2 A 3300.8 30286.9
&in 0 3291.4 30373.7
450 3281.9 30461.1
o0 b 30547.0
€ 2000 3263.4 30633.9
T30 3254.3 30720.1
80 3245.2 30805.6
50 3236.1 30892.2
1050 9227.'1 30977.8
Sk 0 3218.2 31063.1
240 3209.3 31149.2
¥ , 0 3200.7 31234.2
M0 3192.1 31318.9
1550 3183.5 '31403.2

; 16 0 3174.9 31487.4

! 350 3166.5 31571.8

Table 4. Term values (in cm ') of the J state of B,

v' Term values
‘ 0 30199.1
} 1 30286.2
- 2 30373 1
! 3 30460.0 .
; 4 30547.4 it
. | 5 30633.3
@iﬂﬁgv. ] 6 30720.1
g ‘ 7 . 30806.3
e ; 8 30891.7
i 9 30978.4
{ 10 31064. 1
2 11 31149.3
12 31235.4
13 \, 31320.2
14 \ 31405.2
15 \ 31489.4
16 31573.6
1

17 31658.

>

? the wavelengths and wavenumbers of the bands heads and the term values.
{ The vibrational constants of the upper states are determined by using a computer
1 programme of Jeast square fit to the equation.

T=T + Wc v 1) ~wx (v+1/)+ WY v 24P
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Table 5 gives the molecular constants.
. =4
Table 5. ' Molecular constants of G, J and X states of Bl (in cm 7).

Te we

State

wexe

weye

G(a) 29607.58 + 0.39 '107.18 ¢ 0.14 0.25 * 0.03

G (b) 29609.0
J 301S55.4
X (a) [¢]
X (b) 0

107.0

87.22

§71.55

T T

0.2

(5.03 + 0.40) x 10™%

0.32

0.341

(I.5§3* 0.10)
x 10

(a) This work.

(b) From work of Reddy and All [17].

3. Spectrum of Na, at 2700A:

Studies in the spectrum of Na, from 2700A to 2890 A have been made by a
number of workers.”'? We have also studied this region and report a new system
called F-X. The bands have been recorded in absorption on a 3.4m Ebert
Spectrograph in the second order with a reciprocal dispersion of 2.6 A/mm
using the same furnace as used in Bi, studies. The measurement of the band heads
has been made and the vibrational analysis is performed. Term values and the
molecular constants of F state of Na2 are given in Tables 6-7.

Table 6. Term values In cm_‘ of F state of Na?

|
!

v’ 0 1
")

0 JRORr e e
1 s, ¢y CHBEBRRISE e ot SR At TSI
2 37206 37210
Qe Sae IR B 37307
1 e 37405
5 G502l s s
6 ichl IS REEEE S e S S
i 37698 37697
8 37795 371796
9 37893 37896
10 37996 37994
11 38094 38092
12 38194 33189
13 38294 38288
14 38393 381388
b SR S R 38487

Table 7. Molecuvlar cons}anls of, I stale of Na? (in cm_'L

T = 36959
e
w = 99,26 * 0.02 :
wx =0.141 * 0.004
e e i
wy = 0.006870 + 0.000006
e e
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Spectra of K, molecule:

For the K, molecule, Several electronic states are known."? We have investigated
the spectral region of K, from 3240 A to 3420 A F-X, G-X systems have been
extended and a new system H-X has been found. The experimental arrangement

is the same as discussed in the case of Na,. The vibrational analysis is carried out
using computer methods. Tables (8, 9, 10) give the wavenumbers of the bands
of F-X, G-X, H-X. The molecular constants are given in Table (11).

Table 8.  F-X system of K_ (in en).

(v

Vi) A (R)
alr

VAcC. vac,
(This work) (This vork) (Yoshinaga)

0.0 3627.5 7550 o Soh aiaEt
1,0 3619.5 27621 27621
2,0 3611.2 27683 27684
3.0, 3603.7 271741 S INs
4,0 3596.3 20799 - - Lot
0,1 3639.8 27466 27468
154 3631.7 27527 21578
2.1 3623.6 27587 27590
3 3615.6 27650 i el
4.1 3607.6 200 e
51 3600. 1 DIT6Ys - o e
0,2 3652.0 27374 ¢ 27371
12 3643.6 27437 27139
Zede g o L nee e e e : 27500
a2 3627.9 20586 |- Sah o aid
4,2 3619.8 2H6IR . il
5.2. 3611.9 27679, =-e--
6:2 3604.1 20906 - o weese
s e PR e e :
1.3 3655.7 27347
2.9 RN s Sl s
a3 3639.3 27470
4.9 3630.7 21535
5.3° 36273.5 27590
6.3 3616.3 27645
73 3608.0 21708 .
859, 3600.5 27766 = . o wsaas
0,4 3676.3 27193 e
1,4 3667.7 27258 27249
2,4,  eeeee- \5‘.-- : Pt e
34 3651.9 20879 T, L mees-
4,4, 3643.4 oL R R
554 3635.7 Pl Gk AR s e B
6,4 v oL e A R R R e e
7.4, et vl e T uesnn i ia S n o s
8.4, 3612.3 DHGEE: N e i
SRR 3604.8 2T T Ee s
10,4 3597.1 27700, 5 e sy
{0 R R e b g == - R SRR i T B
1i,5% 3680.3 27164
25 3671.6 27228
g5 3663.4 27289
1,5 3655.3 27319
PRnE G oo bl e e o s Oe D
6,5. 3639.3 27479 —_—————
Tia 3631.5 208795 1 e
036 SREsrE R oRe S e e 27011
1,6 ———re- L eeeee 27075
.New bands $ 61
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Table 9.  G-X system of K (in en’l).

(vt vt ) A.‘$X) Vo Voo
(Thls work) (This (Yoshinaga)
0,0, 3560.3 28080  —--e-
1.0, 3552.0 280457 - e
2.0 3544. 4 28208 0 eeeen
3,0 3536.7 Dy BN e
4,0 3529.6 28325 28324
5.0 4522.3 28383 28184
6,0 3515. 1 28411 28443
7.0 3508. 2 28497 28500
8,0 3501.2 28554 28558
CROE e e e e 28614
0,1 3572.0 27987 27987
1.1 3564.0 28050 28050
2.4 3555.9 28114 28112
3.1 1548.3 28174 28175
4,1 3540.9 28233 28232
5.1 3533.1 28296 28292
6.1 3526.3 28351 28349
7 3519.2 28407 28408
8,1 3512.3 28463 28464
A 3505. 3 28520 28520
10,1 3198.8 ga5a7- i e AR
0,2 3583.8 27896 27896
52 3575.7 27959 27960
2.2 3567.6 28023 28022
3,2 3559.6 28086 28083
4,2 3552.1 28145 28143
5.0 3545.2 28200 28202
6.8 3537.9 28258 28261
12 3530.6 28316 . LN a o
8,2, 3525.4 28358 ¢ meee-
9,2, 3516.6 28129 . e—eee
10,2 3509.7 gues o e
1.9 3503.5 T L e N e
0 3595.4 27805 27806

MNew bands.




Table 10. H-X System of Kf
R A (obs.) v (obs.) v -leale:’)
alr N vac = vae =
R cm cm
0,0 3420.9 29224 29222
1,0 3J411.6 29303 29303
2,0 3402.4 29383 - 29384
3.0 339331 29463 29464
4,0 3384.0 29542 29545
5,0 3374.7 29624 29625
+6,0 3365.0 29705 29705
VAN 3386.3 29786 2978S
8,0 3347.4 29885 298841
9,0 3338.6 29944 29944
10,0 3329.9 30022 30023
1550 33212 30101 30102
12,0 33124 30181 30181
13,0 3303.8 30260 : 30260
14,0 3295.4 30337 s 30338
15:0 3286.9 30115 30117
16,0 3278.4 30494 30495
1750 3270. 1 30571 30573

Table 11. Molecular constants of F and G state of'N2 (in cm_‘L

Tior o we wexe
State ~
P> 27572.1 + 0.8 62.14 > 0.10 0.233 + 0.005
B 27571 62.29 0.24
o 28094.3 + 2.3 63.78 *+ 0.80 0.49 + 0.04
g 28091 ' 64.90 0.55
I 29228 '§1.092 ¢ 0.034 0.094 *+ 0.001
N
® This work.

" From work of Yoshinaga [18]
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Conclusion: .

These studies'® have been further extended and in order to undertake laser
methods collaboration programme is going with Professor Demtroder at the
University of Keiserslautern, Germany. Experiments done at Karachi have enabled
us to report several new band systems. The experimental arrangement is good
anough to look into similar details in the spectra of other molecules.
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Design and Fabrication of a Monochromator

Imran A. Siddiqui and Igbal A. Khan
Department of Physics
University of Karachi

Karachi-75270

ABSTRACT

A Czerny-Turner type monechromator has been designed and fabricated. The
incident radiation can be scanned, via a geared stepper motor, to achieve better
resolution. The stepper motor control as well as data acquisition is PC-based. The
detection of radiation is carried out by a fast photo diode. Thc performance of the
monochromator is described. :

1. Introduction:

The spectroscopy research laboratory of department of physics, Umversﬂy of Karachi
has been engaged in the spectroscopy of diatomic molecules"? for more than two
decades. However, classical experimental techniques were employed using
conventional light sources in those studies. The plans are underway to modernize
these experimental techniques to switch to laser systems. As well known that this
change will bring more precise data and in turn better results. Qur present aim is to
setup a laser induced fluorescence™ experiment. This requires a setup shown in
figure 1. According to this arrangement, a dye laser shines the gaseous medium in a
heat pipe’ to excite the molecules. The resulting fluorescent radiation is focused onto
the slit of a monochromator whose output goes to the computer interface. At the same
time when the laser pulse is sent to the heat pipe, a signal is given to the computer so

that the intensity data is properly timed.

We focus our attention to the monochromator® in this presentation. The
monochromator has the advantage of being tuned by the computer so it has the
advantage of automation and repeatability in the data acquisition.

2. Experimental Details:

The monochromator is a Czerny-Turner’ type. It employs two front silvered concave
mirrors of radius of curvature of 66 cm serving as a collimator and focusing element
respectively as shown in figure 2. Incoming light is focused at the adjustable entrance
sht, converts to a parallel beam by mirror M1 and falls onto the reflection grating,
The grating is mounted on a gear (model RS-718-925), which is attached to a stepper
motor (model RS-440-420). The diffracted light reaches the exit slit after reflection
and focusing by the mirror M2. The exit slit is equipped with an avalanche photo
diode (model RS-303-674) working in the photoconductive mode. The output of the
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diode is amplified by an operational amplifier (TLO81) stage that has a choice of
suitable voltage gains of 10, 100 and 1000. The diode has been mounted on a heat
sing to keep it cool and to minimize the inherent noise. The analog signal is then
digitized using as 8-bit analog-to-digital converter before it is sent to the input/output
(1/0) chip 8255. This chip has 3 IO ports and at present one of the ports is used to
read intensity data. The other port is used to drive the motor at different speeds. Thus
the motor can send instruction to scan the desired angular range at preset rate. The
step angle of the motor is 1.8 degree and with the use of the gears, that have a ratio of
500:1, minimum angle available is 3.6 milli degree.

The photo diode has the bandwidth from 400nm to 1100nm so it covers all
visible plus some infrared range. Its quantum efficiency is above 60% between
500nm and 1000nm. When operated under reverse bias of 10 V, it has a response

time of 50nsec.

A computer program is written in C-language that controls the stepper motor
and the data acquisition. It has the following steps:-

Computer runs the instructions in the program.

Grating position is reset for zero order.

One of the output ports controls the stepper motor to scan the spectrum.
The input port starts taking the intensity data.

The stepper starts.

Stepper moves to next position and step d is repedted

.

™o oo o

3. Results and Discussion:

The monochromator is quite compact. Its dimensions are 50 cm x 30 cm x 30
cm. Spectral resolution and range is adequate for most atomic and molecular studies.
The angular dispersion is 3nm/degree in the 4" order. In particular, it can be part of a
rescarch or a senior teaching laboratory with a small budget. The hardware can be
operated by any IBM-compatible PC and so can be used for automatic data
acquisition.

The monochromator can be upgraded to include a photomultiplier (PMT) tube
alongwith suitable electronics to power the PMT as well as signal processing circuits.
Authors plans to add PMT at a later stage.
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LASER INDUCED FLUORESCENCE

:um—ccvgoo]

< }-{PW

LASER

XY
PLOTTER

MONOCHROMATOR

[ moO>Mom-— =z —

Figure 1: Proposed Experimental Setup
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