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1.0 INTRODUCTION

1.1 EXPERIMENTAL AIMS

The aim of this experimental program is to demonstrate, if possible, a

new volume source of Li- ions. The motives for this are three-fold:

1. Such a source would have the potential for being very 'cold' and

hence would be ideal for the generation of highly directional neu-

tral beams in space.(1)

2. A source of Li- ions would be of interest in the Mirror Fusion

program (2 ) as leading to more efficient reactor configurations.

3. There is intrinsic interest in new methods for the volume production

of negative ions in general. The work with Li would be an excellent

paradigm for the other alkali metals. Being a molecule of rela-

tively few electrons there could be a benefit from this experiment

to the development of theoretical models of dissociative attachment.-2+
Based on the anticipated curve crossing of the repulsive Li2 Zg+2 

g

state with the bound Li2 X 'z state (Figure 1) a high rate of dissoci-

ative attachment is expected for vibrationally excited Li2 molecules, by the

following process

Li2 X (*) + e- > Li + Li- (1-1)

With reference to Figure 1 it may be seen that the threshold vibrational level

for zero energy dissociative attachment is somewhere above v = 16. Its pre-
2+

cise location depends upon the as yet unmeasured portion of the Li-
2 g

I. 'Proposal for Experimental Study ot Dissociative Attachment in Optically
Pumped Lithium Molecules,' AERLP 553, September 1981.

2. 'Light Atom Neutral Beams for Tandem Mirror End Plugs,' Post, D.E.,
Grisham, L.R., Santarius, J.F., and Emmert, G.A., Nucl. Fusion, 23, 3
(19P3).

I
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I
repulsive potential. If attachment occurs at threshold, the Li and Li pro-

ducts share equally a total kinetic energy of ; 0.3 eV, so that very cold

(0.15 eV) Li- are produced.

It was proposed by AERL t" " to create a population of metastable

Li2  X (v*)

states in an optically-pumped supersonic Li beam, and to introduce electrons

by multiple-step photoionization of Li in the beam. A supersonic beam is nec-

essary for several reasons:

1. Li2 (v*) is completely metastable in the collision-free part of

the beam, and hence a large v* population may be maintained for a

reaction time of many tens of microseconds.

2. The beam uensity is low (; 1 x 1014 cm- 3) and the beam has only

a few centimeters of lateral extent, so that Li- ions may be ex-

tracted laterally into vacuum without excessive collisional destruc-

tion.

3. The vibrational manifold of Li2 molecules in the beam is relaxed

almost completely to the v = 0 state, and the rotational temperature

is relaxed to the 30*K to 150°K range, giving a compact band struc-

ture of optical excitation of Li2 via the X - B absorption.

The method proposed for optical excitation is to pump the Li2 (X - B)

hand and take advantage of the favorable Frank-Condon factors for radiative

3 X decay, which leave ; 50 percent of pumped molecules in a close group of

vihrational states in the X manifold. Figure I illustrates this process for

three different pump wavelengths.

An experiment which creates these conditions has been constructed and

operated in the first year of work on this program at AERL. The current state

ot proqress is reviewed in the following subsection, which overviews the more

rretailed discussions of Section 2 and Section 3.

I.2 OVERVIEW OF EXPERIMENTAL PROGRESS TO DATE

Tn date we have placed on experimental upper bound on the dissociative

1 ttachment ratf' constant from v - ]1 of k 2.4 x 10- 8 cm3 /sec -

Section 3.7), a number which reflects the rather poor resolution of our ini-
tial experiments. In these experiments we have employed two different lasers

S ,t'ical pumpinq:

AVCO I V f 1 .



1. A N2-pumped dye laser, which only accessed 7t8 percent of the

Li2 population (Section 3.5).

2. A flashlamp-pumped dye laser, which pumped up to 40 percent of the

Li2 molecules, but had operating defects which greatly hampered

the collection of data (Section 3.6).

In spite of its deficiencies the broad-band pumping with the flashlamp

dye laser permitted the best experimental resolution and is the route proposed

to reach a sensitivity down to 10-13 cm3/sec -1 in future experiments

(Section 4.0).

After some initial difficulties the recirculating Li beam apparatus

worked well, and according to general expectation. To our knowledge this is

the first slit nozzle Li source with recirculation to be built. Its uses for

Li2 spectroscopy are many and one of the most significant is proposed in

Section 4.2: measurement of the photoionization spectrum of the Li2 (B)

state.

The density and temperature of the supersonic beam in the experimental

region (10 cm from the slit nozzle) have been characterized in some detail

(Section 3.1). This procedure was necessary in order to gain a quantitative

estimate of the Li2 (V*) density, and hence of kDA. The rotational temp-+ D
erature was estimated by comparison of the Li+ spectrum with computed

2
band spectra (Section 3.4). This represents the first available temperature

information on a slit nozzle beam of alkali dimers. It also represents the

first observations of a Li2 spectrum via tunable two-step photoionization.

(Previously the two-step process had been observed in a hot effusive beam with

Ar+ ion laser excitation.)

The limited resolution obtained to date is due to:

1. Operation of the Li oven at 800C rather than its maximum of 920°C

because of a fault in the heating system which requires stripping

down for repair. To strip, re-assemble, bake, re-charge with Li and

brina the oven to temperature takes up to 2 weeks. As a result of

the reduced temperature the Li2 (v*) density was lower by 8 times

than the maximum obtained.

2. Unsatisfactory performance of the existing flashlamp-pumped dye

laser, as discussed in Section 3.6, which led to a 10 times increase

in background noise.

8
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t 3. The use of small laser beam radii (0.1 cm) which gave a reduced

e-, Li2 interaction time due to rapid expansion of the plasma

column (Section 3.3). With 0.5 cm beam radius a five times longer

interaction period is available.

The net effect of the above three items together was to reduce the ex-

perimental resolution by more than a factor of 102 . Further experimentation

using a new laser will enable kDA 10- I0 cm3/sec - I to be resolved

using Li+ photoionization (Section 4.1).

in conclusion, although we consider that good exr "iental progress has

bten mane to date, there is scope for- further work in -.V. considerably im-

proved results should be obtained.

With respect to Li- source performance, a koA va7 "f 10- 8 cm3/sec

would be good, whereas 10-9 cm 3 /sec - would be on the sine. In

theory there should be high enough rates from the vibrational levels close to

the zurve crossing point. The experimental aim is to seek the appropriate

levels.

. SL 'VAkY CF FLTURE EXPERIMENTS

As detailed in Section 4.1 there is considerable scope for increased

snsitivity in the present measurements of dissociative attachment. A contin-

iation of toe present program is proposed in which higher Li2 and electron

densities ,ire to be used iri a geometry which allows a longer time for interac-

tion. [he resolution level is calculated to be 1 x 10- 13 cm3/sec-1.

:t is proposeo (Section 4.?) to take advantage of the present experi-

.rPnta, capability to perform a new and fundamental measurement of molecular

oth,,uionzation, From the li2  (B) state.

If disqociative attachment is observed in the proposed experiments, mea-

surements will be made of its vibrational state and electron temperature de-

,)-ndencP, with a view to providing a framework for the design of future Li-

sources.

9
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2.0 EXPERIMENTAL APPARATUS

2.1 DESIGN OF A RECIRCULATING LITHIUM VAPOR SOURCE

The vapor pressure of lithium required to provide a reasonably dense

supersonic lithium beam that contains a reasonably large fraction of lithium

dimers is on the order of 10 torr. At this pressure and with a slit source

area of about 0.1 cm , the mass flow through the slot is on the order of

100 g/hr. In order to provide reasonable experimentation times, one must
either use inordinately large amounts of lithium, or employ some form of re-

circUlation.

We have chosen the latter course, since it avoids the necessity of

handling large quantities of lithium, which is a hazardous material. Recircu-
lation systems can be constructed utilizing pumps to force the liquid metal

back into the source oven, or utilizing gravitational forces to retrun the
liquid to the oven. The latter approaca is less complex and requires a much

smaller apparatus. This fits well with the vacuum system and laser sources

that are available for the lithium negative ion source experiments.

h vapor source must be heated to temperatures of up to 10000C during

u .tjtion, in order tu obtain a sufficiently high vapor pressure, electron

rcmodrcment rather than resistance heating was chosen as the heating methoG,

since the necessary power supplies were already available, and we have had

considerable experience with electron bombardment heating of a uranium vapor

S,juL rc e .

The va,.or scur'ce is shown n Fi 2. The electron bombardment is pro-

vide(I by I rilamerts, operated in p r , with the filaments being maintained

at a neative potfntial and the source grounded. The electron emission from

each pair of tilaments is separately controlled, so that the source tempera-

ture Lin 1L' 1,aldrcec prcperi . The source is 24 in. long, and the filaments

are separatL6 ey a i st,1cC of '. in., with the upper filaments being I.E if

below the top of the source crucible. The filament pairs are located opposite

to each other.

IE
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II

The crucible was machined from a 2 in. diameter bar of 304 stainless

steel, with a 1 in. dia- ..ter hole gun-drilled to 1 in. from the bottom. The

return tube was beliarc velded to the bottom of the crucible. The heat shields

were constructed from 304 stainless steel pipe. The original design had three

heat shields, of 3.5, 4.5, and 6 in. outer diameter, with thicknesses of 0.065,

0.065, and 0.25 in., respectively. Two additional thin walled (0.025 in.)

shields were inserted in order to reduce the overall power requirements. We

estimated that about 2000 W would be required to heat the crucible to a mini-

mum temperature of 900'C. This is well within the capability of the filament

and power supply, which can deliver 500 mA at 6000 V.

Figure 3 shows the details of the source slit, skimmer, and lithium col-

lection system. The slit is made up of two stainless steel half-circles which

are bolted to the top of the cap which is attached to the top of the crucible.

A slit opening of 0.025 in. has been used. A thin (0.025 in.) sheet of stain-

less steel is welded to the inner edge of the collector, and is held between

the top of the crucible and the cap. In the original design, the edge of the

sheet merely overlapped the collector, and sufficient lithium penetrated into

the interior of the heat-shielded region to cause an electrical discharge. In

operation, lithium which leaves the source and does not pass through the open-

ing in the skimmer flows down the interior of the cone and collects in the

well of the collector. It then flows through a 3/16 in. diameter tube into

tne 3/8 in. oiameter return tube.

The system is charged with - 4 cu. in. of lithium metal, which when

melted fills the bottom of the crucible to a depth of about 5 in., leaving a

length of i5 in. between the top of the liquid level ano the top of the cruci-

LI. Thus we can operate the source at internal pressures corresponding to

18 in. of lithiuo or a vapor pressure of about 18 tcrr, which requires that

the lowest temperature of any part of the crucible not exceed about 9200C. We

estimate, from a thermal analysis of the crucible, that the temperature midway

between the filaments will be, at most, 801 lower than the temperature near

the filaments. The measurement thermocouples are located at the level of the

filaments, so that if the temperature of the melt (the lowest thermocouple lo-

cation) is 920'C, the temperatures at the other thermocouple location must be

ndintained 80 degrees higher. In practice, the temperature difference will be

13
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I

less than this because of internal radiation conduction and lithium vapor con-

duction. We have observed, in early experiments with the empty crucible, that

the temperature of the nozzle is about 50 degrees lower than the temperature

at the uppermost filament.

In order for the recirculation of lithium to occur, it is necessary that

the temperature of the skimmer and collector be above the melting point of

lithium (186°C). On the other hand, if the temperature is too high, the dens-

ity of the lithium re-evaporated from the inside of the skimmer and the col-

lector will interfere with the flow of the beam from the slit source. This

maximum temperature is estimated to be abut 400°C. Water-cooled rings are at-

tached to the skimmer and collector to keep the temperature from exceeding the

limit.

2.2 OPEkATION OF THE LITHIUM SOURCE

The lithium source has a very large thermal mass, in part because it was

necessary to have a thick-walled crucible, and also to ensure that heating

power fluctuations did not affect the mean temperature appreciably. As a re-

sult, two to three hours are required to bring the crucible up to operating

temperature. If the crucible is heated too rapidly, the temperature of the

skimmer, collector, and return tubing will not reach the lithium melting point

before appreciable vaporization has occurred, and lithium will collect in the

upper part of the system.

The temperature at the skimmer is also critical since it must be above

the melting point, but below that at which re-evaporation can become import-

ant. If there is excessive evaporation the density in the region between the

source and the skimmer will become large enough so that interference with the

flow can result. The skimmer dnd edge of the collector are attached to water-

cooled plates to maintain a sufficiently low temperature.

In one case, the over was heated at a total power of 1600 W and the liq-

uio temperature reached an equilibrium value of 77tiC. Under these conditions

the temperature at the upper filament was 870'C and the skimmer and collector

temperature ranged frm 272C at the skimmer opening to 345C at the collector.

Under these conditions the total re-evaporation from the skimmer and collector

15
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was estimated to be abut 0.1 g/hr, whereas the flow through the slot was about

8 g/hr. This amount of re-evaporation is insufficient to adversely affect the

Li beam. At the highest temperature of the liquid (920*C) we would expect

that the skimmer and collector temperatures would range from 325°C to 4100C,

with a re-evaporation rate of 1.15 g/hr, compared to a flow of about 70 g/hr

through the slot. The estimation of mass flow is discussed in Section 3.1

where a worst-case calculation of the skimmer evaporation rate is shown in

Figure 6, being based upon a uniform highest-temperature assumption.

2.3 EXCITATION LASERS

A schematic of the experimental arrangement is shown in Figure 4. Three

of the lasers are nitrogen laser-pumped dye cell oscillator amplifier combina-

tions, and the fourth laser is a flashlamp-pumped dye cell oscillator.

The N2-pumped lasers are grating tuned with a bandwidth of about

0.25 A and an output of about 10 pJ in a 5 nsec pulse. Two of these lasers

are used to excite and photo-ionize the lithium atoms in the extraction region

and the third is used to excite (and photoionize) a portion of a selected

lithium dimer band.

The output of the three N2-pumped lasers can be combined with beam

splitters and focussed on a removable external aperture which is in turn im-

aged on the extractor region. By this means the overlap of beams and the size

of the beam can be controlled.

For ionization of the Li atoms, lasers at 671 nm and 611 nm were pulsed

simultaneously. The third N2-pumped dye laser was tuned in the range from

4500 A to 4800 A to excite a portion of the various ground state lithium dimer

rotational bands. This laser was pulsed about 0.5 wsec prior to the other two ]
lasers.

The flashlamp-pumped laser was tuned by the insertion of two pellicles

(4 Pm and 8 pm thick, respectively) in the laser cavity and adjusting their

angle. With the 8 pm pellicle alone two possible wavelengths could be selected

in the fluorescence band of the laser dye (Coumarin 450 or 460) and the second

pellicle allowed selection of the desired wavelength. This laser had an out-

put of about 2 mJ/pulse and a duration of about 1 psec. It was fired about

16
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1.5 Psec prior to the Li photoionization lasers. The bandwidth was measured

to be about 8 A.

2.4 ION COLLECTION

Li , Li2 or Li- ions are extracted from the Li beam by the ap-

plication of a pulsed electric field. The extraction voltage pulse is applied

to two plane parallel mesh electrodes as shown in Figure 3. Ions travel down

a 5 cm diameter, 20 cm long flight tube and are collected on a plate which in-

puts to an electrometer amplifier. The plate is at ground potential, but a

battery-supplied bias grid 1 cm in front of it can be used to control second-

ary emission from the plate, or low energy charged particles in the flight

tube.

Approximately at the mid-point of the flight tube there is a region of

magnetic field perpendicular to the axis of the tube. This 200 G crossed

field causes extracted electrons to bend in a radius of z I cm and strike the

walls of a honeycomb insert in the field. The field is high for only 4 cm of

the drift path and ions are deflected by relatively small angles. It is cal-

culated in Section 3.2 that for an extraction voltage of 2.2 kV (i.e., an ion

energy of 1.1 kV) that only - 25 percent of ions miss the collector plate due

to magnetic deflection. When the polarity of the extraction voltage is re-

versed the electron signal is less than the system noise level, which repre-

sents < 1 x 10- 4 of the positive ion signal. Because we may assume that

negative ions are collected with the same efficiency as positive ions, the

resolution of the experiment is such that we may detect the attachment of

I in 104 electrons. The chamber pressure of 1 1 x 10-6 torr is suffi-

ciently low for collisional losses of negative ions in the flight tube to be

negligihble.
+

The Li signal obeys the expected time dependence of a group of parti-

cles at 1.1 keV. Generally we have operated the signal detector at too high

an impedance to resolve the time-aependence of a negative ion signal, but its

presence cannot be confused with the electron signal because of the very com-

plete suppression of the latter in the crossed field.

18
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I

A 'boxcar' integrator is used to average the 60 Hz data signal over

periods of up to 30 sec. Line interference which is present on the signal due

to the Li oven heater currents is subtracted out by a separate sampler immedi-

ately before the photoionization pulse. It was found initially that the

1 psec, 2.2 kV extractor pulse was coupling into the high impedance amplifier.

This problem was almost completely eliminated by thorough electrical screening

of the leads within the chamber and decoupling of the extractor electrodes

from the flight tube body by ceramic standoff insulators.

19
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3.0 EXPERIMENTAL RESULTS AND ANALYSES

3.1 DENSITY DISTRIBUTION IN SUPERSONIC BEAM

In the estimation of the dissociative attachment rate constant the den-

SiL of Li? (v*) has to be known. Our approach has been to monitor the

depletion of Li9 (v = 0) and use the known Franck-Condon factors for B > X

Cefay to cdlculate the fraction of those molecules removed from V = 0 that

onds up in a aiven excited vibrational level v*. For an absolute estimate of

Li2 (v*) density we therefore need to know the initial Li2 (v = 0) density.

The Li2 fraction in the beam is known from the initial equilibrium

dimer to atom ratio in the lithium oven. Additional dimers form downstream of

the slit nozzle, but we have tentative experimental evidence that these adli-

tional dimers remain vibrationally unrelaxed after formation, and hence do not

contribute appreciably to the v - U population. This point is of somewhat ac-

adewic interest in the 760C to P?0?C temperature/density range of the present

experiments, where the dimer enhancei:ent is only expected to be from 3 percent

in the oven to : 5 percent downstream. However the resolution of this issue

by spectroscopic temperature measurements (Section 3.4) could be important for

tuture work at 900°C, where the downstream dimer fraction could be 10 percent

rr more. The calculateo Li2 (v = O) density will then depend strongly upon

whether the downstream dimers are vibrationally reldxed, or not.

We require theretnre to know the Li density in the experimental reqion,
wniich is In cr, downstroajm from tho slit nozzle and 5 cm downstream from the

sk immer. Thi , number enters linteurly into thfi dissociative attachrent rate

rurivtant Pstimate.

In order to chir a( t er i zi the beam ors it y di str i but ion we measureG the
mass flnw ot Li. at tht- chambher ro(f , 33 m abnve the skimmer, by weiohinq the

Li deposited on a thin stainless sttef, sheet in a 20 rin exposure to the beam.

This data was taken -,t 7l00°, overn teriperature. The present density analysis

wil 1 first be perfori;,od at this teriperattire and finally be extended to hiqher

oven temperatures arid boam densities. The data is shown in Fiqure 5 where the
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3.0 EXPERIMENTAL RESULTS AND ANALYSES

3.1 DENSITY DISTRIBUTION IN SUPERSONIC BEAM

In the estimation of the dissociative attachment rate constant the den-

sity of Li2 (v*) has to be known. Our approach has been to monitor the

depletion of Li2 (v = 0) and use the known Franck-Condon factors for B > X

decay to calculate the fraction of those molecules removed from v = 0 that

ends up in a given excited vibrational level v*. For an absolute estimate of

Li2 (v*) density we therefore need to know the initial Li2 (v = 0) density.

The Li) fraction in the beam is known from the initial equilibrium

dimer to atom ratio in the lithium oven. Additional dimers form downstream of

the slit nozzle, but we have tentative experimental evidence that these addi-

tional dimers remain vibrationally unrelaxed after formation, and hence do not

contribute appreciably to the v U 0 population. This point is of somewhat ac-

ademic interest in t - 760C to 820'C temperature/density range of the present

experiments, where the dimer enhancement is only expected to be from 3 percent

in the oven to 5 percent downstream. However the resolution of this issue

by spectroscopic termerature measurements (Section 3.4) could be important for

future work at 9((,'(,C wh-r, the downstream dimer fraction couln be 10 percent

or more. The calculatpd Li 2 G t) density will then depend strongly upon

whether the downstr(,,;r imers are, vibrdtionally relaxed, or not.

Wke rerquir, th.r,.t tot tk. krf,v, i i' Li den, ty in the experimental roncion,

xhirh is > cf" 1 wri ' from, th .lit ri(,zz i L'I cm downstrean' from the

.ki , r. This) nrv,:,-r ir t ,r', in, r iy int. tho, dir.sociativp attachmrent ratl

r r,,? ,nt es t j m u .

In ')r, -r ni i .r i/t. t . ' ii. Isl v 'i- riOut ion we mea, r t h

t' I low (d 1 ith tinm 'r rlit ah v"' toer J kimmer, by wfiahi nc t h
ri' s lee: I I irl. ,t. shot in, a ?( in expOsure to the bH ,a

h i :it, w Vi ' r ',. vee v erohe present dens i tv ane yI
vi. trt ti, rh:',l ,r i t O' !e -r4.a re ,r di finally be extended to hiqeer

oven teomperat rIc ,. 10,: h, , (tw r,5 t i',,. The, datd is shown in Fiqure S where Irt
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I

relative mass distributions parallel and perpendicular to the slit are plotted.

The total mass flow of Li was estimated by integrating the sample weighings

over the entire collection area, and assuminq that the Li which was weighed

had formed either Li 3N or Li 20 in the laboratory air prior to weiqhing.

Tho dark qrey Li film was observed to turn light qrey, and later greyish-white

in the atmosphere. The following mass flows were observed at the center of

the distribution:

Assumption Mass Flow of Li

Pure Li 0.0028 q/cm /hr

Li 3N 0.0017 q/cm2 /hr

Li2 0.0013 g/cm 2 /hr

AlthouQh it would clearly be possible to gain more precision either by

weighinq in an inert atmosphere, or by the use of different techniques (such

as the change in resonant frequency of a crystal vibrator within the chamber),

thp above data is in accord to within * 50 percent with the beam density model

o eveloped below.

The difticulty in modeling beam density downstream fron the nozzle is

cause(] by the existence ot a transition from collisional fluid flow, or con-
tinuim flow, to free molecular flow which typically occurs several centimeters

dnwnstream in our experimental conditions. For all oven temperatures above

1uO°C the slit wioth (0.06 cm) is qreater than the mean free oath for Li-Li

collisions (Fi( ure 6) and hence wy ray tise the contir,oum l]cw equaios C r .-

the nozzle and immediately downstream.

Y P -?

puA rIISt. 3-2

P (:) )(30
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u Mu = 3-4)

where P = pressure; r, mass density; Ui mean velocity of f low; A rr3%

sectional area of flow; y = ratio of specific heats (5/3 for Li); M 1= Mach

number; T = temperature in flow arid P = qas constant.

At the sonic point in the nozzle

I TT

wvhere T is the even teirperatir- , arc; it cenera 1

T
7 U

-Y -1

0

F t ly, trie rr(,ee, mass I low throteoh tho tnozzle fwar' h e it l'iatrLC

1 a.t i mo. at t h an c ont n Th is i s h own it r a~re 6 er

Sit 1 ,11(;t 1.9 o V j- lo w idth 0.1 ciw. Fuor c ilipari , i

Ii, a r f lAw rat n:s son inl shun~ 10 -he ppi ieol Tr
5r e I V, an i yt i ate iia)y t0t ;ioo nt the trans I t i or poin* t a

li r- fa b ,hy 1; 1 1 n, i h cal Ii nn', (iin tanue t, tent icr ot VI

whi ii s haori in I ~l for ovr, teniperaturns of /601 ' a( rI

inon y, shovx en Fiqurf- 7 is the beaw width ost imated from Eq. (3-a.

tthait frefn f'olfC1 i r t low htacire- when the (-()1 ieJn (listanre ' i,

th eantransverse ri ioni, ni mrp a riqi es-t iate (it V - for the, Irn,,

'on po int in the /'f() 'ven cOit'. Iii li p let ot F iquire 7 we have a-simnrd,

I -; i col1 Ii i en [)hftr ii ar-ut r (,t F. x 1()-' ( fii
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I!
We detine, rather arbitrarily, a 'freezinq radius', rF, as the radial

distance from the slit nozzle at which the flow becomes collisionless. To es-

timate the density downstream from this point an integration of the free mo-

lecular flow has to hf, performed. This has been done numerically for the

present experimental qeocmetry and the results compared with the measured down-

stream flow rate and distribution. The geometry of the integration is illus-

trated in Fiqure 8. The skimmer aperture 'vignettes' the flow to a given

point (x, y, z), and it is included as a constraint in the integration of all

atoms leavinq the cylinarical 'freezing surface'. The skimmer is 5 cm above

the slit and its circular aperturt, has a diameter of 1.0 cm.

ve use the velocity distribution at the freezing radius:

3)= 1 + VY2 + (v z _v)

(vx, Vy, v7) 72 exp +_v2+Vx2  e ] (3.7,

I

where 6 - and v = /RT,, 2RT o

Additionally we use a cos 3e flux distribution on the freezing surface,

where o is the anqle off axis in the y-z plane. This assumption is not criti-

cal to the result, as it approximates well to the free flow expecteu from a

slit with M = 1 (Fiqure 9), which is itself an approximation to continuum flow.

(For coMparison, in Fiqure 9, the flux distribution for an M = 0 free flow

case is also shown.)

The details of the free molecular flow integration procedure are lenqth)

hut straiqhtforward and will not be presented here. There are two variable

poraweters : the Mach rinmber M and the freezing radius rF. At a distance of

23 cm above the skimmer, which was the sample collection distance for the data

of Fiqure 5, the, computed x and y variations are different. The downstream

pattern i,, oval-shtped with the lonq axis parallel to the nozzle slit. This

i s due to an eft ect i ye imag ing of the cylindrical freezinq surf ace by the

'pinhole' of the skimmer aperture. It is found that the ratio of x- to

y-dimresions of the distribution is very sensitive to the assuried freezing
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radius r, . The Mach number M determines the overall size of the pattern,

but does not affect the x- to y-dimension ratio. With this information a

unique pair of IrF, MJ may be found by fitting the computed distribution to

the experimental data. This fit is shown in Figure 5 for the case IM = 3.9,

rF = 3.0 cmil, obtained for To = 760*C. For further information, the

x-distribution dependence on M is computed in Figure 10.

This pair IM = 3.9; rF = 3.0 cm I at 760% is reasonably consistent

with the expectation for N and rF obtained in the discussion above in

reference to Fiqure 7.
2For this pair of M and r F the mean flux is computed to be 0.0026 g/cm /hr

at the center of the sample plane 33 cm above the skimmer. This is to be com-

pared with the measurement quoted above, particularly that obtained in the

Li3N assumption, 0.0017 g/cm2/hr. When we allow for the slit having an

effective width somewhat less than its true width, due to drag in the nozzle

walls, the computed and measured flow rates are in respectable agreement.

Recause the effective width is not known accurately, all the data on density

is presented for the full 0.06 cm slit width. However, in the use of this

data for Li density estimation an effective width of 0.04 cm will be assumed.

We have used this combined flow model to predict experimental densities

at 760C as a function of position in the x-y plane at the experimental loca-

tion 5 cm above the skimmer. Data along the z axis is shown in Figure 11,

aloncside the projection for free molecular flow commencing at the sonic sur-

face. The x- and y-direction distributions at 10 cm are shown in Fiqure 12.

in the experiments laser light was always incident parallel to the slit, i.e.,

in the x-direction. (Visually the fluorescence from the beam was also observeo

tui extend over z 3 cm.)

An approximation to the density behavior at higher oven temperature may

he made by assuming a freezing radius r = 3 cm and M = 3.9, although in

practice, as may be seen from Figure 7 the anticipated freezing radius increases

at 900°C and with it the Mach number. The use of M = 3.9 with rF = 3.0 cm

at increasing T, o qenerates the data of Figure 13 in the experimental

renion, showinq that densities of > 6 x 1013 cf- 3 are available at our op-

orating limit of 9000C. This will be a lower limit because the Mach number

and freezing radius will actually be larger at this temperature, and the beam

mure directional .
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3.? Li MEASLIREMENT,: cFFI(ILNCY ol ((,[LL( iItlo

With reference to Figure 3 photu-ions are created in the cylindrical

volume where the photoionization l aser beam intersects the Li beam. After a

variable delay a pulsed voltage of up to ".? kV is applied to the extraction

plate and ions are impelled into the flight tube through a 90 percent trans-

parent mesh. Because they start at the mid-plane between the extraction elec-

trodes their maximum energy is only 1.1 keV. The measured ion current increases

with extraction voltage as shown in Figure 14. The increase in collection ef-

ficiency with extraction voltage is (1w, to a cnmhination of effects:

1. The nagnet ic field section of the drift tube suppresses electrons

when neqdtlye ions are beinq measured, but also deflects the posi-

tive ions by a voltage-dependent amount so that they can partly miss

the collector plate.

2. The cylindrical plasma undergoes a rapid radial expansion due to the

plasma pressure and the perpendicular velocity components can reduce

the ion collection efficiency.

3. These are possible effects from space-charge limited current flow

(a) at the surface of the plasma and (b) in the flight tube.

4. The ions are created in a supersonic Li beam which has a velocity of

Sx 1(15 cI/secI  perpendicular to the flight tube. The angles

of the ion paths depend on the extract ion voltaqe.

These four effects will be further discussed in turn:

1. The magnetic field section contains a 200 G field transverse to the

tube over i l enoth of 4 cc ot a position 1(0 cr: in front of the col-

lct or p1 ate (di amet er :. F cm). te ion (-yroradius is R vM gi

wherp q is the ion charqe. Tire defleoclion anqle is o = 4/R rads if

P is expressed in centimt ters. At the maxi murm extraction voltage

R - F: cm, (.kO rao i, a l fl lmost all the ions are collected. At

anm extraction voltage of O0 V none of the ions can reach the plate.

This effert is plotted in f igure 15.

2. The plasma expands at a velocity close to the ion acoustic velocity

kT /M where If is the electron temperature. The details of
the radial ve locity profile are calculated in Section 3.3, and the

!
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et I ect on t he ion col lection ott1c i ency has beern calculateo numeric-

ally, using the output from the plasma expansion computation. This

effect is plotted in Figure 15, where it may be seen to be smaller

than the maqretic field elfoct in the conditions of this experiment.

3. Space charge was shown to be a small effect experimentally by vary-

ing the extraction pulse between 1 tsec and l0 wsec (Figure 14),

when no difference in ion current was recorued. If the ions had

been incompletely extracted due to space-charqe limited current flow

in I usec, then an increased siqnal should have been observed at

10 psec. As to the effect ot space charge repulsion in the drift

tube, this can be shown to be regligibly sinail1 by calculation.
+

4. At t.hei ;axium. extracto i oy enerqy of 1.1 keV, the Li velocity

is 1.7 x 1 7  cm/sec - 1, implyinu a 1.4 wsec transit time in the

fliqht tube. The supersonic bpan velocity of 2 x 105 cm/sec - 1

i'-,poses an angle of (1.012 rad on the beam, leading to a displacement

of 0.3 cm at the 24 cm distant collector plate. The effect of re-

ducinq the extraction voltac is to eventually cut all ions off due

to this anqle increasing. This effect is plotted in Figure 15.

In conclusion, the combined effects of items I through 4 above lead to a

predicted ion current dependence rather similar to that observed in the exper-

iment. The comparison is made in Figure 15 where it may be seen that the ex-

orinnt, al data rises more rapidly than the cairulaten curve for the combined

offe(t. The difference at hi qh voltaaes might be accounted for by secondary

lectrron proiction at the surface of the collector plate, which effectively

'hances the ion current. We use this analysis to calculate a Li ior col-

,oLrion Ptli Iiency of 63 percent in our experimental conuitions, which is re-

diicc to 5/ percent when the 9u percent transmission mesh is included. The

saipe number ippl ies to Li collecticn. 
+

The (.ependenc, of the Li signal on the Li over vapor pressure Is

,'-sr in Fiqure 16. (Pata taken at an extraction voltage of 2.2 kV.) The dip

ir, sigal below ! Li pressure of 1 torr occurs at the transition region from

r.ntint ,rv flow to the molecule flow which occurs at 9 700C. Below this terp-

ordt,re the L i mean free path is Qreater than the slit width, as illustrate

in Fiqurp 6, and the dnwnstream beam density drops substantially. The same
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nata ia P t t ed )n a 1uqari t i r i <1 .i dc u . in ci / in F iqur ie .
+

Here it may be seen that the Li siqnal tl lows the L i oven density at temp-

eratures above ; 700°C.

Given the Li beam density and the excitation laser geometry and intens-
+

ity an estimate can be made of the number of Li ions to be expected. The

photoionization scheme is illustrated in Fiqure 18. The 610 rm line is more

intense than the 671 nm line because the dye is more efficient, and hence the

third step is predominantly at 610 em (assuming that the photoionization cross

sectioi, depends only weakly on wavelenoIth. The laser intensities are sich

that both the an - d ad P -. [ transitiors are saturated (luring the

nsec laser pulse. The nhctoinniz<:tio;n step, which has a cross section of

X " c IF. is not saturete . As a first approx imation the popula-

ticns ot the ', P and states are pumped unti I they reach the ratio

ol their deleneracies. A more detailed picture includes radiative losses tro,

the P state to states other than the 2 P.

The Li transitions are Doppler-broanened with a full linewidth ot 3.u Grz

at the 10'K beam temperature. The lasers have i ().25 A bandwidth (- IF' GHz).

The stimulated emission rate can be shown to depend only on the laser intensity

and the spontanecus emission rate for the transitions. Labelling the 2S - P,

2P -P arno ?-ion transitions 1, 2, 3 respectively, then their stimu-

1 itel emission rates are

70 E1  (F nsec,-1

I. = 30M) L 5 nsec)- -,...
1'., - 0 .1 + ., c

i1n wh I 1 and f., are t( laser eoerqS or ri/cu ) cCelivereo to tht

aItcT ,  tni; th urnit ot t i1t, is the rSes laser" pulse duration. The d00- uiul r,.-

~stle\s P and i" are 4, 6 and 10, respectively. If we oe-

nte thse. states by number 0, 1, ? and the ion by 3, then equations !j\' he

Writtern tor the state populations:

3. '-hotionization of Excited Rare Gas Atoms', Duzy, C. and Hyman, H.A.,

Phys. Pev. A 22, 1878 (1980).
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h,= -no Vl/q + n1  (r', + pO N,

n n 1 1  ,1 (I + . R2l2

1 0 1J~( 1 P (I2

2  I I' - n2 ?2 + 13 + R2 + R3 )/q, (3-9)

3 = n3 1"3 /q 2

in which I, R arid k3 are the so,m t oroius, decay rotles of states 1,

and 3, in tie, units ,t 5 risec. We hove used the vaIues nf 0 ] 1;

k. = 0.65; 03 R 0.651. P.- ment oriod ahnve the deqeneracips are Q0 =4,

= 6, q 10

Inte(ratinq the above equat irs n iriri cal ly we cbtoiried the fol lowinQ

table ot data for the, fraction w 1 otoi's ionize(, to Li + e

E_ r -,j (:lJ ) Fraction Ionizec

.01 0. ( 1(, 5

1 o23

0 .( "' . . C' ( '9, 3

3 3 0. 0,? 2; 9
] ] t, " )Q 7"

it, t (i. 093

3k)

0 U I10 0.599

In the, experiments of 5 lid pulse was incident at 610 rim and a ? ,J pu iso

at 670 nir, into a cylinder of radius 0.1 cm. Assuminq uniform intensity thi
-3nivps a fractional ionization of 1.0 x 10 . At 760°C Li oven temperature

the experimental beam density was 9 x 10 Li atm/cm -3 and hence we esti-

irate a production of 2.8 x 10 Li ions/cm of the laser beam. Ions are
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collected with a calculated 57 percent efficiency (see above) and from a

2.5 cm length of the laser beam. The net predicted charge collected per pulse

is therefore 6.4 x 10 -  Coul. The measured charge is somewhat less than

this, namely 2 x 10- 12 Coul.

At the present time we do not know where to attribute this discrepancy

between calculated and measured ion current. One possibility is that the

photoionization cross section is less than the 3 x 10- 17 cm2 theoretical

estimiate. (-) However it is not likely to be < I x 10-17 cm2 . It is

,nore likely that the presence of d cylindrical plasma between the extraction

plates is dist-rtinq the extraction field, and hence spreading the ions into

larger anqles. Because the plasma disappears during the extraction pulse this

is a time-dependent effect.

3.3 'MODELLING OF PLASMA EXPANSION

In a Li vapor density of 1012 to 1014 cm- 3 a photoionization laser

pulse creates a fractional ionization of 10-3 to 10- 2 throughout the laser

hoam volume. In the present experiments this volume is a cylinder of radius

(.1 cm and length z 3 cm. Under the pressure of the electron gas this

plasma expands radially at a velocity of the order of the ion acoustic veloc-

ity. As it expands the electron temperature is cooled adiabatically. *he

tir!ecale of expansion is so fast ( 10-6 sec) that the electrons lose neg-

lliqble collision energy to either the ions or the neutrals, but expend almost

all their energy on radial acceleration of the ions. Because the Li beam is
114 -3

cold and has a density 10 cm the ions are created at temperatures

< 150°K and do not on averaqe collide with Li atoms during the expansion. The+

electron ana Li plasma therefore expands as if the neutral atoms were not

there at all.

To verify these assertions let us review the rates for collisional re-

laxation of the electron energy at n = 1010 cm-3 , the electron densitye

for the results to he discussed.

1. Electron-Electron Relaxation

The electron-electron energy relaxation time is

t 11.4 Te3 12Ae 112  (3-10)
ee ne 2 n
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For our case the electron temperature T 6005*K (- 0.52 eV),

Ae = 1/1823, ,nA ; 10, giving

t -1.24 x 104 sec (3-11)ee n
e

Therefore at ne = 1010 the electron energy distribution relaxes from the

6-function photoionization distribution to a Maxwellian of the same average

energy in a characteristic time of 1.24 ,sec.

2. Electron-]on Relaxation

The electron-ion energy relaxation time is

5.87 A /T T 3/2

t - z+2 te ) - sec (3-12)

+

where A+ = mass number of Li = 7

A = 111823

Z+ = charge of Li 1

T = electron temperature = 6005'Ke

T + ion termperatuttr, < 150°K

wrence t 10 S C

and at n = 10](t, ne(gligible ion heating occurs in 10 sec.

3. Electron-Neuiral (atom or molecule) Relaxation

The cros: sections for momentum transfer are:

4. 'Ahsolut Ttal Cr-nss Sections for the Scattering of Low-Enerqy Electrons
by Lithium Atoms,' Jaduszliwer, Tino, A., Bederson, B., and Miller, T.M.,
Phys. Rev. A, 24, 1249 (1981).

. 'Mduerenwt, of Total Cross Sections for Electron Scattering by Li 2
(0.5 - 1) eV),' N'iller, T.M., Kasdan, A. and Bederson, B., Phys. Rev. A
25, 1/77 (1gr?).
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Electron Enerqy (eV) a (Li) (A2) a (Li2 ) (A
2)

0.5 ; 200 541

1.0 307

2.0 115 199

4.0 88

10.0 72

The characteristic cooling time of electrons through elastic collisions

with neutrals of mass mn is

mn

tn - nVo (3-13)
en

where on is the neutral density and v is the electron velocity.-0413 -

For e - Li relaxation we find tn 10 sec at nLi z 1013 cm-3

whereas for e- - Li2 relaxation, assuminq 8 percent dimer we find t n  10-3 sec.

Neither of these processes are significant on the 10-6 sec timescale of

plasina expansion.

Reviewing items 1, 2 and 3 therefore, we conclude that the electrons may

develop into a Maxwellian distribution in ; 10- 6 sec, but their only signif-

icant energy loss on this timescale is the work done on expanding the plasma.

The equations of continuity and conservation of energy and momentum may

be written for an axially symmetric problem as

dp _ p ;(vr) (3-14)
dt r ar

dv -E (3-15)
P - ar

dc p a(vr) (3-16)
r ar
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where p is the mass density of the plasma

p is the internal pressure

v is the velocity of radial motion of the plasma

r is the radial position coordinate

E is the internal energy per unit mass of the plasma

The ions are cold, so that the equation of state is

p = -- k T (3-17)
mi  e

where m. is the ion mass and T is the electron temperature.I e

Also in this case £ = 3kTe/2m i, so that £ = 3p/2P.

We were unable to find an analytical integration procedure for this set

of equations, so a numerical integration was performed, using a second order

accurate differerre scheme. A Lagrangian approach was adopteo, with a divi-

sion of the plasma into 40 radial zones, whose boundaries moved with the ions.

To onsure energy conservation the electron energy was re-computed each time

step by subtraction of the computed average ion kinetic energy from the ini-

tial electron energy.

The initial distribution of the plasma density was taken as a Gaussian,

which was a good representation of the experimental case.

The computeo evolution of the plasma showed regularities which indicated

that a good analytical approximation could be made. Firstly, the radial den-

sity distribution rei:alnod Gaussian, but with an expandeo radial scale. Sec-

ondly, the inn velocity ait all times was linearly dependent on the radius.

Thirdly, as expectec, the ions reached a final asymptotic velocity distribu-

tion controlled by the. initial eneray of the electrons. It was found that the

following set of equations described the numerical solution to an accuracy of

5 percent in a widte range of cases:

r = r0 (yt + e
- t) (3-18)

I
47

~~AVCOD E ERETT



r2

Nm. r (t)
e e (3-19)

ire (t)

v = ry (1 - e't) (3-20)

where r is the position at time t of a particle initially at r = ro, and

1 m(3-21)

eo 1

where r is the initial I/e density radius, C is the initial electroneo

enerqy and mi the ion mass. In the expression for p, N is the total number

of ions per unit length of the cylindrically symmetric plasma and

rt ) = reo (yt + e- Yt) (3-22)

is the position of the I/e density radius at time t.

Substitutinq for r0 in the expression for v we obtain

v = c(t)r (3-23)

with c(t) = e ( - Yt) (3-24)(Yt + e - Yt ) ( -4

which expresses the linear dependence of velocity upon radius at time t.

Although the above set of equations describes the numerical solutions to

5 percent accuracy, they do not apparently form an exact solution set to the

expansion equations. Further work is needed to verify this point.
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fIn the estliMtion ot dissociative attachment rate constants it is neces-

sary to compute the duration for which the electron energy exceeds the disso-

ciative attachment threshold energy. At late times the electrons become very

cool due to their loss of energy into ion radial motion. The electron energy

at a qiven time may be shown to be

E e(t) = co  e- (2 - e-  t) (3-25)

For a dissociative attachment threshold energy of c DA the tine tPA at whicnr

re(t) = cPA is qiven by

1 n~ 1 -
for examplp, when the electron initial oorqy is c 0 ,.3 eV and

Yr (0.1 cm, is the initial I/e plasma radius, a dissociative attachmpnt

threshold of v, = 0.?5 eV implies tDA = 0.34 wsec.

The plasrma expinsion therefore liriits the time avai ldble for oiss,- i,-

tive attachment to occir in the present experiment. The implications c'T thl,

for experimental sensitivity are discussed below.

Plasma expansion is also one of the causes of reduced ion collection ef-

ficiency when the extraction voltaqe is less than its 2.2 kV maximum (see FiQ--

ure 15). The expansion of the extracted ions continues down the fliqht tube.

The effect of this on imo collection efficiency has been modeled numerically,

isinq the computed radial ion velocities and projecting them, with appropriate

density weiqhtinq, onto Lhe collector plate. The results, shown in Figure 15

show that plasma expansion accounts for at least part of the reduction in col-

lected ions at reduced voltaqe. The remainder may be accounted for by other

Pffects as discussed in Section 3.2 above.
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~fA' k tM N NT', T[ MFPE PATUk ANAXL Y [I

A '(it, JIllal is observed when the Li 2 (B - X) transition is

;uovriw~t a rm0le blue (lye ldcser. This two-step photoionization process is

II ~ ~ ~ i trto r~a iil ly in Figure 19. The same process has previously been

t trv tt!i Ir ox; rimti whe-re a hot, effusive Li beam has been irradiated with

.ir n*ior, ion 1us r . Tht. present experiment is thought to be the first in

whichi f- ~,ierzionic [ tieumrj was involved. Because of the very cold temperatures

I, it 1)t>a:' I 'V ( I c ir zipectra have, been recorded in which the vibrational

ha>O r' ur s,ritt f rom frah other and also from the minority 6Li 7Li

pe t4c,1jltS 4 :..n or't 7L t- a nd 6 pePrcen rt 6,_. We have tuned

t he0 t _I )j( Wlu 1i~ l'uit (I . over the range 4Y() nrn to 480 nm to obtain

th I i 1~i 0 e lro t f i rst ,tep e'xcitations on the Li.

XL-~ i 'n to '-(. trrsit ions.

In this stirir the, rerit~ribut ion from the v =1Li? (Y) state is rel-

atively sr~1 1rt~ c te !ti ;'r'trihutit'o, irdicatinq that the- vibra-

t i c)r 1r i i i , ii lo t thr ',t tt is> 90 percent complete in

this x, r5

In I iwire 17 the Lu2. si coal is, (displayeuj as a function of Li over

Fir this ,lsr-n, the Hue laser was turieo to the maximum of

ta i t 46 / e note that the Ll;:Li signal ratio in-

r~l~''-, "iiiil than., 'he iti,.:' : equilibr-ium ratio over this temperature

7 .* w iti ' riric ipal ly duie to the reduction in rotational tenp-

*r'tr- vvh oco: jr, at hirco hear, 6ensities. This causes a more dense popula-

1t~e vlls (rwar the hand head) which are effectively the

t O f - ill tisl particul1ar Measurement. A more detailed look at the

r t ratu in t ho /4P( t o 79()'( oven temperature range showed that the

I J11I nitj I P as t(nrl mu o to reproduce the t i * :L i rat io much more clIosel y.

Ih ro t a t 1ion aI tomperature was, est imatpd by comparing the measured

*.!'1onil structure' on a hiandi with that computed for different thermial ais-

trihiitions of rotational states,. In Fiqiure 20 the Li 2signal from the

-t) tiuri is, shoirn for in Li liven temperature of 800*1. The computed 0-6 band

,hapes fir 1Farid 150*K are shown in Figure 21 and Figure 22. In these1

calculationri, the relative strengths ot the P, Q and R branches were computed

7 I Iotnue Frac tionat ion in Two-Step Photoinnizat ion of Li 2 , 'Rothe, E W. S
ifll Yat hur, ,.P P. , PCm. Phys . Lett. . 53, 74 ( 1978)
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Figure 20 Lit- Signal for Excitation via the X -B, 0-6 Band
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Figure 22 Li 2 0-6 Band Computed for 150'K
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tjir; t ti i Iri r, it 'i t t 11 ( 1s iltt' wivt, ltriths

w tre k, r1 iItc. i , ir t , , )' 1 , ,~ 0tI i I I Vid(1alI. ( The

C I u 1 t i o ri w, aS 1 Oert rir ti, wi t f~ i r, () r d~ iirttr t0 5i MU -

1 at ( the I 10-it 1iii -, I'2 P

F rim t ht idilan ri snF t r , r;)t it i i f,, r, I Y jy b'I e t sepri to he between

1OC K iofl I tO' L I no tW 11t iT t tit t y- i,i i' r ta, iilind t1 y wt ] I mlod (,I d , apart

f roi the he ight of a pea,,k it, 41,/j vn wi (h appars 3 t, ;z' 1.5 t inirs areater

than the model WOU Gn d I p lC t. I ht- t itit ion for this is not obvious. The

ii(is t I i t, Iy pao- 1hi 1ty (,t t it tfin i t, d y t lasetr wu'n t thirejnr a Ioriqitu-

t Iiina I Fredte f-c,( 0 l<.( i t tni i . p(, tit , . .if t pt,! i nc t he I asevr spec tralI i nten-

lalty( t hiijh it Aomstrvah I vir- /i ,I~ t he I ds -r pulIs e entercly) . I t i s alIs o

possibl Ie t h at s h arp s t ruct*Lu res e xis t i n the L i2 photoiionizaticr cross sec-

tion.

How does this rotat ional temperature of ;z 150'K compare with the predic-

t ion f or t h is beam,? In Section 3.1 above Eq. (3-6) may be used, together with

th e f reez inoi rad iu U M ach numbe~h(r M = '3. 9 wh ich app]I i eu f or a L i oven tempera-

tu re of 700'C , t o pred i ct a 'f reez ino( te~mperat ure' of 170* 0K. This appl ies at

theo art if ici alI po intt where the heal! i s supposeI t o becomne coIli s ionlIes s, al

thougjh i n reaIi t y a oIradua I trans it ion occ urs to col Ii s ion-f ree cond it ions.

tNwverthelpss it is encouraOng that the emipirical todelini of beamr diveraptnce

ilp] is ateiipprat ire r'easonnaL ly c ltose to that obse(rved. In gaoinc, troli 7()'t

te cpa t. wh i c itr the (i -h a1,indc wasia IC ly Z('i~ a 11 Tot~e smallY"I doc reas iir

ei r'feJtUr' is, txpect ed , becaiuse the Nacn number, at t(A re in rau i

creases-.

frr~ this fiedirel lt it c!; io tht rotot tyrwol temperat ore is ifi-

I1 ImC, to bte C Ioit- mii ~j~u to the trains i t onal tomperatn~re, which is tio

Li'- ex i(C ,(,( , givenl th'!i the0 cri),s stct ion,, fir 1,-,i rotaitionall relalxatiur;

1, l ) i~vk.ry ructi qr(,ater than that tor L i-L i col I is Icens

1' c i 3. a-ch i Litorc is col ioinq ais frequently wittn i-,

77.' o-t~- o C t. ati c, Hef~le ireri,' G., Secondi Edition p. 2c'-, Vain

j' The PI'+ 'nil (Kyst em of the 7L i * Molecule,,' Hessel,
* . rid Vidoa I , . ., 1. (hom. Phys . 701, 4439 (1979).
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molecules as it is with other Li atoms. It is therefore to be expected that

the 'freeze' in rotational temperature only occurs because of a freeze in

translational temperature.

The effectiveness of optical pumping in Li2 depends upon the fraction

of the Li2 (v = 0) population accessed by the pump light. Clearly for the

band shapes presented above, high fractional pumping out of the v = 0 state

requires a broad-band optical pump, of width 10 A. In the following sec-

tions experiments are described in which both narrow-band and broad-band pump-

ing are used.

3.5 3UNGLE LINE OPTICAL PUMPING OF Li2

As one method of creating a population of highly excited Li (X) V*

states inl the beam we have employed a dye laser of bandwidth equal to the

width of the resolved rotational structure of Figure 20, i.e., 0.25 A. This

laser, when tuned to the B - X band of interest, extracts the population out

of a qroup of rotational levels in the X, v = 0 state. The maximum population

is accessed when the laser is tuned to the highest peak in a band structure

such as that of Figure 20. Taking the 0-6 band as an example we note that the

pronounced peak at the band head is composed of the followinq transitions

within a n.25 A ranqe (double prime denotes the lower level):

( ' ,J' ; v", J") x (nm)

(6, 3; 0, 2) 456.945

(6, 4; 0, 3) 456.946

(6, 2; 0, 1) 456.951

(6, 5; 0, 4) 456.954

(6, 1; 0, 0) 456.964

(6, 6; 0, 5) 456.969

To purp on the band head with a bandwidth of 0.25 A therefore accesses

the ground state rotational levels J" = 0 * 5. By taking the ratio of the

area of this peak to the whole band we find that only 8 percent of the Li2

population is accessed by narrow-band pumping at this beam temperature,

Of the molecules pumped into the B state - 50 percent end up in a close

group of high vibrational levels in the X state. The molecular radiative de-

cay time is 9 nsec, while the pump laser oulse duration is 5 nsec. During the
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pump pulse the qroup of transitions lyinq within the pump bandwidth is satur-

ated, with equilibrium populations in the ratio of the degeneracies of the up-

per and lower levels.

It

NL = mJ (3-27)

a ii

is the lower level repul ation Curiic pumr pin, th(-' upi> r level population of

the purtmIPed trans it i ors b Com(',

CJ,

Nu n , n j,, (3-28)

The rate of spontaneous decay of H state molecules is

k _ N A (3-29)s u s

where A is the' sportdnvous emissiOn rate constant (1.1 x 1U sec

As a rouch atproxirnationi Nu  NL  U.5 N where N is the initial mo-
U 0 oU

lecular popultion accessecl by the pump 1 iqht. This population then is de-

pleted by spontaneous emi ss ion accord i nq to

N 0 0 S

- .5A t
or N (t) = Ne s (3-30

For a si tticif ntly lonq )ump pulse 1il of the accessed population of

moleCuul , s would unor)trqo ,pontarienus emission into X (v") states. however, for

7
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finite pulses, because the upper and lower populations have been equal during

the pump pulse and the remaining upper population also decays spontaneously

after the end of the pulse (duration t p), the total fraction of the accessed

population removed is

-0.5 Ast

(1 - 0.5 e

or 1 nol i ri 1 , 5t( oump pulse 6,' percent of the accessed population is re-

ITV . (;t t iis tract itn 50 percent decays into the close X (\") group of

1,tit,-, nt int ,rest tor dissociative attachment. The fraction of accessea

Iln 1 ,,I~t [IWI1,s (, e u1 1 0 y is theret ore 31 percent.

%, have pertor;iP1d an experiment to monitor the removal by optical pump-

ini (f the Irt rotational levels in Li 2  (v = 0) which contribute to the

-4 ha'Hhr*,mi ,, • In thi,, experiment optical pumping was performed by a sin-

(ile A." ,, ,t ,lttg. A. After a delay of 100 nsec a more intense probe

pu o , 1 , s k irnt thr',ouuh the 0-4 band to qenerate a Li; signal. The

data is ,h) ,o in I iqure 23 where the presence of the pump may be seen to cause

,1 47 percort red cti( r , handhead intensity (after adjustment for signal mag-

r itII]t 'l . Fet. 05e ot t i difficulty of alignment in this measurement, this ob-

servat ion qis subject to an underestimation error and the real reduction could

hiV,, o on t;rfeter than this. As the calculation above shows, a 62 percent re-

diction in population was expected theoretically. Incidentally this measure-

mient implies that the frequency of rotational collisions in the beam is
<< 7 -I-" << l(' soc

(ombiniriq the ibove 8 percent and 31 percent ratios we estimate that

,-.5 percent of all Li., ( = 0) molecules are pumped into high vibrational

levels in our experimental conditions for narrow-band optical pumping.

At a Li oven temperature of 800C the beam density is 1.6 x 1013 cm
- 3

in the experimental region of which 4 percent are Li2 molecules. Pumping

2.5 percent of these qives 1.6 x 1010 cm- 3 Li2 (X, v") molecules avail-

able for dissociative attachment.

Because the beam is essentially collision free at this point (Sec-

tion 3.1) these excited molecules are metastable over times > 10- 5 sec.

AVC,-



Li 2
+  0-4 BAND

PUMP OFF PUMP ON

31

4669 2 4669.2

Fijure 23 Rtductior of 6-4 bandhead Line Due to Narrowband Optical Pumping.
Monitored by [i + signal.
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3.6 BROAD BAND OPTICAL PUMPING OF Li2

We have performed experiments in which a broad band (10 A) dye laser was

used to simultaneously pump all the rotational transitions in a vibrational

band of Li2. The laser we employed was a flashlamp-pumped dye laser of

1.5 psec pulse duration and maximum blue output energy of i 2 mJ in the 10 A
bandwidth. It could be pulsed at up to 4 Hz, but suffered from poor pulse-to-

pulse reproducibility and an output which decayed (for either thermal or chem-

ical reasons) with a 1/e time of 3 min. After a 10 min wait, the output would

fully recover. This behavior could be attributed to the fact that the laser

concerned was a laboratory prototype, based on 1975 technology, which had not

been engineered for long-term operation. Nevertheless, a high degree of opti-

cal pumping was observed during the first 2 min of dye laser operation. This

work will be discussed in its present state although an improved flashlamp-

pumped dye laser recently purchased by AERL will be used for further work.

An estimate may be made of the degree of pumping to be expected in this

experiment. For an isotopic molecular gas the absorption cross section is

2 2I
3x jk I<v' I V"> 9.(v - Vik)

o(v) 87t rad (3-31)

where

Ajk 2 - the transition wavelength
<."& = Franck-Condon overlap factor for the transition

( J ',' , j )

t rad  = radiative lifetime of the upper level

q(- Vjk = normalized line shape function, i.e.,

g (V - Vjk) dv = 1
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For the (u", ') = (0, 5) transition (at 461.8 nm) the overlap factor is

0.0126.(8) Since trad = 8.5 nsec,(9) we obtain for a Doppler-broadened

line at 150°K, o (vjk) = 1.24 x 10- 1 3 cm2 . The saturation energy for
2

optical pumpinq hv/o is therefore 3.4 wJ cm .

For optical pumping on this transition to reach 1/e saturation after
-21.5 psec, a laser intensity of 2.27 W/cm is required within the 3 GHz

Doppler linewidth. In a 10 A bandwidth this equals 1.06 kW/cm2

For the pre-tnt experiment, in which 2 mJ were delivered in 1.5 psec to

1 cm2 of the Li beam the laser intensity was 1.3 kW/cm2 , sufficient to

just saturate the transition according to the above estimate (molecules reach-

ing the B state decay into a X (u") distribution determined by the Franck-

Condon factors).

Experimentally the depletion of the Li2 (v = 0) level was monitored by

the Li2 signal from a N2-pumped dye laser (10 wJ, 5 nsec) tuned to the

0-3 transition. This probe, or monitor, laser was fixed 1 usec after the end

of the 1.5 usec flashlamp dye laser pulse. The data collection was compli-

cated by the fact that the broad-band optical pump laser also created a Li22
siqnal of about the same size as that froi the monitor laser. The ideal ex-

perimental effect, for a constant optical pumpine laser energy, is shown in

Figure 24a. In practice the pumping laser was decaying with time, leading to

an effect like that in Figure 24h. Actual data traces are shown in Figure 25.

This data is of a preliminary nature and is marred by the electrical interfer-

ence of the fiashlamp-pumped laser as well as its erratic pulse-to-pulse be-

havior. There is evidence of a v = 0 depopulation of up tc 40 percent in some

of the traces we have obtained. Improved data shoulo become available with

the new dye laser which is being installed.

Preliminary work with broad-band optical pufIpintj ha,, therefore demon-

stratod the removal of up to 40 percent of the X (V = 0) population. Of those
inolecules purnpo(,, Y) percent decayed into a 'Iroup of levels close to v = 10 in

11 -3the Li 2 (X) manifold. Given the initial Li 9 density of 6 x 10 cm-

we therefore infer an excited vibrational population density of 1.2 x 10 cm

in a qroup of levels of interest for dissociative attachement.

'g. 'Radiativo Lifetimes of the B' u States of Li2, Uzer, T., Watsnn,
P.V. and Dalnarno, A., Chem. Phys. Lett. 55, (1978).

I
61

AVCO L V1- FFT7

k I I I I Il I . .



(a)

Li- MONITOR ON MOIR

L2  -7 OFF
SIGNAL

STEADY

OPTICAL PUMPING ON OFF

0. .E 0

TIME
(b)

MONITOR ON

Li +

SIGNAL

MON ITOR
OFF

DECAYING OPTICAL
PUMPING INTENSITY ON

TIME

Figure 24 (a) Reduction in Monitor Li+ Signal Due to Steady Optical
Pumping; (b) Reduction in Monitor Li+ Signal Due to Optical
Pumping at Decreasing Intensity
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Figure 2b ['iasured broad-Band Optical Pumping: Pump 0-6, Monitor 0-3
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3.7 MEASONEYENTS OF DISSOCIATIVE ATTACHM[NT

To date we have only partially explored the range of conditions avail-

able in this experiment, and have consequently only been able to place an up-

per bound on the dissociative attachment rate constant for groups of Li 2 (X)

levels centered on v* = 9.5 and v* = 11.

In the experiments we measured the Li+ signal due to the photoioniza-

tion of Li (Section 3.2), and then reversed the extraction polarity to look

for Li- ions, with or without optical pumping of Li,. The experiments are

best discussed under the separate headings of narrowN- and wice-band optical

pump i nq.

(a) Narrow-Band Optical Pumpin.

When two N2-pumped dye lasers are used for photoionization and a third

is used for optical pumping the experiment may be run at 60 l-z with a Li+

sional-to-noise ratio of 1.0 x 10 . This implies that we are able to ,etect

the 4ttachment of one electron in 104 to form a Li- ion. We have observed

complete suppression of the electron siqnal at this level hy the crosse#d man-

netic field section of the drift tube and we are assuminq that the collection
+

efficiency for Li is no different from that for Li+. Although the ex-

traction pulse was applied 2 psec after the electrons were created, the plasra

expansion did not allow interaction of e with Li2 (v*) for more than a

fraction of I psec. Precisely how long depended on the electron energy rela-

tive to the threshold energy for dissociative attachment, as discussed in Sec-

tion 3.3, (Eq. (3-26)). For the present photoelectron energy of 0.53 eV, ana
a threshold CA = 0.25 eV (for example), the interaction time is t IA L.34 1sec.

For a Li-:ti signal ratio < 10- 4 we require

n Li'2 (') k DAt DA <10-

Using n from Section 3.5 (n = 1.6 x 1010 cm - 3 ) we obtain kDA < 1.8 x 10 - 8 cm 3/sec - 1

This is the experimental upper bound obtained from v* = 9.5 in the case of

single-line optical pumping. It contains an assumption about the threshold

eneroy for dissociative attachment from these states.
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(b) H1,road-Band Opt ical u j

The broad-band laser pumped Li, more eftectively (Section 3.6), but

sutferpd from the experimental disadvantages of;

I. Output decayinq to zPro over 5 min,

2. ± 50 percent fluctuations in pulse-to-pulse energy,

3. Severe electrical interference from the flashlaup drive current

pulse,

4. t repetition rate of 4 Hz, qiving poor siqnal-averaging.

Usinq this laser the experimental resolution was - 10 times worse than

that of the narrow band Case, i.e., in Li -:Li ratic of I x 10- 3 was the

lower limit of detection.

As discussed in Section, 3.6 the 0-6 transition wos pumped to give

1.2 x lol c" - 3  Li 2 ( * 1) states. Using the same tDA assumption

as above,

n L' 2  (\*) } k[A tD _ L- 3

3 -1nives kDA < 2.4 x 10 - ' cm/sec - ?,.qain, it Should be emphasizeoj thatJA --"this rate constant contains an assumnption about the threshold enerqy for dis-

sociative attachment trom v* ;i- stutes, i.e., c5A = 0.25 eV.

In the following section th, potential for increased experimentai reso-

l]ition is Pxplorel.
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4.0 FUTURE EXPERINENTS

4.1 SCOPE FOR INCREASED SENSITIVITY IN DISSOCIATIVE ATTACHMENT MEASUREMENT

There are four ways by which the experimental resolution of k DA can be

improved beyond that reported in the previous section:
+

i. Use of a larger number of electrons and Li ions.

ii. Increase of Li2 (v*) density through the use of higher beam den-

sity and improved broad-band optical pumping.

iii. Increase of the interaction time tDA by using a larger diameter

of plasma column.

iv. Use of an electron multiplier in place of the ion collector plate.

It is proposed to perform an experiment in which both the ionization and

the optical pumping are performed by a single I psec pulse blue laser. This

process is illustrated schematically in Figure 19 for pumping via the v 3

level in the b state, but we would pump higher levels up to a limit of v 9,

as discussed below (and illustrated in Figure 1). The laser in question can

deliver 100 mo in d IC A band with a - I .sec pulse duration. It has a repe-

tition frequency of IC Hz, which should allow good signal-averaging.

Ar analysis may be made of the ionization efficiency for two-step photo-

ionization. Let I be the pump laser intensity and ,vL its frequency band-

width. The rate constant for removal of Li2 (X) ( 0 0) states by optical

pumping is

2
R3 2 F 1 (4-1)

RpUMP - - hv ~ctRAD  -L

where , is the wavelength, hv is the photon energy, F is the Franck-Condon

factor and tRAD is the Li2 (B - X) radiative lifetime.
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Ut tl, Mloecules rtdchiny the Li2 (B) state a fraction decays to+ -

Li2 (X) (,*) levels and the rest are photo-ionized to Li2 + e The

rate constant for photoionizatioi is

I p

Rp : T (4-2)

The fruction of pumped molecules which is photoionized is

Rp
e = k I (4-3)

Rp +I t RAD

Given experimental conditions in which we assume that the 100 m, 1 sec pulse
2 5 2is spread over a I cm cross section, I = 10 W/cm . For complete opti

cal pumping in I ksec we require R > 106 sec - I and hence, by Eq. (4-1)

F > 2.3 x 10-4  (4-4)

This implies that we may only pun'p up as far as the 0-9 transition (444 nm)

for which F = 1.3 x 10.4 .

Assuming that Eq. (4-4) is satisified, the fraction of Li2 (X) mole-
ues ionized is given by Eq. (4-3). Assuning aPI = 3 x i0-17 cm2 we

obtain e = 0.054.

Usin U the above numbers we may estimate the experimental sensitivity for
kbAkDA*

Let us suppose that the beam density is given by the maximum achievable
13 -3in this apparatus n (Li) = 8 x 10 cm , with 5 percent dimer, i.e.,

12 -3n (Li,,) 4 x 10 cm-3  For complete optical pumping, as described

above, n )Li (X) (4*)_ 4x 101 cm 3 . The Li+ e plasma density

is e x n (Li2 ) = 2.2 x 10 cm-3.
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because the plasma column diameter is larger, its expansion occurs more

slowly and tDA, the interaction time for electrons, is greater than in the

previous work (Section 3.7). If the 1 cm2 beam is of circular section its

radius r = 0.56 cm. For photoionization at 444 nm the photoelectron en-
eo

ergy co = 0.45 eV. Using Eq. (3-21),

1 F7O  4.4 x 10 sec -  (4-5)

a n d f r o m E q . (3- 2 6 )

tDA = 2.27 x 10 -6 , 1 -(45)Co

where LDA is the threshold energy for dissociative attachment.

If we assume that the ion detection limit is at the same noise level as

in the previous experiments (Section 3.7), the increased number of electrons

in this experiment shoulo allow the measurement of I x 10-6 attachment prob-

ability. The sersitivity on k DA is therefore

VLA ib /n (Li2 *) tDA

, ' i.1 x 1( 1 3,, n LI - - o DA (4-6)

This tunction is plotted in Figure 26 for the case of Fo = 0.45 eV corres-

ponding to 0-9 pumping.

Reviewing the above we conclude that an experimental determination of

kDA with very good resolution should be possible using two-step photoioniza-

tion dnd broad-tand pumping, buth performed by the same blue laser.
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Figure 26 kesolution Limit for Dissociative Attachment as a Function of
Threshold
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Other combinations of laser are possible; but do not give such good res-
+ -

olution. For instance, to create the Li + e plasma by three-step photo-

ionization of Li and to perform optical pumping with the 100 mJ blue laser

would give a resolution of kDA < 1 x 10 cm /sec . Nevertheless

this technique would have to be used if kDA were to be studied as a function

of o  the electron energy.

The use of an electron multiplier would make an estimate of the
_ +

Li-Li current ratio much less direct and would decrease the accuracy of

any kDA determination.

4.2 PHOTUIOhIZATION OF Li2 (B) STATE

The present experiment, operating at moderate temperatures (: 800%) and

usi-ig the 10 .j, 6U hz N -pumped dye lasers, is capable of yielding good

signal-to-noise data of Li2 formed by the photoionization of Li2 (B).

This process is illustrated for the x' = 3 level in Figure 19, and a typical

spectrum is shown in Figure 20. A further measurement which is of consider-

able scientific interest may be obtained in the same conditions, namely the

wavelength dependence of the photoiorization cross section of the Li2 (B)

state. To obtain this two blue lasers are used, one at a fixed frequency to

select d given Li2 (6) v', ') state and the second one to scan in wave-

length from the photoionization threshold onwards.

The accumulation of this new data for Li in ultracold beam condi-

tions, would provide a vcry useful benchmark for testing theoretical models of

molecular photoionization and for the evaluation of the ab initio methods in

quantum chemistry.
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