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Abstract

. LASER. INDUCED ATOMIC FLUORESCENCE

FROM Na2

by

Jo-Lien N. Yang
Adviser: Professor Robert H. Callender

The transient resonance between a laser beam and the elec-
tronic levels of a pair of atoms (or molecule) will produce
transitions to the upper electronic state of the péir. If
the kinetic energy of the pair after the transition is greater -
than the upper state's dissociation energy, this pair of atoms
will separate and one of them will carry the excitation energy
and then fluoresce in the atomic line corresponding to the
atomic excited state. We have called this laser induced
atomic fluorescence (LIAF). A semi-classical analysis shows
that the excitation will take place at the internuclear sepa-
ration at which the laser line resonates with the difference
between the ground and excited electronic states. The fluores-
cence is then proportional to the electronic transition moment
at that internuclear separation. So it is possible to map out
the transition moment as a function of the nuclear separation
R, by changing the laser frequency and picking out a series

of R corresponding to a series of laser frequencies.




iv
We use sodium as a sample and use both Ar+ and Kr+ laserslto
excite Na, from X’ZS ground state to B|“.“—1‘ excited state. By
scanning the spectrometer through the D-line wavelength, we
can collect the resulting D-line radiation through a photo-
multiplier and photon counting electronic which are inter-
faced with a PDP-8e comﬁuter. The spectra are stored in the
PDP-8e and can be transferred to é PDP-10 computer for fur-
ther analysis, e.g., calculating the D-line intensity from
the observed spectra, and reducing the dissociation energy
of b“u state and the transition moment from the different
temperature and different laser frequency data sets.
We found that the dissociation energy of the B H]u state is

1

equal to 3300 # 200 cm — and that the relative transition

[+
moment of Na2 is constant between 2.7 and 4.1 A.
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CHAPTER I
INTRODUCTION

This thesis describes a new technique called Laser

1,2 and the use of this

Induced Atomic Fluorescence (LIAF)
technique to measure the relative electronic transition mo-
ment of molecular systems as a function of internuclear sepa-
ration. The particular case studied in detail is the molecular
sodium (Na2) system.

The Condon approximation--the neglect of the dependence
of electronic transition moments  on internuclear separation-~-
is usually used to study the molecular spectra. However, the
approximation is of rather limited validity for modern
molecular~structure calculations. The spatial variation of
the electronic transition moment must be included when analy-
zing absorption, emission and resonance Raman data. The
experimental measureﬁents of this variation have been scarce
and have relied mainly on r-centroid technique3 which analyzes
the discrete vibrational spectra progression. This technique
requires numerical calculation of the matrix element and is
useful only in particular molecules and over a limited range
of internuclear separation. In this thesis we develop the
easier technique of LIAF to obtain directly the electronic
transition moment as 'a function of internuclear separation.

The laser resonates with the molecule aﬁd induces a




transition from the molecular ground state to the excited
state. If the energy of the excited molecule is higher than
the molecular dissociation energy; the excited molecule will
dissociate and produce atomic fluorescence. A semi~classical
analysis shows that the excitation takes place at the inter-
nuclear separation at which laser is in resonance with the
difference between the ground and excited electronic states.
The transition rate, and hence the intensity of the atomic
fluorescence, afe then proportional to the square of the elec-
tronic transition moment at that internuclear separation.
Thus by changing the laser frequency, corresponding to a
series of resonaht radii of r, we can map out the transition
moment as a function of internuclear separation, r. This
technique is Qhat we call LIAF.

In our experiment, both Ar+ and Kr+ lasers were used
to excite sodium molecule from ground XlZ; state to excited

Blﬂu state. From these available laser frequencies, we Ob-

1
Ty

tain the transition moment of sodium molecule between B
and XIE; states as function of nuclear separation, for sepa-
rations between 2.7£ and 4.1&. The analysis of this technique
is very simple. It needs only the electronic potential curves.
No calculation of matrix element is necessary. Moreover, this
technique can be applied to both bound-bound and bound-
continuum transition.  As we will discuss below, LIAF can
simultaneously be used to measure the dissociation energy of
the excited state.

In the next chapter, we present the theory of LIAF

using a semi-classical approach, the accuracy of this approach




and the derivation of the semi-classical equation of LIAF

from a quantum mechanical treatment. In chapter III, the
potential curves used here for Na2 are discussed and spectro-
scopic parameter of these'curves defined. In chapter 1V, we
discuss the main experimental problem, optical pumping of
excited vibrational levels of the electronic ground state.
Chapter V includes the expefimental design, the data collec-
tion and reduction procedures and a diséussion of some experi-
mental problems. In chapter VI, we present the results of the
dissociation enexgy of anu state and the transition moment
between X‘Z; and B'ﬂu states, and compare them with the theory
and with other available data. We calculate the scattering

cross section as well. Chapter VII is our conclusion.



CHAPTER II
THEORY

A semi-classical approximation was used in the analysis
of LIAF. We consider nuclear motion classically while the
electronic motion is treated quantum mechanically. Since the
levels of interest are closely spaced compared to kT and the
excited rotation-vibrational states form a continuum, this
approximation is quite reliable. In the following section,
we use this approximation to derive the LIAF formula. The
valid range of this épproximation is determined by Wentzel-
Kramers-Brilliouin (WKB) estimation shown in section B. 1In
section C, we show that this approximation is the first order

term of a full quantum mechanical treatment.

A. Semi=-classical Analysis

According to the Frank-Condon principle the relative
nuclear separation, nuclear angular momentum and kinetic ener-
gy are conserved during an electronic transition. Thus we
can consider the nuclear motion being frozen during the
transition. Using the electric dipole a_pproximation,4 the

Hamiltonian of the system is

H-t=Ho“:'lZ' /“(Eoe}wt‘f E: ééwt)




where Hy is the unperturbed Hamiltonian for the molecular

system, /4is the electric dipole operator, EO is the electric
field of the laser with frequencyw. The time dependent per-
turbation method was used to solve this Schrodinger equation.

We obtain the transition rate, R,

ROP) = (22 1 <2l w1 § (6 =6, (P~ w)

where 61 and 62 are the instantaneous energies of the |1> and
|2 > states.

When the energy of the system after the induced transi-
tion is greater than the effective potential5 of the excited
state (see Fig. 1), this molecule will then separate into two
atoms and emit atomic fluorescence radiation. This is the so-
called LIAF. Thus the LIAF signal, T , can be calcﬁlated by
integrating the transition rate, R, over the pair distribu-
tion function, dg, with the total energy higher than effective

potential,
=\ (S ' _ - me (1)
7=V ) [RO(E+huw-eu(m - Vame)dg

where V is the volume of the laser beam at which signal was
detected, R/4Tis the solid angle fraction subtended by the de-
tector, E is the molecular energy before transition is induced,
r, is the location of the peak of the effective potential bar-
rier and L is the angular momentum. @ is the step function
with value 1 for positive argument, and 0 for negative argu-

ment. Only the former case, which corresponds to a system




Figure 1

Energy levels of Na2 used in these experiments, assuming

L = 0, with various parameters of the levels shown. A tran-
sition in a molecule having just enough initial energy to
permit photodissociation, and hence atomic fluorescence, is
shown; re refers to the molecular equilibrium internuclear

separation.
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energy, E + fiw, higher than the effective potential, éz(rO)

+ L2/2mro , contribute the LIAF signal. The pair distribution
function, dg, is

-BE
dg = Ne~s%ine°r’olrded<derdPe dPy (2)

E,L2 are given by
| 2 2
E=¢é(0+5m (B + L/r®)
2 2 .

2= P = Pce /sze

and N, the normalization factor, is defined by the relation
Jalﬁ':‘—-g— J SRS

with n being atomic density, the spatial volume element

at = 2 sind dr dede.
. 2 3/2 . .
We found that N is equal to (n“/2) (b/2rm) , by integrating

Jdg = N} r‘alrg olef dcf“(df’rd]?e d Py
b (eln + ELR( P Pé'z/r"+ Pe/rsin®e))
o &
- N (2.1; m )3/2 Ie_Qe,m e

111}

Ly Je"e’é'mdt

Combining equations (1) and (2), we obtain the fluorescence

signal



T=V (&%) R 6 (E+hw-6m) = Lamp?)
N et 2 dr do de dP- dPs d Py (3)

Since the integrand is function of r, E and L2, the integra-

tion may be simplified by changing variable dPrdPe to dEAL

iB = m dE
T 2w E- €)oY

LdL
AL? —'h?/sin‘e

P =

Thus T becomes

T =V (55) |RO(E+hw- &(r)-Lm )

Ne E m
Ne Aam(E -¢,(r -L/r2)
L r*dr dod¢ de dL 4R

"7 L* - P*/sin%e

= :_’.2_. r yoz (N lGTsz
V(‘,m)oLalLora!rodE m e Tr
N e'%E R(MO(E+hw=-€,(r)-LAmn™)

After integrating over E and r, | is found to be,

2y oprutEe | <2lmli>]t
=V =
T (z7) 4 [ dl&r) - €, /dr|
) e_g,e‘cr) F2 GO , (4)

=Y
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where ry is the nuclear separation of resonance; also

*lw = él(ﬁ) - é.(“)

and‘

~ ” LY 2m >
Gl = (g’/mr"') dl L erfc (U e th /2w (5)
ﬁ .
with the error function6 given by
ee 3
2 -t
erfc (U) == e dt
UL
L* N
and U, = R 6,0m * 2mb:  2m > )}

or 0 depending on whether the argument of the square root is
positive or negative respectively.

Equation (4) shows that the atomic fluroescence signal,
T’, is proportional to the square of the electronic transition
moment at the internuclear separation, Iy, with the laser in
resonance with the difference between the ground- and excited-
electronic state, |1> and |2> respectively. The factor G is
the correction for the metastable7 or bound excited dimers
with insufficient initial kinetic energy to photodissociate
after absorbing a photon.

G, expressed by equation (5), is for general case where
the excited state is bound and with a real bump or with an

effective potential bump from the rotational part. This is
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the case of B lnu state of a sodium molecule.8 For the case
in which the excited state has no effective potential barrier,
the molecule with energy higher than the asymptotic limit of
the excited state will dissociate after being excited. So we
can modify equation (5) by replacing X the location of the
peak of the effective potential, by infinity to get a simpler

form of the correction factor, G

pL 2me? (6)

G = him & deLer{C(UL)e

> M2

In the above formula, only UL depends on rye We define

UL'= ':(c'm U,
PR ) |/_2
= Aim i%(é(n)-ém“%m ’LAmn E
r-+>°

\
[ b (€)= ¢ (0) - Lampr)] %

u

0
Equation (6) is then rewritten as

" A
G"= “M—%F""} LdL ercLU )e bLams
| 0

—er{c(t)+‘r_ t et

where ¢ = | Q(é,(vv)- €,(0)

or 0 depending on the argument of the square root is positive
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or negative. The latter case is for the unbound excited
state, the correction factor, G' = erfc(0), being équal to
l. In this case, after the transition to the excited state
is induced, all the atomic pairs will dissociate and emit
atomic fluorescence radiation. So the LIAF signal for un-

bound excited statesg, T , is further simplified to

= [ n>u* E:_ <7-|/u||>|z L -kéc(n)
T' V(4-n- ) 'ﬁ (éz(n)“é.(ﬂ))i Y‘, e
dr

B. Estimation of the Semi-classical Approximation

A semi-classical approximation is used to derive the
LIAF formula shown above. We now use the WKB method10 to
estimate the error of treating nuclear motioh classically.
According to WKB method, quantum mechanical effects can be

neglected if the WKB parameter, W,

W= M+ l—;'#—[/pa (7)

is much smaller than 1, where P is linear momentum, M is
reduced mass and U is effective potential. P and U are

given by

P=d2M(E - U)
and U= €+ L/apyr?

where E is total energy and L is the angular momentum.

In our particular case in order to emit LIAF signal,
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the energy of the excited state must be greater than or equal

to the effective dissociation energy of the excited state,

Em= éz(-ro) + Lz/ZM roz

Thus the minimum linear momentum of the atoms which will dis-~-

sociate, is

P (5 L) = 2MUEp - €,(r) -L/2m )

The corresponding energy of the ground state is

E(rL)=E,, ~tw=En- (&L-€1(r))

with linear momentum P,

P =,sz(E-e,tr)—L‘/2M r*)

which is just the momentum of the excited state. From equa-
tion (7), it is clear that the WKB parameter becomes smaller
as the momentum P becomes greater than Pm. Therefore, Pm can
be used to calculate the maximum value of WKB parameter,
W(r,L), to estimate the error in the semiclassical approach.

With Equation (7) and U one has,

du .
Wi, L) = M’ﬁ‘j’g’ﬁl _ w600+ Lanm) |
Pen (2M{( Em~ é?-(r?" L72M r;))’/z

o4 lde®ue - L |
22M (€(n)+ Lam F - &0 - Lhup)?2
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where the angular momentum, L, is equal to hd. We then
average W(r,hJ) over a Boltzman distribution of the rotational

states including the rotational degeneracies,

pa - JLI+)
wir) = <{>L(2J+I)e W(r,hJ)dJ (8)

where ¢ = hc B;, B; being the first order rotational constant.
Tﬁe results of the numerical calculation of equation (8) at
T=275°C are shown in Table 1. This table also includes the
radii of resonance and the accurate wave-numberll correspond-
ing to various Ar’ and Rr* laser lines used in this experi-
ment. This table shows that all laser lines (except 4545 i
and 4579 i of the Af*laser) give a WKB parametér much smaller
than our experimental errors. Therefore the quantum mechani-
cal effect can be neglected for all except these two lines.

We have omitted these two lines in our data analysis.

C. Derivation of the Classical Result

from Quantum Mechanics

The semi-classical approximation, used and discussed
above, can be derived from a standard quantum mechanical
expression for the transition probability as the first term
in an exbansion in the commutators of the relevant operators.12

By the first order Born-Oppenheimer approximation, the
LIAF signal can be obtained by using the Fermi-Golden rule

summing over final states with final energy greater than the

dissociation energy and averaging over all initial states,
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TABLE 1

The wavelength (i) and frequencies (cmfl) of the argon and
krypton laser lines used in this study. Corresponding to
each line is the internuclear distance, r (i), at which the
laser frequency is resonant with the energy difference of
the 123 and l'nustates, and the WKB parameter, W(r), which
determines the accuracy of the semi-classical approximation

used here.



TABLE 1

A (A)

4545
4579
4658
4727
4762
4765
4825
4846
"4880
4965
5017
5145
5208
5287
5309

(Ar)
(Ar)
(Ar)
(Ar)
(Kr)
(Ar)
(Kr)
(Kr)
(Ar)
(Ar)
(Ar)
(Ar)
(Kr)
(Ar)
(Kr)

GL(cm-l
21995.9
21831.1
21463.0
21149.8
20991.9
20981.2
20718.9
20627.3
20486.7
20135.1
19926.1
19429.8
19194.8
18909.4
18832.0

)

r(A)

2.563
2.624
2.770
2.892
2.954
2.959
3.065
3.103
3.162
3.317
3.415
3.674
3.815
4.010
4.069

W(r).

25.4
9.41
.221
.046
.029
.029
.020
.012
.009
.003
.0002
.004
.006
.009
.010
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T-gt St e o

‘$(€F-€I_~hw)9(€]:~]>3-) (9)

where |I>, the initial state with energy &;, and |F>, the
final state with energy EF, are the rotational-vibrational
levels of ground and excited state, respectively, and M(r)
is the electronic transition moment depending on nuclear

separation r. The partition function, Z, is

Z= % e 8¢

The dissociation energy, D is given by

J’

Dy = { €0+ J(Iﬂ)’;\‘/zmr‘}m“

For simplicity, we drop the aJ = 1 transitions and consider
only Q transition (i.e., the AJ = 0 transition); the only
inaccuracy is a slight misrepresentation of the very small
number of transitions for which AJ = + 1 transition might
dissociate, for instance, while the AJ=0 and -1 would not.
Equation (9) includes all (n2V/2) pairs in the volume V with
atomic number density n.

The integral representationsl3 of §(x) and B(x) are

v -ixt

- e
S(x)_j X dt

-bo

and

bo L Kx
B — c
0O j 2W i K 4K
—bo (10)
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Substituting equation (10) into (9), we have

2 2 -RE
T = ’8‘,;’ “‘f;ﬂ ;ge% * 1<zl amlF> |’
o -1€p= € -hwat (T i k(€ +hw ~D3)
e ldt -E Jak 2
~bo zZm -bo 20 l'« K
bo . o ,
- N2V oo E:.Q JJt ecﬁwt Jdk etk’ﬁw S
§ 2 h 2 2T { k I
~po -b0

(11)

where

B Er L(k+t)E€r o -1 €
51=%e} Te (l<+)'tee'|<])I % |<Il,mu~)|l:>lzet Pt

éI is the eigenvalue of the ground state system with

eigen function |I>, i.e.
He lI> = (T + €, () 11>
= €&; [ 1>

where T is the kinetic energy operator, P2/2m. Similarly,

for the excited state, one has

HelF> = (T + €. IF>

= €r |F?




'Using these relations, SI can be written as

Sy = 3 e_-ik%% e &0 L) W IF><FLuIT

ite -ite
I e F

21- e—i kDy <1 e—(%—{k}(T+ e.)/a+ % |T><Fl

-1 ) LT+ €YD
i eL(Tfé; t/uecf. + €t lT>
_ “(T+€&) b~k - (Tr &)t
=2 e (1le DERTE e g
: ¢
. eL(T"‘ |)‘t lI>

where we use the closure relation on the final states,

> >< =
Fl\‘- Fl=|

The operator expansions,14 such as ea+b = eaeb(

1-[a,b]/2+....) and be? =

expand SI‘

dropped, we have,
Se= 2 e"f\d’: <1 e—t%-ikﬂ' e-k%-ik)é.
(1t (B-i* [T, 6l1/2) ut etF
. éié;t(;-%t‘l:T,ez]/z),A eth

D)

N et LT, 61 /2) I

eab-ea[a,b]+..., are applied to

With the second and the higher order commutators

19

The commutator of T and the r-dependent function is the deriv-

ative of this function [T,f(r)] = 1§p dgér) . With the
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assumption that the derivative of the transition moment and
the potential function are small we drop all the commutators.

SI is then simplified as

-1 kD -B-iK)T < (B-ikE
Sr=3 €77 (3 e®IOT g RO 4
-wtT -t :
e e 1 €at ectT el‘tT 1 Iy
- kDy ~(B-1OT _(b-ik €
= % e '<Il e % e k |/M+
-1 - €
. el(ez |)t |I>
where eiTt and e—iTt cancel each other according to the classi-

cal Frank-Condon principle (the kinetic energy is conserved
during an electronic transition). We then decompose the last
expression by a basis set of eigen-vectors of position and

linear momentum,

3 3
d Fh;;‘ L | p><Plr><r|

- 3 -( -1K) Pbém
;=% e kpjj-di"—,;é—z—ulc % 7>

~(b-ik€ L - (€ment
MM e

c PIr><r] e | 1>

Further use of the relation

% CLIP><Plr><rl1I> =1

leads to
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ST - (B-tRIPVam  _(B-iK)é& 2
S:=J——"‘—P—‘”hs ¢ 't et | Al

e—i(ezf €t e-i KDy

Substituting this expression back into equation (11l), we

obtain

dsf d3p /a%r\) e~%(('l+?%-m)

2y U ESQ J
z b

Slhw+ € -€.) 0 (hw+l +€ -Dg)
(12)

By the same procedure, the partition function, Z, can

be evaluated as

Pa
2= 5 ot _ J_di_pkgf_r_ e_(s(m + €,(M)

T (13)

Both of these equations, (12) and (13), are identical to
equations (3) and (2) which we already discussed within the
context of semiclassical approximation. Thus, the semi-

classical approach we employed is fully justified.
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CHAPTER III
POTENTIAL CURVES

The potential curves that have been used in this work
are based on Rydberg-Klein-Rees (RKR) potentials constructed
from molecular spectroscopic datals’lg. For the ground state,
lZ;, the RKR potential covers the range of the resonance
radii. Aitken's method15 is used for interpolation of the
intermediate value of r. Similarly, this applies to the first
excited state, 1ﬂu’ except the 4545 g ar' laser line which
resonates at a radius smaller thaﬁ that given by RKR potential.
Since this line is not included in ouxr experiment, the method
of extrapolation is not important in the range of shorter
internuclear separation.

At larger internuclear separation near the dissocia-
;ion energy, spectroscopic data is‘hard to obtain. For the
ground state the extrapolation is unimportant. But for the
excited state if the potential hill exists, (see Fig. 1), the
LIAF signal then depends on the potential curve at a large
nuclear separation. By choosing a suitable extrapolation
function with adjusting parameters and proper analysis of the
LIAF signal, we can find the height of the potential barrier
which depends on the adjusting parameter in the potential
function described below.

At large nuclear separation the overlap of the charge
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distributions between two atoms (of the diatomic molecule) is

small so the instantaneous interaction energy,16

VI' between
the two atoms can be expanded into power series of (1l/r)
where r is the internuclear separation. More explicitly,

- A — A
Vl(r)z__jJFiz_ + %Z(zul Y‘) rzgl(/MZ‘r) ¥ ‘gl er: ?2@1

Aoy =3 M (s 1)
r3

4+

where d,.9, are total charges of the first and second atom
respeqtively. /“1'/“2 are the respective dipole moments, Ql'
Q2 are the quadrupole moments for each charge distribution.
For neutral atoms, q4 and qé are zero. Thus thé instantaneous

interaction energy is

_ Gy . Ga &
VI(r)_ r; + r+ + r-z_ A e

where (l|=/7{\,‘/72 -—3()1_),'?)(,&‘2.‘?‘)

The first term corresponds to the dipole-dipole interaction, .
the second term to the dipole-quadrupole interaction, the
third term to the quadrupole-quadrupole interaction, etc.
According to standard theory, the first order perturbation

17 .
energy is

AsE =V Ve ly>

where W is the molecular electronic wave function for the
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system. For the l“u state,

y> = ;r-';— (135,3P> + 13D, 35>)

The contributions from dipole-quadrupole interaction and
quadrupole-quadrupole interaction are all zero because of
parity and symmetry arguments. Thus, the first order energy

term is proportional to 1/r3 or,

Fz
N =
(14)
where p is one component of the electric dipole moment for
the 32P—3zs atomic transition in sodium. The second order
perturbation energy for this lnu state gives l/r6 and l/r8
dependence by the same consideration of symmetry. Thus for
the ;Wu excited state, the dipole-dipole interaction potential
is repulsive as is easily seen from equation (14): it over-
comes the higher order terms of the electrostatic interaction
and exchange force which produces the stable well. As shown
in Figure 1 there is potential hill on the excited (lﬂu) state,
but not on the ground state, since first order perturbation
for the dipole-dipole interaction vanishes for the ground
state.

There exists several reports about this potential hill.
King and Van Vleck8 estimated the height of this bump to be

800 cm—l. Hessel and Kusch18 made an estimate of 485 cm"l

based on the spectroscopic work. Demtroder and Stock19



published a value of 550 + 120 em™L above the (BZP%,B 5,.)
of the separated atoms,-or 560 + 120 cm-l above (32P%,3ZS%)
state if the fine structure is taken into account.
The>intensity of LIAF signal is sensitive to the dis-
sociation energy of the excited state, D' (see Fig. 1),

through G(r) and U_. (equation (5)). However, equation (5)

L

shows that G(r) depends on the maximum value of the effective
. _ 2 2

potential, Veff_ ez(ro) + L /2mro . We also note that the

maximum value of Veff and the correspondingvrO change with

angular momentum L. So the functional form of the excited

) is needed for the

potential €,(r) to find r_ and (V_gc). .

value of r which the RKR method does not cover. Since the
) [+]

exchange force is quite small for sodium beyond 5 A,Zl we

chose an asymtotic potential based on an electrostatic

expansion

€= T+ D + PP/ - /e - dype (15)

Here p is the electric dipole moment of 32P—32S atomic transi-
tion as discussed before, c¢ and d are calculated to fit the
last two RKR points to make this curve join smoothly. When

22 5 123

the experimental value of (p2), 2.04*10” cm ~~A”, was used

in equation (15), this expression did not give the dissocia-
tion energy within expected range of 3000-3300 cm-l. A value
of p2 about two to three times that value is needed to give

a proper dissociation energy. We thus consider p2 as an

adjustable parameter. This failure of equation (15) to ade-

guately describe physical situation, may be due to the fact
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that the overlap and exchange effect are not negligible. In
order to test if our results depend on different potential
model, we fitted the same data set with the values of D;=150
cm-l greater and less than Hessel's value which we used for

analysis and with potentials of the form

6, (D= Te + De + P = Cfpa =248

and

€,(r = Te * P7}5'*Pe'(l- g(ﬁ#ﬂdD

which produced variations in the location of the maximum of
the L=0 potential from 7.2 ﬁ to 7.7 g. In all of these cases,
the variation in the result of dissociation energy D' was |
only a few wavenumber which is much less than the statistical
uncertainty associated with the measurement.

Since the energy difference between the bottom of the
potential well of the ground state and that of the excited

state, Te’ and the energy of D-line, T_., are known very accu-

1

D

rately (T_ = 20319.2 om b, T, = 16960.85 cm ~(Ref. 200, .

estimate of the height of the bump, H, can be obtained through

the relation

H= Te+ D -Tp-2"

where D" is dissociation energy of the ground state. However,

19

the values of D" as measured separately by Demtroder and

18

Hessel™~ are different by 100 em™ L. Due to this disagreement,
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the precise height of the bump remains uncertain for the time
being. So the comparison of: H is somewhat inconclusive, and
beginning in Chapter V we compare the dissociation energy,

D', instead of H.
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CHAPTER 1V
OPTICAL PUMPING EFFECT

In the preliminary experiment, we found that for
temperatures above 350°C D~line radiation was also enhanced
by some effects not described by equation (4). In order to
examine these effects, we measured the variation of the LIAF
signal as a function of the single mode laser frequencies
(high resolution LIAF experiment) as described in Section A.
In Section B, we discussed some possible effects to explain

this enhancement.

A. High Resolution LIAF Experiment

l. Heat Pipe

Sodium is a very active element. It reacts with al-
most any material, especially at high temperature, giving a
colored product. Making a transparent sodium vapor's con-
tainer is rather difficult. For temperature higher than
300°C, we used a heat pipe oven system. This heat pipe oven27
is shown in Fig. 2. It consists of a tube'with a capillary
structure on the inner_surface, heater around the center of
the outside tube, and windows on both ends.

The main tube was made of 347 stainless steel; 1.9 cm

o.d., 1.6 cm i.d. and 30 cm long. The wick, made of 100-

mesh 304 stainless steel screen with 0.13 mm diameter wires,



Figure 2

Diagrammatic Sketch of the Heat Pipe Oven
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completely covered the inner tube with about three to four
folds. The copper tube, passing through the cooling water,
was mounted on both ends of the tube to keep the windows
cool.

Insulated fire bricks were used to surround the heater
tand most of the tube. The whole system was connected to a
vacuum station and buffer gas container with a pressure
regulator28 éo control the buffer gas pressure. Ar gas was
used as the buffer gas and it was kept between window and
the vapor zone (as explained below), which removed the prob-
lem of contaminating the window.

The operation of the heat pipe starts at heating the
center of the tube to melt the sodium metal. The melted
sodium metal wets the wick and continuously produces the
sodium vapor. This vapor then diffuses to both ends of the
tube till it meets the cool Ar gas and condenses. The con-
densate through the wick returns back to the center by capil-
lary action. Due to this action of the sodium flow, the
sodium vapor is self-purified and is completely separated
from the Ar gas except for a short transition region. When
the system reaches equilibrium, the central part of the heat
pipe is full of sodium vapor at a temperature corresponding
to the sodium vapor pressure29 which is equal to or just
exceeds the buffer gas pressure. So by adjusting the Ar gas
pressure, the sodium vapor temperature, which was also meas-
ured by the chromel-alumel thermocouple mounted inside the

tube for double check, can be controlled.
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2. Optical Setup

The expefimental setup is shown in Fig. 3. Laser
light was focused into the sodium vapor. The resulting
LIAF signal was detectedlin a backscatter geometry and
focused into a Spex double monochrometer equipped with a
cooled: photomultiplier and photon-counting electronics.

The spectrometer was set at one of the D-line wave-
number (16960 cm_l). The Ar+ laser was operated in a single
mode by a quartz etalon in a temperature controlled oven.
When the oven was turned off, the single mode would sweep
slowly across the laser beam profile. We recorded the LIAF
signal during the time that single mode was moving in one
cycle. At the same time, the laser intensity after passing
through the heat pipe was plotted. The laser was kept in
light mode control, so that the laser power output was
constant within *3% over the whole cycle.

3. Results on the High Resolution LIAF Experiment

Typical results of the dependence of the D-line in-
tensity as a function of single mode laser frequency are
shown in Fig. 4. At higher temperature the data show peaks
at some particular laser frequencies. These peaks coincided
with the location of the maximum absorption in the trans-
mission data, corresponding to the particular molecular
resonances. As the temperature was lowered, the structure
weakened and then disappeared for all the laser lines except
the 5017 R Ar line retained a noticeable peak at the high
frequency edge of the laser gain profile at all temperatures.

We have thus neglected this line from our results. For



Figure 3

Preliminary LIAF Experimental Arrangement
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Figure 4

The resultant high resolution LIAF signal showing the effects
of optical pumping at high pressures, as a function of laser
frequency from one end of the gain profile of the 4880 i
laser line to the other. 1In (a) the gas pressure is low
corresponding to a temperature of 300°C; in (b) the gas

pressure is greater with a cell temperature of 350°C.
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temperatures lower than 330°C, all the high resolution LIAF
data showed no structure through the laser gain profile for

the other lines.

B. Possible Mechanisms of LIAF Enhancement

1. Energy Transfer Effect

Baumgartner37 claimed that the excited molecule can

transfer energy to the ground state atom, by the reactions

Nay, + hd—— NQ.;

Na: + No—> No, + No

The excited atom then emits the atomic radiation. Since this
is -a nonresonant effect, the scattering cross section is

small. We estimate the mean free path, & = JL, to be in the

no
order of 0.1 cm which is much larger than the laser beam
diameter. In this estimation, we assumed the scattering

cross section

dz ~ -4 2

= v o~ em

where v is molecular mean velocity and n is the molecular
density. Thus the probability for energy transfer is very
small.

2. Local Field Effect

Another possibility is the local field effect.33 The

LIAF signal depends on the local electric field which is the
average of the external field plus the field from the induced

dipole moment of the molecule. The local field, Eg» is given
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by

_ 4N n o ‘
E, = E°*. 5 (T4 ) E,

where Eq.is the external laser field, n is the sodium molecu-
lar density and & is the total polarizability,

e*/m
w:- - w°z + LLU/’C

o(:

The mégnitude of the polarizability at resonance is about
2

10-15 cm_3, la| = gﬁl . At 300°C the dimer density is of
the order of 1013/cm3. Thus the correction for the local

field, no , is very small (not=10-2

). 1In fact the density is
the product of a Boltzman factor and the total density n,
since only the dimers which are in resonance with laser should
be counted. Thus the correction for local field becomes

even smaller. So the external field can in effect be taken

as the local field without modification.

3. Effects of the Highly Excited Atomic Sodium

If the high-lying states of the sodium atoms are ex—
cited,the atom will then decay to the ground state by emitting
radiation, both on the D-line and on the highly excited atomic
lines, thus artificially enhancing the LIAF signal.

We tested this effect by looking for the highly excited
atomic lines, We set the cell temperature at 300°C and scan-
ned through the positions of the highly excited lines (see
Table 2). Even though some lines could have been obscured by
molecular f£luorescence, none could have represented more than
2% of the D~line intensity. We are thus confident that no

such enhancement of our signal took place.




TABLE 2

The highly excited atomic states of sodium decay to. the

first excited states (3P, 3P,,1) with wavelength A ,7&2 which

1

are in the visible frequency range.
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TABLE 2
Doubly Excited | )1(3) )Q(i)

State

szs,/2 6160.7 6154.3
6281/2 5153.6 5149.1
3%p 8194.7 8183.3
4°%p 5688. 2 5682.7
52p 4982.8 4978.6

40
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4, Optical Pumping Effect

Since the LIAF signal is based on thermal distribu-
tion of the ground state, the optical pumping of the
rotational-vibrational levels may be the most probable
effect for this artificial enhancement. We discuss this in
some detail in the following.

Laser irradiation excites a sodium molecule from the
rotation~-vibrational level of the ground state to the bound
excited states in addition to the continuum states. The
bound excited sodium molecule can then decay back to the
rotation~-vibrational levels of the ground state and enhance
the population of particular levels. Thus the thermal dis-
tribution of the ground state, a basic assumption in our
analysis of LIAF signal, can be modified.

The process of optical pumping is shown in Fig. 5.
Laser irradiation induces a molecule from the rotation-
vibrational level |1>, of population n;, to |2>, of popula-
tion n,, at a rate nlgB12 where ¢ is the energy density and

B is the Einstein coefficient for induced transition.

12
Laser irrgdiation also induces transition from |2> to |1>

at rate nszlz. In addition, there is a spontaneous decay
from |2> to |k> at a rate nyA, , where A, is the Einstein
coefficient for spontaneous emission. At the same time, the
laser field can perhaps induce a transition to higher order
excited state |M> ét a rate nngZM, which is a higher order

correction.

Since the lifetime24,‘c, of v'=10 state of lﬂu is
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Figure 5

Possible optical pumping routes in Na, which could result in
spurious LIAF signals. The transition rates are determined
by the Einstein A and B coefficients, including the Frank-
Condon overlap factors between the various states, and the

laser power density, p.
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known to be 6.4nsec, the transition rate can be estimated.
The spontaneous transition rate equals to 1l/¢ ,

"”c"_= % A, <2 k>|* = A,

where <2|k> is the Frank-Condon factor, and we assume a

1

transition frequency of 19850 cm ~, near the center of the

N-Z band system, rather than adjusting the transition prob-
ability by the 10% or so necessary to account for the vari-

ation in frequency across it. Since By, = A12/8nhcv3

- (o 2 2 S:a,xz
S 5,2 3.9 %0 < flz>l ( T )

J1.32 is Honl—London25 factor and $§ was taken to be
4

3.3 erg/cm3—cm_l corresponding to a laser spectral power

density of 1 Watt-cm t focused into 10”7 cm®. The rotational

2 851,52

Jl+l '
transition for J=10; this is almost alwaYs the case.

where S

term, , is approximately equal to % (%) for 4J=0 (1)
At 300°C the thermal velocity is about 4*104 cm/sec.
Thus, aft?r a molecule traveling in the beam for about
1/ < l|2>|2 micron, the |1> and |2> levels, which are in
resonance with laser, will be equally populated. The mole-
cule in |2> can then decay to |k> with decay time being about
6.4/142|k>|2 nsec. A vibrational level where the absolute
square of the Frank-Condon factox |<l|k>|2 is of the order

of .064 or greater will be enhanced in population. The LIAF

signal will be distorted, if the enhanced level can
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photodissociate.

In general, the optical pumping effect depends on the
time a molecule spending in the beam, ahd the size of the
resonance of the dimer transition in the well known Z,-7 band.
Thus the size of the laser beam where the signal was detected
has to be narrowed down to reduce the time interval a mole-
cule stays in the beam. For a typical transit time, a notice-
able enhancement only occurs at some particular rotational-
vibrational levels with large Frank-Condon factor.

At higher cell temperature (above 330°C), consequently
higher sodium density, where the mean free path26 of the sod-
ium dimers, order of 1 cm at 330°C, becomes smaller than the
cell dimension, the optical puﬁped (heated) dimers may not
have a chance to relax back fully to thermal equilibrium be-
fore reentry into the laser beam, and this pumping mechanism
will become more important. So by lowering the temperature
this resonance pumping effect may be negligible. The high
resolution experiments shoﬁed that at temperatures lower than
330°C the optical pumping can be neglected except 50173 laser
line. In this work we only consider the LIAF signal with a
cell temperature lower than 330°C as being predicted by
equation (4). And this experiment will be described in

Chapter V.
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CHAPTER V
EXPERIMENTAL DESIGN

A. Preliminary Experiment

The heat pipe oven was used in the earlier stage of
LIAF experiment. The experimental setup was the same as
described in Chapter IV (Fig. 3). In order to reduce the
optical pumping effect as mentioned before, the temperature
of the heat pipe oven (sée Fig. 2) was controlled below 330°C.
In fact, the temperature we operated was between 330°C and
290°C, since at lower temperatures (hence lower pressure) the
heat pipe oven is not easy to control.

The multimode Ar+ laser was uéed. The atomic fluores-
cence radiation was collected by scanning the Spex double
monochrometer through the D-line wavelength, and the spectra
was stored in the PDP-8 minicomputer.

Since the collecting lens was focused well within
the sodium vapor (see Fig. 3), the D-lines appeared in

self-reversal.30

The detailed shape of self-reversed

lines is strongly affected by the sodium density gradients
present in our heat-pipe oven at the sodium~argon boundary.
So we fitted only the winds of the self-reversed line, 10-50

cm'-l from the line center, where absorption is negligible.

In this case, the signal is given by
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T,(w) =T g'(w) GYF(—K%(N)) ’-\:Tog»(w) (16)

Here g(w) is the resonance-broadened Lorentzian3l profile
evoiving out of the actual Voight profile far from the line
center attno. The width of this Lorentzian,32 5, is
proportional to the density, the optical-collision cross
section, and the relative atomic velocities. Since the
cross section is inversely proportional to the relative
atomic velocity for resonance broadening based on dipole-
dipole interactions, the width is then proportional only
to n, the atomic density. The optical absorption depth
is written as k in equation (16). Far from the center of

the line, the Lorentzian32 becomes g(w) = §/ (w- wo)z.

Equation (16) leads to

T (w)= —Tle® . Y— (17)

(W=wo)* =~ (w-we)*

The variable, A, was then obtained by a least squares fit
1
).

the contribution

of equation (17) to the wings of the D-line (16978 cm
Since two D lines are separated by 18 cm™t
from wing of 16960 cm-l line toT(w), equation (17), is less
than 10%.

For a complete set of LIAF measurements, we held the

temperature and pressure constant and measured the D-line

signal using the different argon laser lines. For a fixed
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temperature (hence fixed density) the width, § , which is pro-
portional to n, becomes a constant over a set of LIAF measure-
ments. Thus the resulting variable A can be considered as the
LIAF signal apart from a constant factor. The typical D-line
intensity versus the internuclear separation which is in
resonance with the laser is plotted in Fig. 6.

The self-reversal problem made the deduction of D-line
intensity difficult. The optical-absorption depth, k,one of
the factors that control self-reversal, is not easy to adjust
since Ar-Na boundary is not well defined at this temperature
range. Also, low density, i.e. low temperature, so as to
-minimize k, is difficult to reach. Thus we changed the
sodium container from the heat pipe oven to the glass cell
and redesigned the experimental setup described below. 1In
this new arrangement, the right angle scattered geometry
took the place of the back scattered. As it is possible to
focus the laser beam close to the window, the self absorption

of the D-line signal will be reduced more than three times.

B. Equipment

The sodium vapor container consisted of two parts:
the cell and reservoir. The cell, where the laser beam
passed through, was made of alkali-resistant Corning 1720
alumino-silicate glass. The reservoir, containing sodium
metal, is made of pyrex. Both of them were placed in an
oven consisting of an aluminum block with heaters in it,
surrounded by insulating fire brick. There were two thermo-

couples inside the oven in contact with the glass. One




Figure 6

Typical data for P06 as a function of the internuclear

separation at 300°C temperature of the heat pipe oven.
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measured the cell temperature using ice water as a standard.
This thermocouple was also connected to a Leeds and Northrup
temperature controller (series 80), which can adjust the
output of the power supply to the heater directly and main-
tain the cell temperature at a preset temperature within
.25°C. Another thermocouple measured the temperature
difference between the cell and the reservoir, where the
reservolir temperature is about 5°C lower than that of the
cell.

A schematic drawing of the complete apparatus is
shown in Fig. 7. A Spectra-Physics model 165 Ar+ laser and
a Coherent Radiation model 52B Kr+ laser were used. As
stated before, the laser beam must be focused to a very
narrow beam inside the Na-cell. The telescope, made of
the two lenses Ll and L2, magnifies the diameter of the
laser by a factor of three. Another lens, L3, with focal
length = 25 cm, then focuses this beam into the cell. By
assuming the diffraction at a circular aperature, the focal
region34 is limited by ad = 1.2 (£/d)A in diameter and
Az = 2.4 (f/d)z)\ along the optical axis. So the laser
beam inside the cell was narrowed to about 40 micron in
diameter over a distance of about 6 mm. Lir L, and Ly
were achromatic lenses to minimize the longitudinal change
in the location of the focal point as the incident laser
frequency varied. Lense L, magnifies the D-line signal
and images it into the .25 mm X 2.cm slit of the .25 meter

spectrometer (Spex Minimate, model 1670). To minimize the
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Figure 7

The experimental arrangement showing the laser, lens arrange-
ment, sodium cell, collection optics, and detection equipment

as described in the text. The laser intensity was also measured

both before and after the cell to normalize the D-line intensity.
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amount of the scattered light from the cell, a broad band
interferenée filter centered on the D-line wavelength was
placed in front of the slit. The spectrometer scanned
through the D-line wavelength (5800 i - 6000 i),and the
LIAF signal was detected by a cooled EMI 9558 photomulti-
plier tube. The resulting spectra, detected by a standard
photon counting electronic which was interfaced to a PDP-8e
minicomputer, were stored and transferred to a PDP-10
computer for further analysis as described below.
Significant deterioration of the sample cell occurred
after a few hours of use due to a glass-sodium reaction which
changed the glass spectral transmission function. Thus with
the laser intensity before entering the cell Ii and that
after leaving the cell I_, we use the value /T;T; to norma-
lize:the D~line emission signal for both varying input in-
tensity as well as the glass spectral transmission from line
to line. The cell spectral transmission at the D-line wave-
length was measured before and after the experiment and no

changes were found during the measurement time.

" C. Date Collection and Reduction

After the temperature was stabilized, we started the
data collection process. When the spectrometer passed
through a preset wavelength (5800 R), the computer received
a signal and began storing the data. The temperature of the
cell was set between 210°C and 270°C (220, 225, 230, 240,

250 and 260°C). At the high end of this range, all seven art
laser lines (4658, 4727, 4765, 4880, 4965, 5145, and 5287 i)
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and four Kr® lines (4762, 4825, 5208 and 5309 R) were used.
At lower temperature ranges only the five strongest Ar+ lines
could be used due to the smaller sodium density and, hence,
smaller LIAF signal. Fig. 8 shows the LIAF signal plotted
against the internuclear separation for two températures.

For each point, the radius corfesponds to that at which the
laser frequency is in resonance with the separation of the
ground and excited state potential curves; these radii are
listed in Table 1.

The D-line intensity was determined from the observed
spectrum at a given exciting wavelength and temperature after
correction for the spectral transmission function of the
spectrometer plus interference filter. We found that the
transmission function of the interference filter was well
fitted to the empirical formula
lb

F = 2%/ ab+ ia-20l)

[

. Q

with A= 46 A, b = 2.3 and X = 5867 A. The transmission
function of the spectrometer, fs()"xs)’ with variable wave-
length )\ when spectrometer set at,xs, was well given by a

triangular shape

S- Ix=-Xs | A
: 3 , For As=sD <€ X< Xs+sD ,
o, no =
0 ) OTherwise (18)

E



56

Figure 8

The LIAF signal as a function of internuclear separation for

two cell temperatures, 220°C and 270°C.
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where s, the slit width, is .25 mm and D, the dispersion of
(<]
the grating, is 40 A/mm. Thus the total transmission function

is given by
Fioo, xasd)= s (0, a)* £

Taking the D-line to be the delta functions with integrated
intensity T at Al = 5889.95 R for the 32P3/2 state, and 4T
at A2 = 5895.9 R for the 32P1/2 state, and assuming a constant
background intensity Iy the intensity at As, I()g) will be

given by

ID= Jab\ FOoxo L T §N-N)+5 P S'(A-A;)

+1b] + Id (19)

where Id is the known dark current of the PM tube. T and Ib
are then determined by a least squares fit to the observed
LIAF spectral profile, I()B). The dark current and back-
~ground signals combined typically amounted to less than 10%
of the total signal.

The next step is to reduce the dissociation energy
and the transition moment from the data set. Equation (4)
shows that r(a&,Tj), the magnitude of D-line intensity, de-
pends on the laser frequency W, r density, and temperature
T.. At the same temperature, the geometry of the setup for
different laser frequencies is the same. In order to avoid
complications due to the inaccuracy in determining the

sodium density and the D-line self-absorption problem, the
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measured intensities at each temperature Tj were normalized
to one standard intensity, T%ug,Tj). By Equation (4), the

"intensity ratio at the same temperature T., is

T, ) - M) Gun, ) e-h(é,(m-é.(rs))
T (ws,Td-) Ml(rs) CT (r‘s‘ -DI)

(D > | dle- ) /dr

s

rs l d (63_‘ él) /dr lr‘
- Mz(rt) |
M* () ‘[‘5 ¢ g (20)

" where M(ri)/M(rs) is the ratio of the transition moment at
the internuclear separation Ly to that at r,. The function,
fij(D'), depends.on the dissociation energy D' (see Fig. 1),
on the different laser frequencies,cui,ws, and temperature Tj
as well.

The relative transition moments and the dissociation
energy could then be determined by least squares fitting

equation (20) to the measured D-line intensities for differ-

ent temperature and laser frequencies.
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CHAPTER VI

RESULTS AND DISCUSSION

A. Dissociation Energy

From our measurement, the dissociation energy D', of

the excited electronic ;1]u state was found to be 3300 *

1

200 cm — (All of our error estimates represent one standard

deviation, derived from the statistical properties of the

data and the quality of the fit.) This value agrees satis-

18 1

factorily with the result of Hessel and Kusch, 3110 cm -,

19 3090 + 50 cm™). Both of

and that of Demtroder and Stock,
these two values were obtained from analysis of the molecular

fluorescence lines of the sodium dimers.

B. Variation of the Transition Moment

The results of the transition rate versus the inter-
nuclear separation is shown in Fig. 9; the large error bars
at large r is due to the poor photon counting statistics
resulting from small signals in this region. Since our
method does not give the magnitude of the transition moment,
the value calculated from the lifetime data of Demtroder and
Zare was used as a standard. The lifetime of v'= 10 level
of B lnu state,24 with which 4765 ﬁ laser line resonates, is

18

6.41 + .38 nsec. With the value of Frank-Condon factors

in
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Figure 9

The transition moment as a function of internuclear sepa-
ration obtained from the LIAF signal using equation 4. Also

shown are the experimental results of Hessel et al.35 and

the theoretical predictions of Tango and Zare36 for com-

parison purposes. The left hand ordinate in the transition
o [+]

moment normalized to that at'AL = 4765 A (r = 2.959 A); the

right hand ordinate is the absolute transition moment norma-

lized to give 8.11 Debye at 2.96 A (see text).
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it was found ‘that the average transition moment, Re = 8.11
Debye at r = 2.96 R, where the molecule is in resonance with
the 4765 i laser line (see Table 1). Our results have thus
been scaled so that the relative transition moment is 8.11
Debye at 2.96 i. A least squares fit the data to a linear
function, M(r) = Mo + ar, using the inverse of the variance
as the weighting factors resulted in Mo = 8.1 = .8 Debye and
a=.01 + .25 Debye/a.

Fig. 9 also shows the experimental results of Hessel35
ét al, for transition moment and the theoretical calculation
of Tango and Zare.36 Hessel's results were determined from
the intensities of the molecular fluorescence series,

((v' = 10, J' = 12) » (v", J" = 11 and 13) and (v' = 6,

J' = 43) > (v", J" = 43)), which were excited by 4765 A and
4880 A laser lines. Following the conventional method, they
obtained the transition moment, M(r) = MO + ar, with Mo = 6.8
Debye and a = .5 = ,2 Debye/i. Our results and theirs agree
to within experimental errors. Tango and zare's calculation
is based on the simple Coulomb wave function with the effec-
tive quantum number n* = 2, since the calculation using

n* = 2.1, the effective quantum number for sodium42 would
only change the radial scaling and reduce the r - 0 and

35

r + » asymptotes slightly. The results agree well with the

LIAF data on the transition moment although it is only a
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simple model.

In reference (35), Hessel et al. also reduced the
data of Baumgartner et al. on the lifetimes of various ex-
cited vibrational states of Na, to obtain M, = 6.8 + 0.2 D
and a = 0.4 £ 0.1 D/R. However, these results are suspect-
able due to a questionable procedure used .in the work of
Baumgartner et al. They obtained the lifetimes of the indi-
vidual vibrational levels of 1“u by measuring the phase
shift between a rapidly modulated laser beam and the modula-
tions in the resulting molecula} fluorescence. However, they
did not shield against D-line radiation, which, since the
atomic excited state has a much longer lifetime, would make
the molecular lifetimes appear longer in proportion to the
amount of atomic radiation present. ‘They ascribed the D
line radiation to collisional energy transfer and assumed
that its effect would be negligible if they extrapolated
their measured lifetimes to zero pressure. Our experiments
show that this is not the case, and that in fact, the zero-
collision D line intensity will increase with laser frequency
by a factor of 10 over the range of laser frequencies they
used, and could quite possibly account for the increase in
lifetimes they measured with those various laser frequencies.
It is possible that the self-absorption of the D lines length-~
ened the effective lifetime of the 2P state of Na so much
that the D line fluorescence was not modulated. So we would
not regard these results as a verification.

Williams and Rousseau38 had re-analyzed our earlier
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published data using a fully quantum mechanical approach.
Using the Born-Oppenheimer approximation, they started from
equation (9) and calculated the atomic fluorescence inten-
sity by numerically integrating Schrodinger's equation for
the vibrational wave function. The results show constant
transition moment from 2.9 i to 3.7 R, which agrées well
with our measurement. This agrees with our WKB results thét
quantum mechanical effect is unimportant in the analysis as
described before. However, in the range between 2.7 i and
2.9 R, their calculation shows a variation of the transition
moment decreasing linearly which is difﬁerent from our
results. It is also in disagreement with theoretical calcu-
lations and with the experimental results of the others.
Their calculation was based on the older RKR potentials39
which did not cover the potential energy of B 1“u excited
state at the nuclear separation smaller than 2.84 R and did
not include potential barrier on the B lnu state. Thus, the
increase in the transition moment for small r probably repre-
sents an artificial enhancement produced by inaccuracies.in
the old potentials.

The results of the transition moment between B lnu

and X lz; states of Na, is nearly constant in the range of

2
(-] o

2.7 A and 4.1 A. These results show that Condon principle

is approximately valid over the region of our measurement.

However, the transition moment as_function of nuclear sepa-

ration  is. expected to vary over the entire range of the

internuclear separation out to the free-atom limit, sinceé
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the lifetime of the dimer is usually different from the life-
time of the free atom. In the case of sodium, the lifetime

of the dimer in B lnu state is approximately a factor of

three shorter than the free atom's lifetime.31 Thus, by a
suitable choice of a series of laser frequencies, we should
be able to see the variation of the transition moment as a

function of the internuclear separation.

C. ' Scattering Cross Section

Since LIAF is a resonance phenomenon, a large scatter-
ing cross section is expected. We can estimate the total
cross section, Ty which is defined as the ratio of the num-
ber of photons scattered per unit time per molecule to the
incident laser flux.

At 200°C, using 4880 i as the exciting laser irradia-

22 photons/cmz—sec, equivalent to

tion with a flux of 1.5*10
80 mW laser power with 40 u diameter, we obtained the scat-
tered D-line signal of 660 photons/sec. The efficiencies

of the detectors can be estimated as that of the PM tube =
0.08, minimate spectrometer = 0.15, the transmission of the
sodium cell and the interference filter = 0.25. Further,
with 50% of self-absorption of the D-line signal, solid angle

= 0.4 at a sodium dimer density of 3*1010, we found O.=

J_.O*lO_20 cm2. Equation (4) predicts a total cross section

19 cm2 under the same conditions where the

of 0, = 2.6%10°
transition moment is taken to be 8.0 Debye. The agreement
between experimental and theoretical results is reasonably

~good.



67

CHAPTER VII
CONCLUSION

We wish to emphasize that the LIAF technique for
measuring the spectroscopic properties of molecular systems,
e.g., the transition moment for different internuclear sepa-
rations and aspects of the potential curves, is quite simple
and useful. Since the intensity at only one atomic fluores-
cence frequency is measured, there is no need of calibration
of the precise spectral response of the spectrometer and
photomultiplier tube. Also, by using a semi-classical approx-
imation in the analysis, the results are easy to obtain and
to understand. For instance, in order to find the variation
of the transition moments, we need only a least squares fit
of a straightforward algebraic formula to the LIAF data. And
to obtain the dissociation energy of the excited state, we
need only one more parameter in the least squares fit, while
the standard treatments require Birge-Sponer extrapolations40
based on the analysis of large number of spectral lines.

Besides finding the variation of the transition moment
and dissociation energy of sodium molecule, the LIAF tech-
nique and semi-classical approximation which describes it can
easily be applied to other molecular systems, e.qg., K2, I2

as well as polyatomic molecules. This technique can also be
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used in the reverse sense as used here. That is, the poten-
tial curve9 of a molecule can be measured if the excited

state is unbound.
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