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Abstract

A continuous wave dye laser is used to induce reson-

ance fluorescence in Ba atoms evaporating from a thermionic

dispenser cathode. The laser is tuned to the 553.5nm Ba I

line by making use of the optogalvanic effect in a hollow

cathode discharge tube. Photon counting equipment is used

to measure the Ba fluorescent intensity as a function of

cathode temperature and laser power. Ba concentrations

and evaporation rates as functions of temperature are

derived from the fluorescent intensity.

Laser induced fluorescence is established as a tech-

nique for examining various species evaporating from

cathodes. The technique can be used in attempts to deter-

mine cathode failure mechanisms.
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I Introduction

General Comments

With the develoDment of solid state electronics, many

requirements for vacuum tubes have disapoeared. However,

several applications, including communication satellites,

still exist and foster research in tube technology. Travel-

ling wave tubes (TWT's), used as transmitters in satellites,

must be designed for long operational lifetimes. One of the

principal life limiting components of a TWT is its thermionic

cathode, the failure mechanisms of which are not well known.

Research into cathode degradation can proceed along at

least three different lines. First, attempts could be made

to understand the chemistry taking place within the cathode

that produces species that form the active electron emitting

layer. Second, research could be done to find the nature

of the emitting layer - its formation, make up, and eventual

disruption. Finally, studies could be made of the vapors

boiling from the cathode so that operating mechanisms could

be inferred. This research effort focuses on the third area

by using laser Induced resonance fluorescence to Identify

species in the vapor and to measure their concentrations.

Fluorescence spectroscopy has been used to measure

minute concentrations of atoms and molecules in flames,

discharges, and vapors. Atoms in the vapor absorb laser rad-

iation at the frequency of an electronic, rotational, or

vibrational transition. Then the absorbed energy is re-
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radiated in directions that may be different from the prop-

agation of the exciting laser beam. The fluorescent radia-

tion is detected using photon counting techniques. Detected

fluorescent intensity can then be related to the number

density of the fluorescing atoms.

Problem Statement

The purpose of this investigation is to establish a

method for determining evaporation rates of various species

from thermionic cathodes. Since Ba is an important activ-

ating element in cathodes, the method Is to be applied to

Ba detection. By finding the dependency of Ba evaporation

on various operational parameters, cathode operating mech-

anisms may be better understood.

Order of Presentation

This report begins with a background section on therm-

ionic cathodes. It describes some of the theories of oper-

ation and presents some of the features of cathode Derform-

ance. The purpose is to provide a general understanding of

the problem of cathode failure. This Is followed by back-

ground on laser induced fluorescence.

Next is a section on how fluorescence detection is ap-Ii' plied to the study of Ba. An equation is developed that
relates the Ba number density to the detected fluorescent

intensity.

Then come sections that describe the equipment and pro-

cedures used in this Investigation, and the results, conclu-

sions, and recommendations for further research.
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II Backcround

Cathodes

The purpose of this section is to review the construc-

tion and operation of thermionlc cathodes. Thermionic emis-

sion is discussed and then various designs for cathodes are

presented. Studies of cathode chemistry and surface phenom-

ena have led to contradictory models of the formation and the

behavior of the emitting surface. These models are reviewed

and used to understand possible cathode failure mechanisms.

Cathodes in vacuum tubes suDly current by thermionic

emission. Thermionic emission is best understood by looking

at a diagram of the distribution of electron energies in a

metal. (See figure 1.) At absolute zero, no electrons escape

to vacuum because none have energies above the Fermi level.

'To be emitted, an electron must have an energy of (Ep + O)eV,

- ' where * is the work function and E is the Fermi energy.

At high temperatures, the Fermi-Dirac distribution changes

so that some electrons have an energy greater than the pot-

ential of the surface, and can therefore escaoe.

The number of electrons with enough energy to be emit-

ted is dependent on the work function and the temperature.

The Richardson-Dushman equation desoribes this relation.

J = 120T2 erv(-O/kT) (1)

where
J is the emitted current density in A/cm 2,

ere.
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Figure 1. Distribution of Electron
Energie-s In a Metal (Ref 1:163)

T Is the temperature In K,
k is the Boltzmann constant, and
*is the work function at T In eV.

For a given current density, the higher the work

function, the higher the operating temperature must be.

Therefore, great effort Is expended to find surfaces with

low work functions. As an example, to have 1 A/cm2 ofI emission from clean W, with 0 = 4.54eV, T must be 2575K.

However, If *=2.0eV, T need only be 1220K. This ex-

ample Is chosen because a cathode surface is often made of

W contaminated In such a way that its work function Is

approximately 2.0eV (Ref 2 :262).j

One way to lower the work function of a metal is to

cover the surface with a thin layer of electropositive atoms.

T=O°



These atoms assemble in a dipole layer with the positive

side above the surface. This positive region accelerates

electrons perpendicularly away from the surface and thereby

lowers the work function (Ref 3535). If the surface layer

is electronegative, the work function is similarly increased.

Coverage by a negative film is called poisoning of the cath-

ode (Ref 4:354). Much of the study of cathodes has to do

with the formation and behavior of these layers that effect

the work function.

The two predominant kinds of thermionic cathodes are the

oxide film cathode and the dispenser cathode. The first op-

erates at low current densities, below 0.2 A/cm 2 , while the

latter may work above 4 A/cm 2 (Refs 5:397; 6).

The oxide film cathode consists of a layer of barium/

strontium oxides (BaO, SrO) deposited on a base that is

usually Ni. The oxide film is greater than 504m thick. A

heater in the cathode induces reactions which reduce some of

the oxides. An outermost layer forms which lowers the work

function. This layer may contain both Ba and BaO, but its

exact composition is unknown. Heat causes evaporation of the

film components. Failure of the cathode probably occurs when

the film has been depleted of activating components to the

extent that an effective electropositive layer no longer

exists (Refs 4:357-358; 5:397). Since no mechanism exists

for replenishing the oxide layer, cathode lifetimes are

limited by the small amount of activating material in the

layer.

The dispenser cathode %as developed in the late 1940's

5



in response to a need for cathodes of higher current density

and longer lifetime. The "L cathode" was developed first.

It consisted of an open Mo chamber capped with a porous W

olug. The chamber contained a tablet of (Ba-Sr)CO3. When

heated, CO2 was driven off, leaving BaO and SrO which then

diffused through the porous W cao to the emitting surface

(Refs 7:177; 8:156-157). In 1953, the "Impregnated cathode"

was developed and soon replaced the L type. (See figure 2

for drawings of the L and Impregnated cathodes.) The imreg-

nated cathode consisted of a porous W plug saturated with Ba

and Ca aluminates (A12 03 ) and mounted on a Mo body contain-

ing a heater (Ref 9:233). During activation, the aluminates

are reduced leaving Ba and Za tungstates (Ba3 WO6 for example)

in the W pores while Ba, Ca, and their oxides migrate through

the plug. Ba and 0 bond with W at the surface to form an

emitting layer; however, the nature of the Ba-O-W bond is not

known. Deoletion of Ba by evaporation Is thought to limit

the cathode life. However, since much more Ba can be In-

eluded in the dispenser cathode than in the oxide film cath-

ode, the dispenser type can be run at higher current densities

for longer times (Ref 4:358).

".j The remainder of this section is a review of the activ-

ation chemistry and surface phenomena of the Imoregnated

dispenser cathode.

The imoregnant in the Impregnated cathodes consists of

varying amounts of BaO, CaO, and Al203. Actually, free BaO

and CaO do not exist in the miTture. Instead, compounds

6
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(a)" Pl) a type Lctbode. (b) ie "l ,"type Impregnated
cat ode. A-porous tungsten body. Al - mprenated tungsten body.
B -moIlbdecuai body. C -beam. and D-eavity onainine (Ba -Sr)CO.

from (Ref9: 233)

Figure 2. Cross Sectional Views of
"L Type' and "Impregnated
Dispenser" Cathodes

such as B63A1206, BaA1204, Be2CaAI206, BaCQ2Al206, Ca3A120 6 ,

and CaA1 2 04 are found. The mixture Is prepared by reacting

BaO and CaO with Al203 to form the above compounds. The

proportions of the reactants are chosen to yield a final

mixture with as a low a melting point as possible. If the

cathode contained free BaO or CaO, they would react with

water vapor and CO2. To minimize this contamination, the

Ba and Ca are bonded in alkaline aluminum oxides which are

unreactive until heated (Refs 7:180; 10:1470-1471).

When the impregnated W cathode is heated, a number of

: possible reactions can take place, some leading to the pro-

duction of free Ba. Although all sources agree that Ba is

produced in the cathode, no agreement exists on the chemistry

* taking place. The compounds of A120 4 do not react as easily

With W as those of A1206. Therefore, if BaAI2O, or CaAI204

is formed, it is considered to be lost from the Ba production

7



cycle (Ref ?130). However, the A12 06 compounds may be

reduced by reactions of the following type.

2Ba Al (2)Ba3AI~206-",. 2BaO + B&A'204(2

then 6B&O + W '-"Ba 3 W06 + 3Ba (3)

or 40Ba + Wo-aBaWO4 + 3Ba (Ref 9:1470). (4)

Since the W04 and the W06 comoounds are stable, the Ba in

those compounds cannot be freed. The amount of Ba produced

by these reactions depends on whether Ba3WO6 or BaWO4 is

more likely to form.

A complete chemical descriotion must take the behavoir

of the Ca products into account. Ca3A12 06 can be reduced

by reactions similar to those for Ba3 A2060 Additionally,

the reduction of the 2-1 and 1-2 compounds Ba2 CaA120 6 and

BaCa2Al20 must be accounted for (Ref 11s2398-2899). For

example,

*I Ca2BaAl206 -' BaAl2 04 +2CaO

or CaAl 2 4 + BaO + CaO. (5)

The number of possible reactions taking place is quite

large. Although the processes are not completely understood,

Some general statements can be made.

1) Since the tungstates are stable compounds, they

will tend to accumulate at the reaction sites instead of be-

ing reduced further.

2) Also, the -A12 04 compounds will accumulate since

they are less reactive than the A1206 comoounds.

8b
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3) Free Ba and Ca will be produced in amounts devend-

Ing on the original mixture and the extent to which

reduction is completed.

4) BaO and CaO will also be produced. These mole-

cules are able to migrate from the reaction sites and

may reach the surface in apreciable quantities. They

may further be reduced, freeing Ba and Ca.

The free species reaching the emitting surface affect

the emission properties of the cathode. As mentioned prev-

iously, an electropositive layer on a metal surface tends to

lower the work function. For the impregnated cathode, this

layer is provided by Ba and 0 on or near the W surface. Mod-

els of the exact composition of this layer varybut all rev-

orts agree that both Ba and 0 are found at the cathode surf-

ace. When this layer is in some way disrupted, the work

function rises and the current density drops. Cathode fail-

ure is often defined as occurring when the current density

drops below a certain operational level. An understanding

of cathode surface phenomena is needed to understand the

:1! failure mechanisms.

Forman points out that at least five models of the

cathode surface have been proposed (Ref 2:259).

1) A monolayer of BaO and Ba on W.

2) A monolayer of CaO activated by Ba.

3) A BaO layer several atoms thick.

4) A Ba monolayer or less on slightly oxidized W.

5) A monolayer or less of Ba and 0 on W.

9



Some of these seem to be quite similar. In fact, the

greatest dispute Is over the nature of bonding between Ba,

0, and W. Prom the results of Auger electron spectroscopy,

Forman concludes that 0 Is not tightly bound to either Ba

or W. He further concludes that only a partial monolayer of

Ba and 0 may exist over much of the cathode life (Ref 2t273),

zittner claims that the surface is a monolayer of 0

covered by a ull monolayer of Ba for the entire cathode life

(aef 12t 4344). Brodie and Jenkins believe that the surface

contains 0 and free Ba, with CaO at the Dore ends only

(Ref 13: 29). Even though no widely accepted theory exists

explaining the cathode surface, several general statements

can be made.

1) Ba and 0 exist on the surface in a thin layer.

2) The 0 is not tightly bound to the Ba.

3) This layer is important in lowering the surface

work function, allowing high emission.

Much useful information on cathode performance has

come from the study of the evaporation rates of various

Ai species and may be linked to the cathode lifetime.

Ba, for example, evaporates at a rate that decreases

with the square root of time (Ref 14:159). Also, Ba con-

*! centration is lowered in the cathode to a depth which In-

creases with the square root of time (Ref 11:2198). As Ba

is removed from the pores near the surface, the Ba reservoir

doesn't rise to till them. Therefore, as time increases,

free Ba must migrate further to reach the surface. Because

the Ba meets a greater Impedance with time in its migration,
10



the evaporation rate may be expected to drop with time (Ref 153

5278).

As a comparison, Ca Is removed at a rate decreasing

with the cube root of time (Ref 11t2898). This difference

from the removal rate of Ba is not understood. CaO is used

in cathodes because its addition to the Impregnating mix-

ture increases the electron emission (Ref 7:183). However,

the mechanism by which CaO affects the emission is not under-

stood*

The variation of current density during the cathode

lifetime is reported to be different by various researchers.

Forman finds that the current drops steadily until the cathode

ceases operation (Ref 16:1546). Rittner believes that the

current is constant until a catastrophic failure occurs

(Ref 12:4345). Forman's explanation is that during opera-

tion, the supply rate of Ba to the surface decreases caus-

ing coverage by less than a monolayer of Ba. As this partial

layer becomes patchier, the emission current drops until

it reaches the failure level. Rittner's explanation is

that the supply rate of Ba is high enough throughout the

life to maintain a complete monolayer of coverage; therefore,

the emission is constant. When the supply of Ba Is exhausted,

"l the cathode fails.

Both experiments link the decrease in current density

to depletion of Ba from the impregnant. In fact, several

failure mechanisms have been proposed (Ref 2:268-270).

1) Depletion of Ba from the reservoir.

I11



I
2) Increased impedance to Ba flow through the W pores

due to the accumulation of reaction products.

3) Increased impedance due to W crystallization at

high temperatures.

4) Loss of 0 from the surface.

This last mechanism is in another area that requires

investigation. The method of transport of 0 to the surface

Is not well understood. It could came in the form of BaO

or it could be present in the W plug as a result of the man-

ufacturing process. The 0 would then need to diffuse to

the surface (Ref 2:270). The rate of 0 loss from the surface

Is not known. Some suspect it is small compared to the Ba

evaporation rate while others believe it to be larger (Refs 2:

269; 17:3297-3298). Of course, if BaO is evaporated in large

quantities, 0 would be lost. Therefore it would be of int-

erest to know the evaporation rates of both Be and BaO.

The information presented in this summary has been col-

lected using a wide range of experimental techniques. X-ray

diffraction and the electron microprobe were used to measure

Ba and Ca removal as a function of the cathode depth.

Surface analysis came from Auger electron spectroscopy,

the scanning electron microscope, and electron emission

microscopy. Work function and emission measurements were

made by olacing an electron collection anode near the cathode.

Some evaporation measurements were made using mass spectro-

scopy (Bef 112894). The work done in this project adds

another method of measuring evaporation rates to the list.

12
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The above techniques have been used to learn much about

cathode operation. However, several fundamental problems

must be solved to gain further insight intocathode failure.

1) Determine the role of Ca in increasing emission.

2) Learn what reactions take place to Produce free Ba

and Ca.

3) Determine the nature of the emitting surface.

4) Discover what species are evaporated, and at

what rates.

5) Learn why Ba and Ca depletion rates change as they

do with time.

6) Determine whether emission does actually vary

with time before failure.

Laser Induced Resonance Fluorescence

Resonance fluorescence is a two step interaction between

photons and bound electrons. First, an atom (or molecule)

absorbs a photon at the frequency of an electronic, rotation-

al, or vibrational transition, leaving the atom in an excited

state. After an interval which is the lifetime of the ex-

cited state, a Photon is spontaneously emitted, leaving the

atom in a lower energy state. If the initial and final states

are the same, then the absorbed and emitted photons must be

of the same frequency. The fluorescence is then said to be

resonant with the exciting radiation.

In this experiment, a tunable dye laser is used to pro-

vide the stimulating radiation. It Provides a high spec-

tral intensity of light and can be tuned to the Proper fre-

quency to induce resonance fluorescence. The intensity of
13



the fluorescence can be related to the number of fluorescing

atoms. Therefore, by measuring the fluorescent intensity,

the atomic concentration can be found. Because of the narrow

linewidth of the laser, fluorescence can be induced in a

single species of a multi-component sample. In fact, this

technique allows highly selective measurement of small atom-

ic or even isotopic concentrations (less than 100 atoms/cm 3 ).

Resonance fluorescence has been used to identify atoms

in discharges, flames, and vapors from furnaces. Since it

Is particularly applicable to free atoms, fluorescence could

be used to examine the constituents of a vapor from a cath-

ode. Concentrations and evaporation rates could be found of

Ba, BaO, Ca, CaO, and other species.

The next chapter will describe how laser induced res-

onance fluorescence is applied specifically to Ba detection.

For a more general treatment of resonance fluorescence,

the reader should consult the following sources (Refs 18,

19, and 20).

14



III Application of Laser Induced

Resonance Fluorescence to Ba

In this chapter it is shown how resonance fluorescence

can be used to measure Ba concentrations. The energy levels

of' Ba are studied. The geometry of the experiment is dis-

cussed to show how the laser beam interacts with the Ba Dro-

duced by the cathode, and how the detection optics inter-

cept the fluorescent photons. Using this Information, a

relation is developed between the measured fluorescent In-

tensity and the Ba number density. This relation is used

to analyze the experimental data in chapter V.

The transition in Ba from which fluoresczence is det-

ected is the 6s6p 1PI - 6s2 'so 553.5nm transition. (See

the energy level diagram of Ba in figure 3.) A laser beam

of known intensity is passed above and parallel to the cath-

ode surface. Atoms evaoorating from the cathode (including

Ba) pass through the laser beam and are induced to fluor-

esce. The intensity of the fluorescence from the Ba atoms

is measured with photon counting equipment. By knowing

how Ba responds to the laser light, the fluorescence inten-

sity may be related to the Ba concentration.

The response of Ba to laser stimulation may be under-

stood by modeling the atom as a three energy level system.

The exciting radiation is resonant with the 3-1 transition.

The upper level is also transitionally coupled to level 2,

which is metastable. Since the metastable state decays only

15



to the ground state, a three level model is appropriate.

Values for the lifetimes of these states are known or

can be approximated. The lifetime of the 6s6p 1P1 level (3)

for decay to levels I and 2 is 8.20ns (Ref 21tA376).

This state deoays- to two other states with a branching
ratio of 99% to 1So and 1% to ID2 (Ref 22:411). Other

sources quote this ratio at 96%, but 99% is the result of

a more recent experiment (Ref 23,237). The branching ratio

Implies that r3 1
"100 = T32 , where the T 's are the life-

times for decays between particular levels. From the rel-

ation

1t3 = 31 32 = 8.2ns (6)

we find

S t = 8.2ns (7)31 T3=

32 100 = 820ns ( )

The remaining transition is from the metastable 1D2 to

the ground state. The lifetime is not known, but has been

estimated to be greater than Ims (Ret 24:269). Going one

step further, the lifetime of the metastable can be con-

sidered infinite for this experiment because the life-

time is greater than the time an atom will spend in the

laser beam. The speed of a Ba atom travelling through the

beam can be estimated to be vz =4T-m, where k is Boltz-

mann's constant, T is the temperature (of the cathode, 1225K),

and m is the mass of the atom. This is the root mean square

steed in one direction of an atom in a Maxwellian distrib-

16
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() 6 s5d I D2(e) "- . (,2 > 1M.S)

553. 5n

(I) i 1 )s2  I S,

Figure 3. Partial Energy Level Diagram
of Barium I

ution at temperature T. Although the Ba atoms vrobably

aren't in a Maxwellian distribution, this does give an

estimate of the speed of 280m/s perpendicular to the laser

beam. A more accurate estimate of the velocity would need

to account for the energy bonding the atoms to the surface

and the distribution of directions with which the atoms

leave the surface. Since the beam Is approximately 0.5mm

wide above the cathode, the atoms spend about 1.8Ps in the

beam, or only 0.2A of the lifetime of the metastable state.

Therefore, bhe conclusion can be drawn that once an atom is

pumped into the metastable state, it will no longer be able

17



to contribute fluorescent photons.

If all Ba atoms that enter the beam leave in the meta-

stable state, then the fluorescent intensity can easily be

related to the Ba number density. The condition that all

atoms be pumped into the metastable state will be addressed

later. Since the branching ratio of the upper level to the

ground state is taken to be BR = 99%, an atom will have to

radiate spontaneously BR/(1-BR) = 99 times, on average,

before it is pumped into the metastable state. Therefore,

the maximum number of photons radiated spontaneously by

each atom is on the average 99. Note that if BR = 96%,

as has been previously reported, the number of photons oer

atom is 24. If BR is slightly higher, say 99.5%, then the

number of ohotons is 199. Since BR is close to unity, a

small error in its value would be significant. All sub-

sequent results are based on BR =99%.

To find the intensity of the fluorescence, the number

of atoms being excited per second must be determined. The

number of atoms passing through the fluorescing volume per

second is NtAv , where Nt is the Ba density, v is the rms

speed, and A is an estimate of the horizontal cross section

of the fluorescing volume. For this analysis, Nt is assumed

to be constant across the fluorescing volume. The voluse

is the cylindrical volume of the laser beam directly above

the Cathode. (See figure 4.) The number of photons rad-

iated Der second is 99NtAv and the fluorescent Power Is

hv99NtAv in Jls, where v is the Dhoton frequency in Hz.

However, all of these photons are not registered by the det-
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ection system due to collection losses and inefficiencies.

The detected fluorescent Dower will be

Pf = 99hvNtv . EA (9)

* where

* wee n is the solid angle subtended by the detectici

optics, and
E accounts for the efficiency of the photomult-

iplier and the losses due to optical components.

Using the method described by Benham, nVE can be found

by an independent calibration (Ref 25:8-10). For a review

of this method, see appendix B. Vc is the volume of the

laser beam seen by the detector. However, the fluorescing

volume shown In figure 4 is smaller than V0 by a factor of

4. V f is the volume of the beam containing Ba atoms and

is taken to be the volume of the beam directly over the cath-

ode. Note that

if f (D/2) 2.r(A/D) = (ADrr)/2, (10)

where

D is the beam diameter.

Therefore,

Vc = 4Vf % 2ADV. (ii)

Or,

A z va1(2D"). (12)

By substitution ,

Pf 99hvNtv(V/2DW) 7 (13)
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or,

812
99 hv v (nEV.)

Nt is the only unknown and can be solved for.

The validity of the derivation of Nt depends on the

assumption that each atom will radiate 99 times, and that

it leaves the laser beam in the metastable state. To ver-

Ify this assumption, it is necessary to estimate the time

required for 99 spontaneous emissions.

Referring to figure 3, r3l = 8.2ns. Therefore the

Einstein A coefficient A31 = 1/-r31 = 1.22 x 10 s" .

The B coefficient for stimulated emission is
203

B if 2 03 in m3/j,-s 2-radian3 (15)

where

W o = 2rc/A ,
ko = 553. 5rn, and
i = Planck's constant/2r

Therefore, B31 = 0.751 7 1022 (m3/J-s2-radIan 3 ). The B

coefficient for absorption is B13 = 3B31 since

91B 13 = g3B31• g, = 1 and g3 = 3 are the degeneracies
22

of levels 1 and 3. Therefore, B13 = 2.34 x 1022 n(3/j-s-_
radian3 ).

The spectral energy density of the laser above the

:3 .cathode is

P = in j-s/m 3-radian (16)
A1 Asc

where

j P is the laser Dower in W,
A is the beam crosi sectional area

(2 1. 96 x 10-7 an), and

21
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Aw Is the bandlyidth of the laser
2.83 x 1011 radian/s (aef 26:3-5).

If P = 100mW, a typical power used in this experiment,

then P = 6.01 x 1o15 (J-s/m 3-radian).

For an atom in the ground state, the transition rate

to the upoer level is B13 P. For an atom in level 3, the

stimulated transition rate to ground is B31P , while the

spontaneous rate is A31 Therefore, the downiwar.d and upward

transition rates are (B31P + A3 1 ) and B13" , respectively.

The average time for an atom to cycle once from level 1 to

3 and back to 1 is 1/B13 P + 1/(B 31P + A31 ). Therefore,

the total time for 99 spontaneous transitions is defined as

T9 9 =99 A 1, 31 P 1 1 (17)

whr 3 1  31 3 P ( 31  31where

A/(A + B iP) is the fraction of downward
tr~nsitlons tat are spontaneous.

Substituting the appropriate values, T99 = 1.88s.

T99 is the same as the estimated 1.54s transit time

for an atom moving through the laser beam. The accuracy of

the transit time value deoends on the estimates of the

atomic velocity and the beam diameter. These values are

orobably not accurate within t50%. The derivation of T99

depends on an accurate value for the branching ratio. As

mentioned previously, the maximum number of photons per

atom, on average, can range from 24 to several hundred for

slight changes in the branching ratio. Since the estimated
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transit time is approximately equal to r 99 , it is not clear

that all atoms are pumped into the metastable state. How-

ever, it is possible. Until more accurate values for v,

D, and BR are available, the assumption is made that each

Ba atom radiates 99 times on average. This assumption

leads to equation 14 for the number density.

One final adjustment must be made to equation 14. In

equation 9 the assumption was made that the fluorescent

photons could be radiated with equal Drobability in all dir-

ections. In general, resonance fluorescence is anisotrooic

and will consist of isotropic, electric dipole, electric

quadrupole, and magnetic dipole radiations (Ref 27:43-54).

However, anisotropy in Ba fluorescence is due primarily to

the electric dipole component (Ref 23:237). By measuring the

polarization of the fluorescence and knowing the oolarl-

zation of the incident laser beam, the extent can be cal-

culated to which the fluorescence is anisotrovic. Assuming

that the detected radiation is partially in an electric

dipole pattern, Nt can be multiplied by a correction factor

C to account for the anisotro~y.

= (i -M + 3sin2e)

3 (1 + a)sin2 e

where

6 is the angle between the vertical polari-
zation of the incident beam and the direction
of the detected fluorescence (=900 in this
experiment), and
= IL/I1 , the ratio of the fluorescent inten-
uities with polarizations perpendicular and
parallel to that of the incident beam.
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For a derivation of C, see auDendl A.

For Ba fluorescence, a is measured to be 0.05. There-

fore, C = 0.70 and

N - (0.7) 99-2 -2 in Ba atoms/m3 . (19)t 99 hv v (nEV.)

Equation 19 is the princial result of this chabter.

?or the geometry of this erperiment, equation 19 relates the

Ba number density to the measured fluorescent intensity.

24
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IV EaulDment and Procedures

This chapter describes the equipment used to detect Ba

atoms. A laser was used to produce radiation to excite the

Ba. A wavelength calibration system was needed to ausure

that the laser was tuned to precisely the Ba 553.5nm trans-

ition. The beam had to be directed through a vacuum cell

containing a dispenser cathode evaporating Ba atoms. Some

of the atoms passed through the laser beam, oroducing fluor-

escence. Finally, the fluorescent photons had to be col-

lected and diverted into a Dhotomultivlier tube (PMT) for

detection and counting.

Laser

A Soectra Physics model 164 argon ion laser was used to

Dump a Spectra Physics model 375 continuous wave dye laser.

The pump laser was ooerated on all available lines and pro-

duced up to 3.5W of Dower. The dye laser was used with Hhod-

amine 560 dye and could be tuned continuously from 540 to

575nm. The maximum power output with no tuning elements In

the dye laser was 340mW at 549nm. Two tuning elements used

were a wedge for coarse tuning and an etalon for fine tuning.

When both were used, the maximum Dower available at 553.5nm,

the Ba resonance, was 190mW. In previous work by Benham to

detect Na fluorescence, a Spectra Physics model 370 dye

laser had been used. In the present study, the model 375

was used because it yielded a higher power and had better

frequency stability. An examination of the mode structure
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with a Fabry-Perot interferometer showed little tendency

for the model 375's radiation to jump between modes.

Using the wedge without the etalon, the dye laser could

be tuned continuously over its range. With the etalon in

place, and tuning done with the wedge, the dye laser rad-

iation would jump from one etalon mode to the next. With

both elements in place, Rotating the etalon would scan the

laser through a range of 1.Onm. Therefore, the best method

of tuning was to set the wedge so that the laser was at av-

proximately the correct waveleigth, the" insert the etalo-

for fine tuning. With both elements in use, the laser

cavity mode separation of the dye laser was 900GHz at 580nm,

or 1.Onm (Ref 26:3-8).

The laser beam was horizontally polarized at the dye

laser output. However, a beam steering device used to lower

the beam and turn it 900 charged the polarization to vert-

ical as the beam entered the test cell. This steering

mecha-ism also was used to make fine adjustmets to the dir-

ectio of the beam as it passed through the test cell.

Before entering the cell, the beam passed through several

spatial filters avd a le"s that focused it above the cathode.

After exiting the test chamber, the laser cower was measured

usi"g a calorimetric power meter.

The ODtogalvarlc Effect Applied to Laser Tuning

In order to induce fluorescence in the Ba atoms above

the cathode, the laser had to be tu~ed precisely to the Ba

553.5"m li"e. Laser radiation i" resona'ce with the Ba a'
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trasitio ca" i"teract with Ba i" a gaseous discharge to

alter the voltage a-d curre"t characteristics of the dis-

charge. Detectio of this ovtogalva"Ic effect provided a

method for setti"g the laser wavele"gth.

Ootogalva-ic detectio" requires the use of a Ba hollow

discharge tube, show" I- figure 6. The cathode of this tube

is a hollow metal cylinder. The tube is filled with an

inert Ne buffer gas. When a DC voltage is applied between

anode and cathode, a discharge starts in the Ne. If the

voltage is raised, the discharge current will increase, and

Ne atoms will begin sputtering Ba atoms from the wall of

the cathode. In this way, Ba begins to participate in the

discharge.

If a laser beam is directed into the discharge it may

interact with atoms in several ways. It could ionize atoms

that have been collisionally ,cltted. Or the laser could

excite atoms, allowing them to be cGr1lsiornlly ionized.

Either process would raise the discharge current and lower

the discharge voltage. Finally, the laser could depopulate

a metastable level that had been collisionally excited.

This would increase the discharge voltage. The second and

third interactions would only occur if the laser were tuned

to a transition frequency of one of the sDecies in the dis-

charge. If the laser beam does interact with one of the
species in the discharge, the current and voltage charac-

teristics of the discharge will be changed. This is the

ootogalvanic effect (Refs 21 and 29).

The motogalvanic effect can be detected by mYnitoring
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I
the voltage across the hollow cathode tube. The changes

in the voltage are easier to detect if they occur period-

Ically. Therefore, the laser beam was chopped at a set

frequency, then sent into the bore of the hollow cathode.

A mqgnetic Dick up on the hub of the chopper wheel produced

a signal sent to the photon counter. The 'chop monitor' out-

Dut of the photon counter was 9 square wave used to trigger

an oscilloscope. The photon counter will be discussed in

more detail later. For now one need only know that it was

used to orocess the chopper signal into a clean triggering

signal for the iscilloscate. The anode of the tube was

connected to the oscilloscope through a coupling cavicitor

so that only fluctuations in the discharge voltage would be

zassed. See figure 7 for an electrical schematic of the

wavelength calibration system. When the laser was tuned to

a resonance in either Ba or Ne, the discharge voltage would

cnanze and a signal would appear on the scope similar to the

one shown in figure .

Since the discharge contained both Ba and Ne, it was

necessary to distinguish the ovtogalvanic signal of Ba from

those of the mety NO lines within the tuning range of the

laser. To do this, the Ne lines were used as a calibration

spectrum. The laser was scanned through its range and a

set of oatogalvanic signals were located. When a signal was

found, the beam was diverted into a half meter monochomator

to roughly determine the wavelength. Then the set of wave-

lengths was compared to a table of Ne transitions and the

detected lines were identified (jef'O'?O4-?05). Two of the
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Vertical Scale: 5MV/cm
Horizontal Scale: 5ms/cm

?igure P. TyDical ODtogalvanic Signal from Ba (553.5nm)

Ne lines found in the scan were at 553.3?nm and 553.17nm.

A slow scan between these lines located the Ba 553.5nm line.

All three lines could be found by scanning with the etal-

an because they are within the free spectral range of the

etalon (1.Onm). Having the resonance bracketed by two Ne

lines made locating the Ba line simple. Minor adjustments

to the wavelength were made by slowly rotating the etalon

until the detected fluorescent intensity was maximized.

The greatest disadvantage of this wavelength calibration

method was that the entire beam had to be diverted into the

hollow cathode tube to produce a detectable signal. There-

fore, tuning couldn't be checked while an eYDeriment was in

Drogress. However, the iptogalvanic effect provided a
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convenient method fir setting the laser wavelength.

Vacuum Cell

The vacuum cell orovides a high vacuum environment in

which to test the dispenser cathode. If the cathode were

exposed to atmosphere, it would probably be contaminated

by water vapor and other compounds that could be adsorbed

onto its surface. Although the impregnated disoenser cath-

ode is more recoverable from polsoning than the oxide film

cathode, caution dictates leaving it in as high a vacuum

as possible. Cne report indicates that at a pressure of

10 - 7 torr, poisoning effects are noticeable but do not

severely impair cathode overation (Ref 5:39f-399). Main-

tenance of a high vacuum during an experiment is important

both to minimize cathode polsoning and to allow collisional

de-eycitation of Ba atoms to be neglected.

rhe pumving system for the cell consists of two cryo-

genic adsorption pumps and an ion pump. The adsorption pumps

reduce the pressure to below 10-3 torr. Then the ion Pump

ean be started. It maintains the vacuum trear 10- 7 torr. If

a cold finger in the cell is cooled with liquid nitrogen,

the pressure can drop to near 10- 9 torr. rhe purpose of the

cold finger is to trap as much material as oossible that is

evaoorated from the cathode. When an experiment is being

run, with the cathode heated to about 1000 0 C, the pressure

rises to 1.5 x 10- 7 torr. This pressure is sufficiently

low that collisional de-eycitation is negligible.

A leak valve to the chamber allows backfilling from
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some gas reservoir. Normally this valve is used to flow

nitrogen gas into the chamber for the calibration measure-

ments. For these measurements, Rayllegh scattered laser

radiation from the N 2 molecules is detected and used to det-

ermine the constants CIEVc introduced in the last chapter.

See avpendix B for a description of the calibration process.

The cathode used is a Semicon Type 'S", impregnated

with a 4:1:1 mixture of BaO: CaO: AI2 03 (Ref 6). It is

mouated in the cell so that its surface is horizontal and

directly below the beam. Since the cathode needs electri-

cal connections for its heater, it is morted on a flange

with wire feed throughs. This flange is attached to a bel-

lows that is attached to a port in the chamber. The bellows

may be exDanded or contracted by ad.ustine the threaded rods

holding it in olace. (See figure 9). In this way the

cathode can be moved up and down and tilted slightly to any

side.

A glass port in front of the cathode allows viewing at

right angles to the laser beam. Viewing the cathode through

this port with an optical pyrometer allows the temperature

of the cathode to be determined. Experiments were ter-

formed with the cathode temDerature ranging from 900 to

10500 C. This port also allows the detection optics to col-

lect the resonance fluorescence of the cathode effluents.

Detection ODtics qnd Electronics

In order to determine Be cincentretions, the intensity

of the resonance fluorescence had to be measured. This was
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dine by collecting a fraction of the fluorescent light Into

q Chotomultiplier tube (PMT). The output of the PMT was vro-

ceased by vnoton counting electronics to give a measure of

the number of fluorescent photons. The detection system

was also used to measure the background contributions from

various sources.

Two lenses outside the viewing Dort of the vacuum cell

on an axis at right angles to the laser beam were used to

focus the image of the fluorescing volume onto the entrance

slit o a quarter meter monochromator. The lenses were cho-

sen so that the Image would diverme Dest the entrance slit

until it just filled the collimating mirror of the mino-

chromator. The monochromator was used to filter some of the

blackbody radiation from the heated cathode. This was nec-

essary to keeD the noise from swamping the fluorescent sig-

nal and overloading the detector. The exit slit of the mono-

chromator was coupled directly to the PMT housing. rhe

cautling orovided a light seal around the PMT and brought the

PMT Dhotocathode as close to the exit slit as possible.

This ensured that nearly all of the photons leaving the exit

slit struck the Photocathode.1 The PMT used was a RCA 8M50, which was designed for
ohoton counting systems. Thermionic emission from the photo-

*cathode at room temoerature caused approrimately 00 dark

counts oer second. This was the number of counts detected

when the Photocathode Intercented no ohotons. Using a thermo-

electric cooler to cool the photocathode to -25 0 C, the dark

count was reduced to 90 per second.
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Pulses from the PMT went through an amolifier to a

discriminator. The lower discriminator level was set to

eliminate electronic noise. The uDver discriminator level

wasn't used. Therefore, the detection system counted all

nulses with amplitude above the lower discriminator level.

If either the PMT or the discriminator were overloaded,

then each pulse vassilng the discriminatar oorresvonded to one

emission from the ohotocathode.

Pulses oassing the discriminator went to a Princeton

AoDlied Research model i111 Photon Counter. The counter

had several modes which made it a versatile piece of equip-

ment. Most of the experiment was done with the counter in

the background subtract mode. In this mode the light chopper

was used so that the sample volume was alternately illum-

inated and darkened. A photocell intercepted reflections

of the laser beam from the entrance Brewster window of the

vacuum cell and provided a signal to trigger the counter.

Recall that the chopper also Drovided a magnetic pick up

signal used to trigger the oscilloscooe during tuning.

However, the photocell signal was more reliable because it

actually corresponded to when the laser beam entered the

vacuum cell. With the trigger signal as an input, the

counter generated a timing signal similar to that shown in

figure 10.

During the half cycle that the laser was blocked, the

counter would receive pulses into a register for a preset

sampling interval less than the half cycle time. These counts

were background counts. During the next half cycle,
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TOP: Photocell pickup from first Brewster window

BUTTOM: Timing signal from photon counter
'chop monitor' output

Figure 10. Timing Trace for Synchronous Background
Subtraction

pulses would accumulate In another register for the same

time period. Since the laser would have been unblocked

during that time, those counts were background Dlus signal.

The counter would continue this orocess for a preset number

of cycles. The total samDling time for either register was

the sampling interval Der half cycle times the number of

cycles. The courter display included the contents of both

registers and their sum and difference. The difference was

the signal caused by laser illumination. Included in that

signal were resonance fluorescence from Ba, and scattering

from the surroundings and other vapor constituents. The

sum was the total number of counts. Assuming Poison stat-
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Istics, the standard deviatio" of the sig-al would be the

square root of the tital "umber of cou-ts. therefore, the

photo)- counte was used to simultaneously measure the co-

sta"t backgrourd, the laser i-duced signal, a-d the flue-

tuatio" of the sig .al.

Procedures

The previous sections of this chapter give much of the

detail of how individuel pieces of equiDmert oDerate.

This section outlines the general procedures used in the

e7oerimet. Recall that the purpose of the eloeriment was

to measure the corcertratio ard evaporatior rate of Ba

from a heated disperser cathode as a furctior of tempera-

ture. If the evaporatior rates of Ba ard other stecies

such as BaO and Ca were know as functio-s of temperature

ard curre-t density, ther better models of cathode oer-

atin" might be developed. This effirt is limited to usirg

resonan-ce fluprescevce to measuir Be conce-tratio-s.

The arocedure was desigvled to allow measuremewts of

the ivtersity of the Ba fluorescece while keeirg several

variables consta"t. The three most important variables

* that veeded to be cowtrolled were laser power, laser fre-

que"ocy, ard cathode temuerature. Laser power was cowtir-

uously movitored by se-di-g the beam i-to a nower meter as

it left the test cell. Mi"or adjustments could be made to

the laser uover duri'- a run. The laser freque"cy could

'-ot be contiruously monitored. It had to be set o reso--

a-ce usi'g the ootogalva-ic sigsal, the" checked oeriod-
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Ically duri-g the course of the experime"t. The freque-cy

cha-ged slightly whe-ever the Dower cha-ged, ad therefore

had to be adjusted. Mi-or adjustments to the freque-cy

could be made by rotati-g the etalo- slowly until the rum.

ber of fluorescent counts in a short time period was peaked.

?Inally, cathode temperature was kept constant by monitor-

Ing the number of background counts in some time period and

adjusting the heater current if necessary. Temperature

variation wasn't a great problem because the heater Dower

suply orovided a steady current.

The most important Dart of the experiment consisted

of measuring the fluorescent intensity at several tempera-

tures and for a range of laser powers. A set of measure-

ments at one temperature could be used to calculate the B

concentration at that temperature. With the cathode temp-

erature and laser power set, the photon counter alternately

sampled (background) and (signal + background) pulses for a

preset time. Ths time had to be long enough so that the

statistical variation of the total number of counts was

small compared to the number of signal counts.

The counts accumulated in the background register rep-

resented the intensity of light seen by the PMT Independent

of laser illumination. The principal source of this contin-

uous background was the thermal radiation from the cathode.

Of the signal produced by laser irradiation, not all

was resonance fluorescence of Ba. Some was scattering from

the cathode and other surroundings, and some was scattering

from other species in the vapor. Flastic scatter from vapor
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constituents was measured by tuning the laser slightly off

resonance with the cathode heated. Then the signal con-

sisted not of fluorescence, but of scatter from the surround-

ings and the vapor. The values of the various background

contributions had to be known to extract the fluorescence

intensity from the data. Then from the fluorescence inten-

sity, the Ba concentration and evaporation rate could be

calculated using equation 19. The results of these measure-

ments are presented in the next chapter.

4

~i

44



V Results

The princiDal results of this eyDeriment are the val-

ues of fluorescent intensity measured as functions of

cathode temDerature and laser Dower. Derived from these data

are values of Ba concentration, evaDoration rate, and flux

as functions of cathode temperature. In order to eytract

fluorescent intensity from the recorded data, several

sources of background had to be identified and measured.

This chaDter Dresents the bacround estimates and the calc-

ulated values of Bq concentration.

Background

Among the several sources of background, the most Drom-

inent was the thermal radiation from the cathode. Another

constant source was the dark current from the Dhotomulti-

olier. In addition, two other sources deoended on the in-

tensity of the laser irradiation. They were the scatter

from surroundings and vanor components. Methods of counting

statistics had to be used to extract estimates of the various

backgrounds from the data. What follows is a review of

counting statistics, then discussions of each of the back-

ground contributions.

countIng Statistics. The time interval between events

oroducing counts in a detector Is assumed to be randomly

distributed about some mean value, 5. The random distrib-

ution is often assumed to be a Poisson distribution if the
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number if events is large. ?or a Poisson distribution, the

variance I2 = If a single measurement of 7 counts is

taken, then 7 is assumed -to be the mean because it is the

only value available. Then the sample variance s2 is av-

proximated as x. If several measurements are taken, then

s2 can be calculated. If the process is actually a Poisson

process, then s2 = d2

For a Poisson distribution about f, the standard dev-

iation is 6 = .. In the eTDerimental case, where only

one or a few measurements are taken, the best estimate of

the standard deviation is js Ty , where 7 is the measured

mean. If the mean value is large enough for the distrib-

ution to be Gaussian, then 69% of all measured values

should be within ±O of the mean. Also, 90% of all values

should be within ±2.58 of the mean. We can apply this to

the experimental situation by saying that the actual sample

mean, which would be found from a large number of measure-

ments, is within the range Y ± 2.5%- 90% of the time.

Again, x is the estimate of the mean based on the available

data.

.J Caution should be taken that the estimate of I is

applied only to a number of detected counts. It can't be

: I  avDlied to sums, differences, or averages of counts, or

count rates. The standard deviation of a sum or difference

C = A±B is C  = (dA + Oz The standard deviation of a

counting rate of 7 counts in t seconds is OR = Ox/t

Therefore, the deviation in the count rate dbroDs as

counting time increases, for constant rate.
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For a more complete review of counting stastics, see

Bevington or Knoll (Refs 31,32:104I-147).

Background from the Cathode. Noise from the cathode was

Indevendent of laser irradiation and therefore was sub-

tracted by the counter. But the deviation of this back-

ground influenced the deviation of the measured fluorescent

signal. Since the photon counter alternately counted back-

ground and (background + signal), the variance of the

signal is estimated to be

02 = (BG) + (B + SIG)2 (20)

where

BG is the recorded background, and
SIG Is the signal.

In every case recorded in this eyberiment, the deviation of

the background was negligible comDared to the fluorescent

signal. In the worst case (10mw, 925 0 C) the ratio of a s

to the signal was 3 7 10 - 3. The actual deviation in a set

of measurements taken for the same interval was lareer

than the estimate based on statistics. This is orobably

due to the inability to maintain cathode temperature, and

laser Dower and frequency at constant values. However, the

actual deviation was still negligibly small for every set

of data.

Although the deviation of the cathode background was

small, for many measurements, the actual background was in

the same order of magnitude as the fluorescent signal.

Figure 11 shows the signal to background ratio as a function
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of cathode temperature for several laser powers. A peak is

reached near 10000 C, indicating that at lower temperatures,

the signal is small, but at higher temperatures, the back-

ground is large. The blackbody noise gains intensity with

temperature more raDidy than the fluorescent signal.

Backiround from the Dark Current. As mentioned in

chapter IV, the dark count rate was 90 per second. Since the

lowest fluorescent count rate was 31,000 per second, dark

noise was negligible.

Backsground from Scatter from Surroundings. Figure 12

shows the scattered count rate as a function of laser Dower.

A least squares fit of these Doints gives a linear correl-

ation coefficient of 98.9%. Again, compared to fluorescent

count rates, this scatter is negligible.

Background from Scatter from the Vapor. As described

in chazter IV, the scatter from surroundings and vapor was

determined in one measurement. Since the scatter from sur-

roundings was determined independently, scatter from the

vapor could be extracted. Figure 13 shows the rate of

scatter from the vapor as a function of laser Dower at

several temperatures. The scattered intensity from the

vapor increases roughly linearly with laser Dower. Because

of low count rates, the statistics were not good enough to

determine whether the scattered intensity changed with temp-

erature. It is expected to, since the vaDor pressure of the

cathode should increase with temoerature. The intensity

scattered from the valor can be considered negligible com-

pared to the fluorescent intensity.
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Figure 11. Graph of Signal to Noise Ratio vs.
Cathode Temperature for Several Laser Powers

Fluorescent Intensity

Figure j14 shows the principal data of' this experiment.

:1 It Is a graph ot the fluorescent count rate as a function of'

v laiser power for several cathode tempoeratures. Not all of'

these curves clearly saturate, but they approach a satur-

ation level that can be approrirnated. Recall f'rom chapter III

that saturation was possible since each Ba atom was assumed

to radiate only 99 times, on average. From the estimates
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of the saturated fluorescent intensities, the Ba concen-

tration can be calculated for each temDerature.

The curves in figure 14 are somewhat peculiar in that

saturation does not occur more quickly at lower temoeratures

as would be erpected because of the lower Ba density. In

fact the curve for 10460C saturates at the lowest power.

Since no erDerimental conditions are believed to have caused

this result, the saturation intensities are assumed to be

correct and are used to calculate the Ba concentrations.

Ba Concentration. and Evaporation Rates

Table 1 shows the measured fluorescent Dower, Pf, as

a function of temperature. Using equation 19, the evaDor-

ation flux can be estimated assuming 1) that the concen-

tration is constant over the cathode surface, and 2) that

the atoms travel at the speed v = ?80m/s. Then,

?e = Ntv in atoms/m 2-s (21)

where
whre Fe  is the evaporation flux.

To calculate the evaporation rate, an estimate must be made

of the area through which that concentration is flowing.

The assumption is made that all atoms move vertically from

the cathode. Therefore, ae = FeAc , where Re is the evaD-

oration rate and A is the cathode area. Ac = 4.56 x 10 9m2 .

This estimate of R is low since some atoms will move hor-e

izontally from the surface of the cathode. However, since

the beam Dasses within one cathode diameter of the cathode



TABLE I: B3 E1aporation .Rates and Related ^uantities

as nunctiizs of Temperature

Catrinde t eCted Ba Number Sa Flux fro, Rate of
T-nerature 4'uore- Density Cathode BA Evap-
1(K) scent (m- 3 ) (# atoms) orstion

wetr (M9) (# atoms/s)
( tu rated)

1046 2.4 x -12 6.1 x 021.7 x 1015 . x

995 1.7 x 10-1 .3 x 1012 1.2 x 1015 5,4 x 10

960 3.4 x 10- 1 3 2.1 x 101
2  5.9 x 1014 2.7 x 10O

925 6.3 x I0-13 1.5 x 1012 4.5 x 1014 2.0 x 101

surface, the assumption of vertical motion is acceotable.

Values for ? and R are in Table 1.

Figure 15 shows the variation of evaporation flux with

cathode temperature. The error bars show estimates of the

uncertainty in determining the saturation level of the fluor-

7- escent intensity from figure 14. From these points, a

reliable eroression for evaporation rates as functions of

temperature cannot be determined. Measurements at more

temperatures would be required.
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; Comment on Accuracy

~The determined values for evaporation rates devend on

the validity of several assumttions and aDroximations

which are summarized below*.

1) The rms speed of the Ba atoms was assumed to be

250mls using a Maxwellian distribution at the cathode

tempe ra ture.

2) The beam diameter above the cathode was visually

estimated to be 0. 5am t 25%. An Inaccurate measure-

ment would have affected the calculated fluorescing
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volume.

3) The calibratien method used to determine nVE

was assumed to be correct. It depended on having the

correct value for the differential scattering cross

section of N2 gas. In this study, an eyoerimental

value from the literature was used.

4) In determininm the fluorescing volume and evao-

oration rates, Ba atoms were assumed to migrate vert-

ically from the cathode. However, some atoms moved

horizontally and the Ba density could not have been

constant in all directions.

5) The branching ratio would only have to be slightly

different from 99% to the 1S, state for the maximum

number of photons per atom to have been much different

from 99. If BR were < 994, then the signal could be

assumed to saturate at a lower number of ohotons oer

atom. If BR were >99.9, then the number of photons or

atom could be limited by the beam transit time and not

oumping into the metastable state.

1
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VI Conclusions

This effort demonstrated that the density of Ba evan-

orating from the dispenser cathode could be measured using

laser induced resonance fluorescence. The technique could

be used to monitor Ba evaporation as a function of tempera-

ture over the cathode life.

Several specific conclusions can be drawn from the exper-

imental work.

1) The Ba fluorescence saturates or comes close to

saturating at less than 170mW of laser power, for the

cathode temperatures used.

2) The Ba number density can be calculated from the

fluorescent intensity by assuming that since Ba has a

metastable state, each atom will radiate 99 times, m

average.

3) The Ba density increases with the cathode temper-

ature. The functional relation is not known.

4) Of the various background sources, thermal radia-

tion from the cathode is the most prominent. Its effect

can be minimized by using synchronous background sub-

traction.

5) The ratio of the fluorescent intensity to the

intensity from the cathode background reaches a max-

imum at about 1000 0C.
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VII Recommendations

The technique of fluorescence detection shows promise

for determining the densities of effluents from dispenser

cathodes. However, several quantities must be determined

more accurately to be able to derive atomic number density

from fluorescent Intensity. They are listed bellow.

1) The atomic velocity affects estimates of the beam

transit time.

2) The beam diameter affects estimates of both the

transit time and the fluorescinw volume.

3) The branching ratio affects estimates of the number

of fluorescent photons Der atom.

By examining the evaporated quantities of various cath-

ode components, imoregnant depletion mechanisms, cathode

chemistry, and the nature of the emitting surface may be

2 determined. Using resonance fluorescence, several exper-

Iments could be performed on the evaporated species of

dispenser cathodes.

1) Measure the Ba evaporation rate as a function of

time for a set temperature.

2) More thoroughly measure the Ba evaporation rate

as a function of temperature.

3) Instal an electron collection anode and measure

the Ba evaporation rate as a function of current

density.
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4) Search for BaO by searching for BsO resonances.

Then verform the tests in 1-3

5) Change to an avprooriate laser dye and make the

same measurements for Ca. This may exDlain the role

of Ca in Increasing emission.

.1
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AD~er 4i, A

Correction Due to AnisotroDic Fluorescence

Resonance fluorescence is not ,in Reneral, emitted

Ii.triDically. It contains isotroDic, electric dipole,

electric auadruDole, and magnetic dipole radiation comnon-

ents (Ref 27:43-44). The anisotrn~v of Ba fluorescence is

due Dri-marily to the electric dipole component (Ref 23:?37).

If the fluorescence is not emitted isntrobically, then

deDending on detector location, the measured intensity may

be more or less than the average over all angles. The Ba

concentration can be derived directly from the measured

fluorescent intensity if the intensity Is isotroDic. Other-

wise, a correction must be introduced accounting for a

measured intensity different from the average. The correc-

tion factor, derived here, is called C. In this work it is

assumed that the fluorescence is a mixture of electric di-

Dile and Isotromic components, with the quadrupole and mag-

netic radiations neglected. C is then the ratio of powers

radiated Der steradian for an isotropic and miyed source.

C multiplies the Ba concentration derived assuming an iso-

trooilc source.

First, the correction factor is determined for perfect

dipole radiation. The Dower emitted per unit solid angle by

a dipole is

~ B 2 sin29 (22)
S16i,2 c3 E0
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where

p is the dipole moment, and
is the angle between the vertical polarization
of the incident beam and the direction of the
detected fluorescence (=900 in this experiment),

Therefore, the total power radiated is

P . dO 2P (23)
12t c3E0

If this power were emitted isotropically, thenthe power

radiated per unit solid angle would be

2 1_ = ' 22 
(24 )dP I  P1p

iso 12 c3e 0 4,2 24c 3E 0f2

Therefore, the ratio of isotropic to dipole power per

steradian is

(dP/d n)iso 2 (25)

(dP/l)di 3sin2 9

For a perfect dipole, then C = 2/(3sin2 e) (Ref 30:226).

By determining the extent to which the radiators behave

like dipoles, a general form of C can bn determined.

The relative intensities of detected power with polar-

izations parallel to and perpendicular to that of the inc-

ident beam are IjL and I, , It = IIL + I. is the total

measured intensity. For isotropic radiation, IL = I.

For A dipole source, 11 = 0. It can be written as

it = I. (I + A I) since I I • A I = IA- I- .

Fnr a riven measurement, Iiso = 21, is the intensity
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behaving like isotropic radiation. I,= AI is the inten-

sity behaving like dipole radiation. For convenience,

define a = 11/ILL = I.L/(I. + AI). For Ba , a is measured to

be 0.052.

Define the ratio of isotropic to total intensity as

Fis o = Ii t . The analogous ratio of dipole intensity

to the total is Fdi = Idi/It* After some algebra, these

can be re-written as

Fis o = - ,a a dn= (-)(26)

(1+ a)

The fraction behaving isotropically needs no correction

factor. Fo""ever, the dipole fraction needs to be corrected

by the 2/(3sin2e ) term developed above.

If the Ba number density is calculated under the

assumption that the resonance radiation is isotropic, the

lensity needs to be corrected by a factor taking the form

C = Fdi3n + FiSO* 1

2 1 - a + 3asin 2 e

3 (1 + a).sin2 e

?, 1 + 2. for e= 900

3 1+C

= 0.70 for Ba.
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ADvendix B

Calibration Method

This appendix is a review of the calibration method

used to determine the constants C VcE that appear in sev-

eral equations. The method is explained more fully by

Benham (Ref 24:8-10).

The vacuum cell is- filled with N2 gas to a pressure of

I atmosphere. Then a laser beam of known power is sent

through the chamber. Light that is elastically scattered

(Rayliegh scattered) from the N2 gas is directed into the

detector. The power of the detected scattered signal is

PR =  P d( Nn nVcE (Watts)

where

P, is the laser power (W),

A2  is the beam cross sectional area seen by the
detector (m2 ),

Nn is the N2 number density (m-3),
V0  is th volume seen to scatter by the detector

in (ml),

C1 is the solid angle subtended by the detector
in (steradians),

E accounts for losses in the detection
system (unitless), and

d. is the differintial scattering cross section

d l for N2 gas (m /steradian). (Ref 34:1116)

was measured to be 1.0 4 .x 10 - 3 2 m 2 /ster by George

(Ref 35:A379)•
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is measured with the detection system. PZ, AY,

an N n are known. Therefore, nVE can be solved for

and used in equation 19 for the Ba number density.

I 6_I

'C'l
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