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ABSTRACT

ABSORPTION CROSS-SECTIONS
OR SODIUM DIATOMIC MOLECULES

Zeng-Shevan Fong
Old Dominion University, 1985

Thesis Advisor: Dr. Nynford L. Harries

The absorption cross«seotions of sodium dimers have been

studied using a "heat-pipe" oven operating in the "non-heat-pipe"

mode. Three wavelength regions were observed. They are in the red

(A L „-X" E g), in the green-blue (B g „-X Qg), and in

the near ultraviolet regions (C" 7(u-X1 g+g). The absorption

cross-section depends on the wavelength of the incident light.

Representative peak values for the v"=0 progression in the red (AeX

transitions) and green-blue (BeX transitions) regions are 2.59K

(average value) and 11.77)i (Tavee624 K). The value for the

CEX transitions is several tenths P. The oross-sections were

measured from absorption speotra taken as a function of temperature.

In comparison with published results, our values agree with the

paper by L. K. Lam and his co-workers, they agree approximately with

the paper by R. D. Hudson but are in disagreement with the paper by

M. A. Henesian.
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CHAPTER I

IRTRODUCTION

The study of solar pumped lasers was started by C. G. Young in

early 1965 [1]. The purpose for these studies 1s to use large solar
oollectors on orbiting space stations which transmit the collected

energy using laser beams to the earth or to other vehioles in space

missions. The goal of the research is to determine if the solar

energy could be converted d1reotly into laser radiation, then the

inefficienoies in convert1ng the energy through different transduoers

could be avoided. Hence broadband optical pumping or photon

exoitation methods for produoing the population inversion necessary

for optical amplification are investigated. The maJor fraction of

the solar speotrum lies in the long wavelength (visible) reg1on with

a peak at about 2 eV, and the laser medium should have a good

absorption efficiency in this wavelength region. Gas lasers would be

advantageous because of uniform media, and their volume oould be

large (in spaoe applications, the s1ze of the laser would not be

critioal), and they are easily construoted. Here the possibility of

using sodium vapor as the medium for solar pumped gas lasers used as

energy converters is examined.

To convert solar energy by a gas laser the following candidates

have been recently considered: IE, Br E, Br 2-C02-He, IBr,



03P7I ...etc. ~ Two kinds of lasers were studied theoretioally.
In the first category: the absorber and the lasant were different
materials such as a Br2-C02-He laser. (the Br2 absorbed the
photons and transfered the energy to C02, which lased) In the
second category: only one material was used, suoh as an IBr laser;
however, the theoretioal solar power efficiencies in these oases

were low (0.5 and 1.2 peroent respectively) [2].

In the above cases, the absorbed photons produced excited atoms

Br or I (photo-dissociation) whioh then lased to the ground

atomio level, but there are not many diatomic molecules that can be

dissooiated by light near the solar peak (around 450nm-550am). The

requirement of photo-dissocition limits their absorbed wavelength

range, resulting in a reduction in their efficienoies. However,

there are a great many that oan absorb a photon and then be raised to

one of the vibration-rotational levels of an upper electronic state
without dissociation. Lasing could then ooour as a transition to one

of the vibration-rotational levels of the ground electronio states.
Recently a number of optioally pumped dimer lasers (bound-bound) were

listed including the metal vapors Li2, Ma2, K2, Bi2, and

Te2 whioh lased without dissociation [3] [4].

Jklkali metal vapors interact very strongly with light
partioularly in the visible region near the peak solar spectrum.

Lasers made from these vapors have low thresholds and high measured

effioiencies and because absorption will occur near the peak of the

solar spectrum, the possibility of using these vapors as solar energy

converters arises. The quoted device efficiencies were up to 15

percent [3], but for solar energy conversion the overall efficiency



should include the solar effioiency (fraction of the solar radiance

used) whioh is usually below 20 peroent [5]. Vaporizing the metals

would be achieved by solar concentrators and the lasers would run at
temperatures of'round 1000oK. The high temper ature would also
reduce the area requirement of'he heat dissipation surface, an

important faotor in the output power to weight ratio [6], and an

advantage over the IBr [2], I2& and Br2 lasers. The

diner/monomer ratios of alkali metal vapors are funotions of

temperature and the ratio for sodium vapor is the highest of all
under oertain temperatures [7]. In view of the above considerations

sodium is a good candidate for the medium of a solar pumped laser.

For the satisf'aotory operation of a laser system, the self-
absorption should also be low. This restriots the choice of

molecules and transitions as self-absorption beoomes a partioularly

important loss mechanism for emission from higher molecular bands.

Hence the emission wavelength should be chosen where there is little
self-absorption. Previous studies [3] [4] have shown that this is
possible for sodium. It is important to measure the absorption

spectra for sodium vapor, and also to obtain absorption cross-

sections for kinetic studies.

However for kinetio studies it is essential for the absolute

value of the cross-sections (as functions of wavelength) be known.

Here the literature shows violet disagreement. L. X. Lam, k.

Gallagher

X1Z,g+ to

and M. M. Hessels'ata show values of the i Ku-1+

be 10 cm [8], wher eas M. Ji. Henesian, R. L.

Herbst and R. L . Byers'esults show values of 10 1 cm [9]. It
is therefore essential to measure the absolute values.



As results of our experimental data showing the absorption
speotra measured with a heat-pipe operated in non-heat-pipe mode, the
absorption cross-section A K u-X X, g was obtained with a1 + '1 +

magnitude of the right or der -10 16 cmg and B1+ u-X1 g g
+

was around -10 15 cm2 and C m u-I T. g was1 1 around
-10 T cm . The absorption oross-sections for these bands are
large compared with I2, Brg, CBFTI, and IBr, whose absorption
oross-sections are «10 "~ cmg [5]. The experiments also showed

that photo-dissooiation occurred easily. These reasons inorease the
potential of sodium metal vapor, as the material for a solar pumped

laser.



CELPTER II

THEORY

Before we examine moleoules let us first oonsider a colleotion
of identioal atoms having two electronio levels each. In the case

of atoms there are three processes concerned with electron

transitions between two eleotronio energy levels. The first is
absorption of a photon by an atom in the ground state which

simultaneously undergoes a transition to an excited state. The

absorbing frequency is determined by the energy differenoehU between

the excited state and ground state, hU=hy. The second process is
spontaneous emission of a photon from an excited atom as it returns

to the ground state. The third is the stimulated emission of a

photon from an excited atom whioh is oaused to return to the ground

state by an electrossqInetlc wave of'requency corresponding to the

transition frequency. Both the original and emitted photons are

coherent and also beoome the souroe to induoe other excited atoms.

The most important process in laser aotion is the third example

mentioned. If there are many atoms in excited states, the stimulated

emission oan inorease the intensity of radiation of the transition
1'requenoy wi.th all the photons in the same phase. This is the

prinoiple of laser aotion in atomic lasers.

The process of'asing is similar for molecules and atoms.



However the case of atomic lasers, their quantum efficiencies are

low. Nuch higher quantum efficiencies can be obtained with molecular

lasers, essential for energy conversion using solar pumped lasers. A

molecule has many energy levels, and to study the transitions between

those energy levels, we study the absorption spectra of molecules

which can help us design a dimer laser.

1. The hydrogen molecule and the hydrogen-like molecules:

The theoretical simplicity of the alkali metal atoms (one

eleotron outside an inert ionic core) and molecules (two electrons

outside two inert ionic cores) makes them even mors ideal; in a sense

they are "visible hydrogen atoms and molecules [10]."

Let us oonsider first the hydrogen molecule. It is oomposed of

four particles, two protons (A and B) and two electrons (1 and 2)(see

Figure 1.). To determine the energy of the electrons in a molecule

for fixed values of the nuclear coordinates, that is in the adiabatic

approximation, the potential energy appearing in the Schrodinger's

equation must take into account all the eleotrostatic interaotions

between the four charged partioles. The potential is

I I i 10=-e2[ — + + + - — - ]
"ia Yis "*s n vsa

Fortunately, it is possible to simplify the problem by using

the approximate method of Born and Oppenheimer [11]. It states that

the complete wave function oan be expressed as a product of the

electronic wave function and ths nuclear wave function. The



AB

Figure 1. The hydrogen molecule. The protons are in
positions k and B; the electrons, in 1 and 2.

-7-



electronic wave function depends on the position of the nuclei, but

not on their stats of motion. The nuclear wave funotion depends on

the whole electronic configuration. The total energy of the

moleoule may be expressed, to a first approximation by the sum of'

nuolear energy term and an eleotronic one. The electronic energy is
quantised as the electronio wave function. It depends also on.ths

position of'he nuclei; the coordinates of the nuclei are present as

parameters in the expression of each electronic level. In the

hydrogen molecule there are six such coordinates. But if we are

interested only in the relative position of the nucle1, and not 1n

their absolute position in space, a single parameter suff1ces-namely

the internuolear distance rlB. The potential energy curves, for

the atoms in a center of mass system as functions of re and their
variation follows the general pattern sohematically represented in

Figure 2.. Curves E~ and E3 of'igure 2. have a minimum in their
energy; in other oases (11ke E2) there is no minimum. Curves E~

and E3 correspond to two outer eleotrons where the spins are

anti-parallel and therefore must be symmetric, and the sp1n states of

the electrons is the singlet. Curves E2 corresponds to two

electrons whose spina are parallel and therefore must be anti-
symmetric and the spin state of the electrons is the triplet state.
In E3 there is one electron in the first excited stats. 1 value of

the equilibrium internuclear distance re and of the dissociation

energy De, two very important struotural parameters of the moleoule

are 1ndicated. The same considerations apply to the Na2 moleoule.

-8-



lfe 48

Figure 2. Electronic energy levels. The energy is given
as a function of the inter nuclear distance re for
three different electronic states, E~, E2, E3.
E~ and E3 correspond to stable configuration.
The equilibrium distance and the electron binding
energy in the ground state are indicated,
respectively, by re and De.



2. inharmonic vibrations of diatomic molecules:

The exact form of the potential curve governing the vibrational
motion of the nuclei may be calculated. It is the electron1c energy

introduced by the Born-Oppenheimer theorem. It may also be

oonstructed, point for point, from the observed vibrational and

rotational levels. The Norse function 0=De[1-e (r " )]2 [12]

is an acoeptable approximation of the actual potential curve of a

diatom1o moleoule of type E~, except for r=0 where it has a finite
value and the true potential is infinite. Por r=re the equation

becomes zero: this is the m1nimum value of the potential energy and

occurs at the equ111brium position. When race,U approaches De&

whioh is oonsequently the dissociation energy. There are three

parameters De, re, and B which determine the shape of a molecular

potential curve. If the true potential is known, they will be

adjusted to give the best overlap with the true potential. After the

parameters De, re, and B are calculated, it is possible to find

an exact solut1on to the wave equation for the vibrat1onal energy

levels of the molecule which are

G(v)=We(v+1/2)-W+e(vi')/2)2+'2)

where v is the vibrational quantum number and We is the zero-order

vibrational frequenoy and W+e is the anharmonicity constant.

We and WeXe are related to De and B as follows:

Wee(B/2') ~ (2D /)d1/2 (3)

-10-



W+e=hBE/ (8)(2pc )

where h is Planok's constant and p is the reduced mass of the diatom

and c is the speed of light. The parameters De and B can be

caloulated when We and W+e are known. Values of sodium dimmer

are given in Nole ular S e tra
t [13] ~

3. Nolecular transitions:

molecule, gust as an atom, has many electronic levels

oorresponding to different distributions of the electrons over their

various or bitals and to different orientations of the electronic

angular momenta. The speotra that arise in transitions from one

electronic state to another are a series of lines which result from

nuclear vibration and rotation.

The energy of the molecule may be written as the sum of'hree
oontributions: electronic, vibrational, and rotational, that is

Etotal=ge+Ev+Er (5)

or, in term values,

T=Etotai/hc=Te+G(v)+Fv(J) (6)

where T and the other quantities are expressed in cm-1.

-11-



For an electronic transition of a diatomio molecule we have

hUeT'-T"=hUe+hUv+nUr (7)

where the "single prime", T'nd the "double prime", T" are

respectively the upper and lower energy levels of a diatomic molecule

with different electronic, vibrational, and rotational energies.

kUe--T'e-T"e, 4Uv--G'(v') G" (v")

hUr F&v&(J&) Fvvn(J")

Zf we consider one particular electronic transition with aUe

fixed, then all possible values of SUr and S Uv give rise to a

band system. The gapa between vibrational levels are much larger

than the gaps between rotational levels and the typioal values for a

sodium dimer for the rotational gapa are around -0.5 cm and for

the vibrational gape are around -150 cm ". Under low resolution

we can to a first approximation neglect 4 Ur and obtain for the

bands of an electronic band system of a diatomic molecule

AU=LUe+We'v'+1/2)-WeXe'v'+1/2) +...

-[We" (vv+1/2)-WeXe" (v"+1/2) +... ] (9)

the band system can be considered either as consisting of a number of

v'rogressions or of a number of vv progressions. Unlike the

harmonic oscillator, there is no restrictive selection rule for the

-12-



vibrational quantum number v'. The wave numbers will give a great

number of bands, when v'nd v" are replaoed by arb1trary

non-negative integers. However the absorption or emission of a

photon can only ooour if the probability of the transition is h1gh,

for a given v', v". To start determ1ning the value of the level of

v", we need to consider the Franck-Condon prinoiple.

4. Franok-Condon factors:

The Franck-Condon principle [14] starts from the assumption

that beoause of the large difference between the nuclear and the

electronio masses, that the electronio transition takes place so

rapidly, that the nuclei in the molecule cannot alter their relative
positions nor their relative velocities s1gnificantly. Since the

nuclei move in different potential fields in d1fferent electronic

states, the transition of'he electrons to a new state is usually

accompanied by' subsequent change in the equilibrium positions of

the nuolei -and the frequencies of the normal vibrations- and this
leads to the simultaneous exoitation of electronio and vibrational

states. The character of such excitations is determined by the

dependenoe of the electronics states of the molecule on the

arrangement of the nuolei. Por the simplest case, the potential

energy of diatomic molecules depends on only one coord1nate: the

distanoe between the nuolei.

We have depicted qualitatively in Pigure 3. the possible

dependence on the distance between the nuclei of the energy of a

-13-



(R)

Ro
R R

R, Ro R&

(a) (b) (c)
Rigure 3. Possible dependence on the distanoe between

the nuolei of the energy of two eleotronic states
of a diatomio molecule.



diatomio molecule for two electronio states. Case (a) corresponds to

two electron1c states for whioh the m1nima of the funotions Eo(R)

and E~(R) oorrespond to almost the same values of the equil1brium

d1stance, that is, Ro-R~, In cases (b) and (o), RogR~. The

horizontal lines 1n Figure 3. 1ndioate schematioally -and not to

soale- the vibrat1onal energy levels in the two electronio states.
In all three figures, transitions will correspond to vertical lines
aooording to the Franck-Condon principle (no change 1n r1E).

Furthermore, the vertioal arrows start on the lower potential curve,

and end on the upper potential curve. (Transitions can also occur

which start from above the lower potential ourve -indicating some

kinet1o energy- and end a corresponding distsnoe alone the upper

potent1al curve, but they are less likely as apart from the v"=0

level, the moleoule spends most time where the oscillation amplitudes

are their maximum, where the partioles turn around.)

Me shall assume that initially the molecule is in the

electronic state IO&, the nuoleus performs zero-point oscillations

around the equ111brium pos1tion R , and the initial energy of the

molecule is equal to Eo(Rc), if we neglect the vibrational

zero-point energy. If now light causes a 'ransition to the

eleotronic state l1&, during the transition the nuclei. w111 hardly

change their posit1on, and the molecule goes over into a state with

energy E~(Ro). The energy involved in the transition will thus

be equal to k Ueg~(Ro)-Eo(Rc). In case (a) the nuclei in the

molecule perform zero-point oscillations both in the initial and in

the f1nal states. Such a trans1tion can be called a pure electron1o

transition: bU= hUe. In oase (b) the molecule has gone after the

-15-



transition into a stats j1& at RaRo which is not at the same

equilibrium position R1 of a state l1&. The nuolei in the molecule

will, therefore, in this state perform oscillations around the

equilibrium position with an energy G'(v')(equation (2)) where v'orrespondsto the quantum number determining the excited vibrational
stats. In that case, the energy involved in the transition will be

given by the equation 4 U= hUe+G'(v')-G"(0), where DUe=

E1(R1) o( o)'n

case (c) the quantum transition leads to a state

corresponding to a continuous spectrum. When a transition to that
state takes plaoe, the nuclei of the molecule oan move to infinite
distances from one another corresponding to a photo-dissociation of

the molecule.

Because of the zero-point osoillations of the nuclei in the

initial stats, the value R=Rc is only the most probable one. Apart

from the transitions indicated in Figure 3. by full-drawn arrows,

there is also the possibility of less probable transitions
aocompanied by the excitation of other vibrational states, for

instance, those indioated by dashed arrows. We see thus that it is
possible that there is not Just one transition, but a whole series of

transitions corresponding to the excitation of various moleoular

vibrations. This gives rise to an electronic-vibrational band, which

is still further complicated by the presence of rotational states.
In the case shown in Figure 3. when the transition takes place to a

state of the continuum, the band of'xcited states is continuous.

To obtain a quantitative picture of the intensity distribution
of E1-transitions in the electronic spectrum, we must evaluate the

-16-



matrix elements,

&2v'rl1v"&e f2(r,Rivi(R)rf)(r,R) Xvv(R) d r d R (10)

of the electrical dipole transition with respect to the wave

functions of the adiabatio approximation& whioh are produots of the

eleotronic wave funotions p(r,R), in whioh the nuclear coordinates R

occur as parameters, and the wave functions %(R) describe the nuolear

motion, and r is the electronio ooordinate.

The matrix element

M2](R)=fp2(,R) vi (,R) d (11)

is a slowly varying function of the nuclear coordinates R, sinoe the

electronic wave funotion depends only weakly on R for small

displacements R from the equilibrium positions. We can thus expand

M21 in a power series

M21(R)=M21(Ro)+[ ~ ]R R (R-Ro)+ ''(12)sN
mR

Substituting this value into &2v'Irl1v"&, we get

Cv
&2v'ri1v"&=M21(Ro)Jive(R) kv" (R) 4 R (13)

where v'nd v" are the quantum numbers of the two vibrational levels

of the upper and lower eleotronio states between whioh the transition

takes place. The integral

-17-



&v'v"&= v'(R) %vs(R) d R

is called the overlap integral of the wave functions describing the

nuclear motion. The absolute square of this quantity,

Wvsvs=1&v'Iv"&(2 (15)

determines the relative intensity of the transition between the

states v'nd v", that is wvivs characterizes the intensity

distribution in the band, corresponding to the electronic transition

142. We have Qwvtvv 1y 'that lsy the total transition probability

from one vibrational state of the initial state to all vibrational

states of the final state depends only on the probability of the

electronio transition whioh is proportional to IM21(Ro)I . If

we know that the overlap integral of the wave functions is non-zero

for a particular v'nd v", this means the transition is allowed

between these two energy levels. From these two allowed energy

levels, we can check the wavelength from our experimental results.
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CELPTER III

To carry out measurements of the absorption cross-sections, it
is necessary to confine a column of Ma2 vapor between transparent
w1ndows, through whioh a beam of light of given frequency 1s passed.
For metal and metal-11ke elements, heat-pipe systems [15] [16] are
well suited to generate the molecular vapor. Figure 4. shows a

sohematio of a heat-pipe and we shall first discuss operation in the
"heat pipe modes.

In the heating zone the material is vapor ized. The vapor

streams to the cooling zones, where it condenses and becomes liquid
and finally flows back with1n the metal mesh by oap1llary forces. JL

buffer gas is introduced as shown. The feed in has to be symmetrioal

at both ends and with suffioient power into the heat1ng zone, the
vapor pressure can be adjusted by the applied buffer gas pressure.
The temperature Tp within the vapor zone will be obtained from the
vapor pressure versus temperature curve (see Figure 5.). The buffer
gas in the cooling zone and vapor in the vapor zone should be at the
same pressure reading P, and a variation of'he heat1ng power ohanges

the length of the vapor zone without ohanging Tp at constant buffer
gas pressure. The main advantage of a heat-pipe is that aggressive
metal vapors are kept away from the optical windows and the
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ourve) and the partial pressure of sodium
diatoms (solid ourve) are funotions of tempera-ture. The experimental data is taken i'rom
referenoe [21].



parameters and the kind of buffer gas and pressure of buffer gas oan

be eas1ly changed. The problem 1s that the length of the vapor zone;

namely the length of optioal path is diff1oult to estimate.

To operate a heat-pipe under ideal oonditions, a suffioient

amount of sod1um is needed to wet the wiok of the evaporator, whioh

is 1nside the pipe, one-meter-long and 2.5 oentimeter diameter. The

needed amount is 50-80 grams sodium costing 8500-8800. To save

sodium (10 grams sodium 1n our case), we operated a non-heat-pipe

mode whioh indicated the temperature T was smaller than Tp.

For T&Tpp which means the heat-pipe was operated under a

enon-heat-pipes mode, the Na2+Na vapor pressure reading at the

center is lower than P whioh is the reading of buffer gas pressure in

the cool ends of the heat-pipe and whioh in turn is the total
pressure inside the complete heat-pipe. In the vapor zone there is a

mixture of the vapor with a partial pressure Pp(T) and buffer gas

with a partial pressure P-Pp(T). In our case we estimated T(r,z)

as a function oi'osition, whioh then gave Pp(r,z) after the system

was settled into a steady state. A monoohromator the scanned the

light passing through the heat-pipe to obtain the absorbed speotra

versus wavelength. We integrated the dens1ty of the sodium dimers of

the pipe point by point, and used Beer's law to calculate the

absorption cross-sections from those results.

1. Apparatus:

The system, shown diagrammatically and piotured (Figure 6a. A

b.), functionned almost like a Cary-14 spectrophotometer. The Cary
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Figure 6a. Experimental arrangement designed to studythe absorption oross-seotions of sodium dimers.
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recording apectrophotometer model 14 is designed f'r automatio

recording of absorption spectra in the wavelength region of

186nm-2,600nm with good resolving power and high photometrio

aocuracy. Bere, the heat-pipe was too big to be put into the sample

cell of a Cary-14, so we had to build our own system. The light

source was a 75 watt xenon high-pressure aro lamp with a parabolic

reflector, focal length 12.7 om, which fooused on the entrance slit
of the monochromator. A short arc power supply made by P.E.K. inc.

series 401A with 20 volts and 10 amper en maximum output was the power

source of'he xenon arc lamp. The monochromator was a GCA/Mcpherson

instrument model 216.5, 0.5 meter scanning monoohromator/

speotrograph with a grating of 1200 lines per millimetery Used here

as a narrow band filter, the oenter frequency of whioh could be

changed by rotating the angle of the grating. Ths entrance and exit

slits were set to 50 qua with the band width of the monochromator at

about 0.85'. Por near ultraviolet spectra observation, a quartz lens

of 5 cm focal length was put in front of the exit slit of the

monochromator, which adJusted the output light to be parallel and to

pass through the heat-pipe. The photo-multiplier detector, RCA 7264,

with a type Na-K-Cs-Sb photooathode, was put on the far side of the

heat-pipe. A high voltage regulated D. C. power supply made by Power

Designs Pacific ino. model 3K-40 with 3,000 volts and 40 mA maximum

output provided the operating voltage to the photo-multiplier tube.

An X-T recorder, Hewlett Paokard 7046A, was used to plot the

intensity of light versus wavelength.

The heat-pipe, shown in Figure 4., was construoted of 1-1/4

inch O.D. alumina pipe with a 1/8 inoh thick wall 40 inches in
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length. Inside the pipe was plaoed a wiok oonstruoted of 2-3 layers

of 80 mesh stainless steel screen. The wick was used to move the

liquid sodium back to the heated portion of the pipe by capillary

action. Because of the fragility of the alumina pipe& we could not

perform outting operations direotly on it. Accordingly two pieoes of

aluminum pipe about 3-1/2 inohes long were added to both ends of'he

alumina pipe and Joined by torr seal. On the outside ends of each of

the added pipes a notch was out for the purpose of positioning an

0-ring. With the aid of O-rings, two quartz windows were attached to

both ends of the heat pipe. Boles were drilled in the side of the

aluminum pipes to conneot with a copper tube to a Veeco vs-9 vacuum

system in order to keep a constant and balanoed pressure of buffer

gas in each side.

The buffer gas for this case was helium supplied by Linde Co.

with a purity 99.99$ &
whose purpose was to protect the quartz windows

from coating by the sodium vapor. The same pressure at each side of

the pipe kept the sodium vapor at center of the pipe and also made

the temperature profile of the pipe symmetrical. g Wallace 6

Tiernan's pressure gauge, with a 200 torr full soale reading,

monitored the pressure of the helium.

The heating element was a 12-1/2 inches long oven having a 6.7

ohm internal resistor from Marshall furnaces controls produots. g

varies controlled the input voltage to the oven, and a digital

voltage meter indicated how muoh power was applied. The temperatures

were monitored with 4 K-type thermocouples (alumel-chromel) which

were calibrated by ice water and boiling water before starting the

experiment. 'These thermocouples were placed in a row outside the
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pipe with all of them in direct contact. Three of them were inside

the oven at 2 inohes separation starting from the oenter of the

pipe. Only one thermocouple was outside the oven at a distance of

6-7/8 inches from the oenter of the pipe. A multiple switch selected
one of them at a time to the Fluke 2190A digital thermometer.

2. Calibration:

Mercury light was used as one of'he rei'crease lamps. The

meroury lamp was a pen ray lamp produoed by the Ultraviolet Products

oompany and was plaoed at the looation of the xenon high pressure arc

lamp. Scans were taken at the following wavelength ranges:

300am-420nm, 430nm-550nm, and 560nm-680nm. The soan speed was

non-uniform. The only needed calibration was the rotational speed of

the grating of the monochromator to obtain a relation between the

true wavelength and the position X of peaks in the speotrum on the

ohart. We initially recorded the mercury light spectrum [17] at the

readings of the monochromator 3,000K& 4y300L and 5y600E and then

established the following three equations (see Appendix A).

I =0.0124065X2+31.959235X+3020.7489

I =0.0089886X +32.154454X+4310.1209 (16)

L =0.0967990X +30.829959X+5607.2507

where X is the distance from starting point to measured point in the
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recorded figures (see Figure 7., 8. and 9.) and is measured in

centimeter.

3. Experimental process:

Lifter we aligned and calibrated the system, we needed to bake

the pipe at a high temperature around 500oC in vacuum in order to

clean the pipe and also check the system did not have defects. 10

grams sodium would be used in our case of 99.95$ purity, a product of

the klfa company. The sodium was contained in a glass-tubs in argon

gas. To place the sodium at the center of'he heat-pipe the

following steps were performed. First: put the sodium on a holder,

break the sides of the tube, and place them at the center of the

heat-pipe with helium flowing out to prevent air from getting into

the pipe. Second: put back both end-windows of the heat-pipe, turn

off the helium flow, pump the heat-pips to vacuum, and heat the

heat-pipe to 150oC in order to melt the sodium. Third: because of

the adhesive force, with the liquid sodium still in the glass tube,

we needed to insert a helium-pipe into the heat-pipe to blow sodium

out of the glass tube. After having removed the glass and the

holder, we filled in the required amount of helium and set the varies

to sufficient power. The maximum temperature of the heat-pipe must

be below 800ok, to avoid the fact that the photo-multiplier tube

detected the black body radiation from the oven. On some runs a

Corning colored filter, series number I-59, was used to filter out

the infrared. After heating for eight hours, the temperature no

longer changed. Et this time, the heat-pipe oven was in a steady
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(inch)Figure 8. Heroury light speotrum from 430 nm to 550 nm
(for oalibration use).
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Figure 9. Mercury light spectrum from 560 nm to 680 nm
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stats but not in the heat-pipe mode. The xenon high pressure arc

lamp was turned on and three time soans at the wavelength ranges were

taken. The same process was then repeated at different temperatures.

After the temperature of the oven returned to the room

temperature, we changed the pressure of buffer gas. Sodium was solid
at room temperature and was not lost while we were using the vacuum

system. Measurements were then made of the absorption versus

wavelength for different pressures as well as temperatures.
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CHAPTER IV

THE CALCDLATION OF THE ABSORPTION CROSS-SECTIONS

Figure 10. to Figure 20. show intensity oi'ight transmitted
through the pipe versus wavelength, at different temperatures and at
different buffer gas pressures. Comparing them with the background
figures which recorded the intensity of light of the xeon-lamp
passing through the heat-pipe under very low sodium vapor pressure
(with temperature around 200oC inside the center of the heat-pipe),
we i'ound some wavelengths were reduoed in intensity. According to
Beer's law f18]y if the intensity of a collimated beam of
monochromatic light decreases from Io to It over a path length
L-cm and the concentration of the absorbing material is N-number of
particles per cubic centimeter, then the absorption cross-section
6'(4) is defined by

I~t=l~oexp-(s'(X)NL) (17)

The value of cfQ) whioh is a function of wavelengths is then found to
be

c (A)=in Ii/lt/(NL). om2 (18)
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Figure 10. Two absorption spectra taken under helium pressure 20 torr and input power

162 watts for 2 different wavelength ranges (BfX 4 CfX transitions). n
(avsrage sodium dimer density)x L (optical path)=8.713E+14. The hand drawn
curve for BfX is ths background (I,). The actual signal had noise superimposed
on the hand drawn curve. Ths absorption is proportional to the difference
between the signal and I,. The CfX curve is I s because the absorytion of
C-band was undetectable in this temperature.



Figure 11. The absorption spectrum taken under helium pressure 20 torr and input power
162.5 watts for AgX transitions. n (average sodium dimer density)x L (optical
path)=8.133K+14. The hand drawn ourve for AfX is the background (Ie). The
actual signal had noise superimposed on the hand drawn curve. The absorptionis proportional to the difference between the signal and Ie.
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Figure 12. Two absorption spectra taken under helium pressure 20 terr and input power
192 watts for 2 different wavelength ranges (BdX g CfX transitions). n
(average sodium dimer density)x L (optioal path)=2.24E+15. The hand drawn
curve for BOX is the background (I,). The actual signal had noise superimposed
on the hand drawn curve. The absorption is proportional to the differenoe
between the signal and Ie. The CEX curve is I + because the absorption of
C-band was undetectable in this temperature.
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Figure The absorption spectrum taken under helium pressure 20 torr and input power
192 watts i'r A&X transitions. n (average sodium dimer density)x L (optical
path)=2.24E+15. The hand drawn curve for AdX is the background (Io). The
actual signal had noise superimposed on the hand drawn curve. The absorption
is proportional to the difference between the signal and Ie.
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Three absorption spectra taken under helium pressure 30 torr and input power
152.5 watts for 3 different wavelength ranges (BfX , CfX g AfX transitions). n
(average sodium dimer density)x L (optioal path)D3.65E+14. The hand drawn
curves for BfX g AfX are the background (ID). The aotual signal had noise
superimposed on the hand drawn curve. The absorptions are proportional to the
difference between the signal and Ie. The CfX curve is I e because the
absorption of C-band was undetectable in this temperature.



Figure 15. Three absorption speotra taken under helium pressure 30 torr and input poger
y~ (a t) $ ($ x)165 watts for 3 different wavelength ranges (B(X, COAX & J!6X transitions).

n (average sodium diner density)x L (optical path)=9.87K+14. The hand drawn
ourves for B4X 6 XfX are the baokground (Io). The aotual signal had noise
superimposed on the hand drawn curve. The absorptions are proportional to the
difference between the signal and Io. The CEX curve is Ie because the
absorption of C-band was undetectable in this temperature.
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185 watts for CEX transitions. n (average sodium dimer density)x L (optioal
path)=3.05E+15. The hand drawn curve for CEX is the background (Is). Theactual signal had noi.se superimposed on the hand drawn curve. The absorptionis proportional to the difference between the signal and Io.
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Figure 17, The absorption speotrum taken under helium pressure 30 torr and input power

185 watts for B4X transitions. n (avefage sodium dimer density)x L (optioal
path)s3.05E+15. The hand drawn curve for BfX is the background (Io). The
aotual signal had noise superimposed on the hand drawn curve. The absorption
is proportional to the difference between the signal and Io.
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Figure 18. The absorption speotrum taken under helium pressure 30 torr and input power

185 watts for A4X transitions. n (average sodium dimer density)x L (optical
path)=3.05E+'l5. The hand drawn ourve for AfX is the background (Ic). Theactual signal had noise superimposed on the hand drawn ourve. The absorptionis proportional to the difference between the signal and Io.



3530 i- — scale for C-band———c000Figure 19. Two absorption spectra taken under heliun pressure 30 torr and input power
207 watts for 2 different wavelength ranges (8' CEX transitions). n
(average sodiun diner density)z L (optical path)a5.88S+15. The hand drawn
curves for BEX 4 CdX are the background (Ie). The aotual signal had noise
superinposed on the hand drawn ourve. The absorption is proportional to the
differenoe between the signal and Is.
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Figure 20. The absorption spectrum taken under helium pressure 30 torf and input power
212 watts i'r AfX transitions. n (average sodium dimer density)x L (optical
path)e5.88E+15. The hand drawn curve for A/X is tbe background (Ie). The
actual signal had noise supef imposed on the hand drawn curve. The absorption
is propol tional to the diffel ence between tbe signal and Idf.



Sodium metal has a very low vapor pressure oompared with other
liquid heat transfer media, even at temperatures as high as 500 0

(932oF) the vapor pressure is only 3 torr. If we know the

pressure-temperature relation, the vapor density oan be obtained from

sodium vapor pressure by employing the ideal gas law.

The complete temperature dependence of vapor pressure requires
a formula with four adjustable parameters. Many formulas have been

suggested but the one found most satisfactory by Hesemeyanoy [19] is
log10 P = 4-B/T+CT+DlogT. The four adjustable parameters were

obtained from Sittig's book [20], and the total pressure of atomic

sodium vapor is

log10 total =4.57791-5249.1/(T-8.14).......atm (19)

C and D are zeros. "8.14" is an ad]usted value for reducing error.
Equation 19 is valid for 400~T~50oK.

The partial pressure of sodium diatoms is

log10 PWa2= 4 340-5682/(T 43)... ~ ~ ..atm (20)

0 and D are again zeros, and "43" is an adJusted value for reducing

error. The range of validity is 500oK to 1025 K.

We estimated the maximum error by comparing equation (20) with

the experimental data indioated in Sittig's book, table L-9 [21].

The error percentage formula is theoretical value (equation (20))

minus experimental values, divided by the experimental value, and

times 100. In the temperature range from 500oK to 800oK, the
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error is less than 5$ (see Figure 21.).

Since our heat-pipe was operated in the non-heat-pipe mode as

mentioned in chapter III, we needed to know the temperature

distribution versus position inside the heat-pipe (see Figure 22.) .

Unfortunately, it was diffioult to measure the temperature inside
the tube directly. The reason was that the sodium vapor would

condense on the thermooouple oausing the reading to be inoorreot.

However a simple theoretical derivation of the temperature

distribution inside the tube was obtained. In the steady state, the

input power must be equal to the output power. This means that the

divergent energy flux must be equal to zero.

~'q=O (21)

In oylindrical coordinates (r,8,z), there are three energy flux

components inside the oven. They are

mTqrag — imv qe=K/r — ,
mT
me 'z=K — (22)

where K is the thermal oonductivity of gases inside the heat-pips.

$ single gas has a ooefficient of heat conduction. K=(W

c n Ov)/3 where X is the mean free path, c the random

velocity, n the gas density, and C the specific heat of the gas

at, constant volume. The conduction is independent of the pressure

( gn = constant) and -T"/2. The conduotion mechanism is a

transport of the bot partioles with a diffusion coefficient

c 4 /3 1 henoe, for a mixture of gases 1 ~ 2 and 3, where 1 =He,

-46-



25%

-5%

— 15%

-20%

Figure 21. The error percentage of equation (20) versus
temperature.



6

oK

I

CO
I

cm
( cm f rom center )Figure 22. Caloulated temperature profiles for the heat- pipe at

helium pressure of 20 torr and 125 watts, input power.
For r=1.27cm, r=0.5om, and r=0om (r is semidiameter ),
we get three ourves, the upper, the middle, and the lower.



2=Na, and 3=Na2, the resultant coefficient K is [5]

K-KHeS(T/273)l/2 (23)

and S is defined as follows:

~, «v,t Cv (

I+a — +bA
CJ& Cf'g

(24)

where mn= is molecular weight, Cv n= specific heat at constant
I

volume, era= collision cross-section. The coefficient is in terms

of KHe as He has the highest conductivity.

Then the equation of the energy flux is

-[—
(— r —)+ —(~ —)+ —L~ r —)j =Q (25)I / a )(~SlT mT a ~ cr~ 27 m a-~Cz av i

tL&r m mr me ~i ae mz ~~& em'o
simplify equation (25), we consider the symmetry versus

angle 8 and separate the variables r and z.

T=T(r,z)=TrTz (26)

Me obtain two differential equations.

TrsiTrs /re(T'/2T„ik ) Tr=Q (27)

Tzs+(Ti2/2T2 g2)Tz=O (28)

where aL is the separation constant.
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This leads to (see Eppendix B)

Tr=Jo2/3[/3/2o((1.27-r)] (29)

Tz=Tmax-Jlslnh(f223o{z) (30)

where Jo is Bessel's funotion of the first kind and of index zero,

Tma , e{, and k are three constants which match the boundary

oonditions of four measured temperature points on the wall of the

pipe (see Appendix 0).

Equations (29) and (30) give values of temperature T versus r and z,

which in turn determine the partial pressure of Na2 versus

position. The total pressure will of course be constant.

According to the Maxwell-Boltzmann distribution law, the number

of'olecules dNe that have a classioal vibrational energy between E

and E+dE is proportional to e ( /k ) dE, where k is Boltzmann's

constant and T is the absolute temperature. The function e

[ e (E 95 ), where E is expressed in cm-1 ] is represented

graphioally in Plgure 23. for Na2 T=500oK.

Classioally there is no restriction for the E values (see

Pigure 23.). However acoording to quantum theory, only discrete

values are possible for the energies of the vibrational states. The

number of molecules in eaoh of the vibrational states is again

proportional to the Boltzmann factor exp[-(E/kT)]=

exP{-[G(v)-G(0)]ho/0.6952T)= exP[-(Go(v)ho/0.6952T)], where G(v) is
the energy in the vibrational level v and is calculated by using

equation (2)i and Go(v) is the energy gap between the vibrational
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Figure 23. Relative populations of the vibrational
energy levels for Na2 gas at 500oK.
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level v and the zero level. The zero-point energy can be left out,

since to add this to the exponent would mean only adding a factor

that is constant for all the vibrational levels (including the zero

level).
The ordinates oorresponding to the discrete values of'he

vibrational energy for the case of Na2 are indicated by broken

lines in Figure 23. The spacing between the lines becomes small at

higher v (enharmonic osoillator) and Go(v)hc= {G(v)-G(0)]hc=

157.6732v-0.7254v2. It is seen from this figure that the number

of molecules in the higher vibrational levels falls off very rapidly.

The quantity exp[-(Go(v)ho/kT)] give the relative density of'oleculesin the different vibrational levels referred to the density

oi molecules n in state v=0. We have to consider that n is

proportional, with the same faotor of proportionality as before, to

the sum of the densities in all the levels n=nv, or the sum of the

Boltzmann factors over all states, the so-called state sum (or

partition funotion), given by

Gv=1+exp[-(Go(1)hc/kT)]+exp[-(Go(2)hc/kT)]+.. (31)

Therefore, the density of molecules in the vibrational stats v is

nv=(n/Gv)eexp[-(Go(v)hc/kT)] (32)

Successive terms in equation (32) decreased very rapidly, and we took

25 terms for the Na2 -X1f& stats which was adequate.

Because of the low resolution of the monochromator, we
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simplified the case by neglecting the thermal distribution of the

rotational levels and assuming J=O for all vibrational states.

To calculate the average density of sodium diatoms in

vibrational level v, we integrated over space using cylindrical

ooordinates (see Figure 4 )& and

Nv= [nv(„8,.) d ~
Jy

(33)

where N is total number of sodium diatoms in vibrational level v&

nv(r&8&z) is the density of sodium diatoms in vibrational level v

at the point (r,g,z), and d 't is an element of volume inside the

heat-pipe.

Changing the density to pressure by using the ideal gas law, and

oombining equation (32).

(PNa2/RT)NAsexp(-(Go(v)hc)/kT)sQv-1 d

fLz fyc
e(4K'/R)J J

(PNa2/T)sexp(-(Go(v)hc)/kT)eQv " rdr dz
e o

where R is the gas constant and NR is kvogadro&s number and

temperature T is a function of z and r (see equations (29) and (30)).

The average density of sodium diatoms in the vibrational level

v is given by

nv= v/V=Nv/2LcXrc (35)

r

4'(2'/r2LcR)) j(PNa2/T)eexp(-(Go(v)hc)/kT)sQv-1 rdr dz
0 0
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where V is the volume of the heat-pips in the vapor zone, Lc is the

half length of the oven, and rc is the radius of the heat-pipe.

Using Beer's law, equation (18), if we know the distribution function

of density of the sodium dimers versus position and integrate point

by point over the optical path, the absorption cross-section would be

obtained.

O abs~)=r R/(4') ln (Io/It)/
rv«

j PBa2/Teexp(-(Go(v)ho)/kT)eQv rdr dz
0

=(5.4943314E-23/S2)eln (io~/lt)

(36)

[,s 16CWt [ lcx] QTC1m

where S2= PBa2/Teexp(-(Go(v)hc)/kT)eQv rdr dz,
e

T is equation (26), and PBa2 is equation (20).

To estimate the wavelengths and to matoh with the correct peaks

in the experimental figures, we needed the values of the energy

levels and the selection rule of sodium diatoms. If the

Franck-Condon factor is non-zero, it implies that the transition is
allowed between these two energy levels.

W. J. Stevens and M. M. Bessel and their co-workers provided a

transition probabilities table for X-X transitions [22]. Even though

the table includes the rotational transitions, the Franck-Condon

factors are slowly varying functions of rotational level J and this

table is still useful. P. Kusch and M. M. Bessels'ublished the

Franck-Condon factor table for B-X transitions [23]. The entire C6X

system is provided by R. D. Budon [24] to be a reference of our data.

From Figure 10. to Figure 20., we measured the Io/It ratios

at the wavelengths which correspond to the vv=0 progression and for
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whioh the Franok-Condon factors for k-X, B-X, and 0-X are not zero.

For example, the peak number 47 of the B6X ourve in Figure 10. has

X=17.98 om. By using equation ( 16), we got the value of wavelengths

4891.2677i and oompared this value with other wavelengths which had

been calculated by using equation (9) and two energy levels, vs and

v', are allowed transitions (the Franck-Condon factors are

non-zero.). The wavelength 4896.02j( (vs=0 + v'=1) is the correct

wavelength for the 47. We had measured I~o/It=6.65/2.93 and the

absorption cross-section at wavelength 4896.02's 9.407'inally

~ we used the Dec-10 computer to compute the cross-section

from our experimental data. The absorption cross-sections of sodium

dimers under different buffer gas pressures and temperatures are

listed in next two pages:
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I average temperature

I v' wavelength (II) I 646'K I 678'K

I 5
I 6
I 7
I 8
I9
I 10
I11
I 12
I13

I 6612.90 I 1.692
I 6563.53 I 2.049
I 6515 ~ 19 I 2.063
I 6467.85 I 2.128
I 6421.49 I 2.124
I 6376.08 I 2.242
I 6331.59 I 1.882
I 6288.00 I 1.973
I 6245.27 I 2.293
I 6203.40 I 1.457

I 1.737
I 1.844
I 2.045
I 2*553
I 1.925
I 2.210
I 1.694

2.280
I 1.964
I 1.759

Table 1. For v"=0, absorption cross-sections (II ) of A4X
transitions for pressure of buffer gas, helium, 20 torr.

I average temperature

I
v' wavelength (E) I 624 K I 652 X I 688'K I 711 K

14
I 5
I 6
I 7
I 8
I 9
I 10
l11
I 12
113

I 6612.90
I 6563.53
I 6515.19

6467.85
I 6421.49
I 6376.08
I 6331.59
I 6288.00
I 6245.27
! 6203.40

I I 1 '70 I 2.099 I 1.590
2 '25 I 2 319 I 1.796

I 2.608 I 2.321 I 2.603 I 1*942
1.497 I 2.285 I 2.633 I 1.982

I 1.998 I 1.828 I 2.354 I 1.802
2.257 I 2.410 I 2.906 I 2.177

I 2.028 I 2.095 I 2.606 I 2.065
I 3.358 I 2.584 I 3.016 I 2.343
I 3.274 I 2.136 I 2.880 I 2.291 I

I 2.580 I 1.594 I 2.658 I 2.158 I

Table 2. For v"=0, absorption oross-sections (P) of A+X
transitions for pressure of buffer gas, helium, 30 torr.
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v'

average temperature

wavelength (il) I
648'K I 678'K

I 0
I 1

12
I 3
I 4
I 5
I 6
17
I 8

I 4925 '7
I 4896.02
I 4867.09
I 4838.87
I 4811.33
I 4784.46

4758.26
I 4732.72
I 4707.82

I 7.780 I 6.544
I 9.407 I 7.500
I 9.662 I 7.280
I 9.014 I 7.090
I 9.307 I 6.840
I 7.903 I 6.304
I 6.645 I 5.981
I 5 '55 I 6.076
I 5 '94 I

Table 3. For vv=0, absorption cross-sections (i2) oi HX
transitions for pressure of buffer gas, helium, 20 torr.

vI

average temperature

wavelength (II) I 624 K I 652 K I 688 K I 711 K

I 0
11
I 2
13
I 4
I 5
I 6
I 7

4925.67
4896.02
4867.09
4838.87
4811.33
4784.46
4758.26
4732.72

I 7.236
I 11.45
I 11.77

10.09
I 9.454
I 8.658
I 6.319
I

I 7.617
I 10.26
I 10.31
I 9.345
I 9 '22
I 8.193
I 7.105
I

I 6.187
I 7 '89
I 7.103
I 6.625
I 6.365
I 5.926
I 5.634
I 5.304

I 4.825
I 5.056
I 5.130
I 4 '99
I 4.787
I 4.287
I 4.247
I 4.118

Table For vv=0, absorption ciross-sections (V) of'4X
transitions for pressure of buffer gas, helium, 30 torr.

v'

average temperature

wavelength (ll) I 688 K I 711 K

10

15
I 6
17

I 3405.74
I 3352.46
I 3339 '9
I 3327.14
I 3314.79

I 0.425 I 0.139
I 0.471 I 0 ~ 197
I 0.544 I 0.157
I 0.449 I 0.200
I 0.614 I 0.215

Table 5. For v"=0, absorption cross-sections (II ) of 0+X2

transitions for pressure of buffer gas, helium, 30 torr.
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CHAPTER V

DISCUSSION AND CONCLUSION

To measure the absorption cross-section, debs(A), the usual

practice is to let light pass through a certain length of uniform

absorbing material, by operating a heat-pipe in «heat-pipe" mode. A

relatively large amount of sodium would be used in the heat-pips, and

besides the optical path is difficult to measure. Here we used a

different teohnique, and operated the heat-pipe in "non-heat-pipe"

mode. The density of the sodium dimers became hon-uniform over the

optical path. By caloulating the distribution funotion of density of

the sodium dimers versus position and integrating point by point

alone the optical pathy the crabs(X) was obtained (see equation

(36)).

A K-type thermooouple (alumel-ohromel) in the temperature range

530 P-2300oP has an error s0.75f. The error of the vapor

pressure formula, equation (20), is related to the temperature (see

Pigure 21.). Combining these errors, the error of conoentration of

sodium dimer at 800oK ranges from +10.5$ to -13$ and its error at

623 K is +165 to -10$ . The total systematic error is roughly

estimated to be ~0$ .

The absorption oross-seotion for %X transitions decreasd with

increasing temperature (see Figure 24.) in approximately a linear

fashion. The absorption oross-section, a~bc(4) for ANX transitions
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( K)Figure 24. Absorption oross-seotion versus temperature. The points
around the solid line are the absorption oross-seotion for
AX transitions at wavelengths 628 8 nm and the points
around the dashed line are the absorption oross-seotion for
BEX transitions at wavelength, 486.7 nm.



sl1ghtly deoreased as temperature increases (also see Figure 24.).
The measured d'abs(A) was independent of the pressure of buffer gas,

hel1um, (see Table 3., oolumn 3, and Table 4., column 4p)i because

the thermal conduotiv1ty was independent of the pressure [5], and the

changing the pressure should not have altered the temperature.

The overall absorption cross-seotion was a funotion of wave-

length and also related to the Franck-Condon factor, l&v'Iv"&I

( m abs( 4 ) l&v'Iv"&I /A i where &, is the wavelength of the

absorbing photon determined by equation (9), and 1&v'Iv"&I2 is the

Franck-Condon factor given by equation ((5).) Be plotted the

absorption oross-seotions (WX) taken 1'rom the table 4. oolumn 1

versus wavelength (see Figure 25.). In Figure 25., the absorption

band has a (1$ ) bandwidth of 57nm, from 521.6nm to 464.6nm. The peak

is at wavelength 4867.09][ which is the vibrational transition from

v'=0 to v'=2 and also has the biggest Franck-Condon factor,

l&0i2&F2=0.212 [23], in the v'=0 progression. The envelope of the

absorption band for BEX transitions resembles a Gaussian absorption

curve [25]. The full width at half maximum approximates to 28nm.

The peak value decreases (see Figure 24.) and the wings widen as the

temperature increases. It is difficult to estimate the bandwidth of

06X transit1ons and ABX trans1tions but in order of magnitude the

full width at half maximum values are 15nm (Tave--688 K) and 60nm

(Tave--652oK) ~ The reason for the uncertainty is that the

signal/no1se ratio is small at both wavelength ranges.

Comparing our data with L. K. Lam, A. Gallagher and M. M.

Bessels'ata [8] and M. A. Henesian, R. L. Herbst and R. L. Byers'esults

[9], our results agree with the former group. L. K. Lam and
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Figure 25. Plot of Irate (04K) versus wavelength for Na2
at Tave--624 K for the transitions v"=0 to v'=0 - 6.



his partners obtained the value of the absorption cross-section at

wavelength 670nm (A%X transitions), »2.6e10 16 cm2, at

temperatures -800 K. M. A. Henesian and his co-workers

obtained d'abc=3.00 10 1 om at the same wavelength under the

oondition that the temperature of their oven was 600 0 (873 K).

There is a huge differenoe of 10 between of these two data. Our

data indicate CS'abs is 2.26 '0 om (average value) at 651.5nm

and according to reference [8], s abs is around 3.0e10 1 om .

For g abs of the 04X transitions at Tave=688 K& our values are

approximately 4.5 times bigger than Hudon's [24].

In conclusion the absorption cross-sections of the sodium

dimers for the vv=0 progression in the red, visible and near

ultraviolet have been measured and related to the Franck-Condon

factors. . The three peak values for the v"=0 progression AeX

transitions are 2.59][ (average value), for the v"=0 progression

WX transitions are 11.77P, and the v"=0 progression CeX

transitions are 0.6E2 (Tave--688 K). The peak values ooour at

628.8nm (A6X), 486.7nm (WX), and 331.5nm (CeX) respeotively. The

full width at half maximum values are A+X, 60am, and 84'Xy 28nmy and

CA X, 15nm.
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APPENDIX 4

Assuming that the wavelength and the position X of the peaks in

the spectrum obeyed the relationship II=aeX +beX+c& and that the

mercury light spectrum, wavelengths are 3& 136.8391II& 3&650.1533II& and

¹&046.5630II, we measured the distances X of these peaks from the

starting point. These distances were 3.64 cm& 19.56 om& and 31.72

cm. The solutions for a, b, and o were a=0.0124065, b=31.959235& and

c=3,020.7489

Next the wavelengths 4&358.3277II& 5&073.03¹L& and 5&460.7348II

were found to correspond to the distances 1.50 cm, 23.57 cm, and

35.43 om. The solutions were a=0.0089886, b=32.154454, and

c=4,310.1209.

For the wavelengths 5&769.5982II& 5&790.6630'& and 6&263.097'&

the distances were 5.18 cm, 5.84 cm, 20.02 om. The solutions were

a 0 ~ 096799 ~ b 30 ~ 829959 &
and c 5 ~ 607 2507

We list a table as follows:

Iwavelength range I a I I c I

300nm-420am I 0.0124065 I 31.959235 I 3&020.7489 I

I 430nm-550nm I 0 .0089886 I 32. 154454 I 4,310. 1209 I

I 560nm-680am I 0.096799 I 30.829959 I 5,607.2507 I
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APPENDIX B

Zn the r direction

Tre+Tr'/r+(T'+2T&+ 4H)Tr=O (B-1)

Changing the variable:

Let U=Tr'/Tr, Tr/0, and Tr')0 (temperature will not become

zero.), then equation (B-1) becomes

0'UiU+1/r+0/2-e(2/U=O (B-2)

Changing the variable again:

Let W=rU

W'+3W2/2r+ &2r=o (B-3)

let W=2rn'/3n and n40

We have an exact Bessel's equation.

rnvinr i3 e(2m/2"-0 (B-4)

n=01Jo(M32 etr)i02Yo(!3i24r )
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C~ and C2 are two constants and C2 is zero to keep the function

from divergence. It follows:

W=2rn'/3n=

U=Tr'/Tr

dJ dS2T'g
3 $0

,a=j3/2 ar
df, dS's

3rU= 5 Je
Tr=gc 3(f3/2v(r) (let 0~=1)

In the z direction

Tzv+(T'2/2T2 42)Tz=0 (B-6)

Let Tzaexp(C z) and inserting into equation (B-6)

z z
[C C /2 g2]euz 0 eCz)0 + C C /2 g2 0 (B 7)

So C =&12/3e(

Tz--A'eexp(f 2/3 o( z)+B'exp(-f2/3 a( z) (B-8)

where A'nd B're oonstants.

the maximum temperature at the center of the heat-pipe.

at z=0~ Tz=T~ At Bl

Tz-T~-Aesinh(J2/3 o(z) (B-9)

where A=2A'. Values of A'nd e(, are given in Appendix C.
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APPER)IX 0

The heat-pipe was heated around 130 watts and filled with

helium to 30 torr. After heating several houxs, four temperature

readings wex e obtained. They were 622.75 K, 611.45 K,

560.45oK, and 399.15oK. From this boundary condition, we would

estimate three constants& T~, 0( x and A fox aqua'tions (29) and

(30). Sinoe the thermocouples were directly contacted with the wall

of the heat-pipe, Tr(r-1.27 cm)=1.

T=TzTr(r='1.27 cm)=Tz--(T~-Assinh(P75ezee()] (0-1)

By using equation (C-1), The temperature at the center of the

heat-pipe, z=0 cm

T=Tma --622.75 K (C-2)

To get the constants, A and ol, we must use two temperature readings

at a=10.16 cm and z417.46 cm and equation (C-1) and solve it. The

solution were A=22.61898424 and «(= 0.209478879 (see Figure 22.).

These values were changed only by the input powex.

-68-


	Absorption Cross-Sections of Sodium Diatomic Molecules
	Recommended Citation

	tmp.1702652971.pdf.b0ASg

