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FORKWORD 

The  resi-arch effort reported herein is part ol an overall laboratory 
support program which was fonnulat'd by Lt Col H.M.   Howe of ARPA in 
support or ARPA Project SECEDE«    This program is administered by 
personnel of the Environmental Studies Section at KADC and consists of the 
following efforts: 

Contractor:       City College of New York 

Principal Investigator:      Professor C, M.  Tthen 

Research Area:     Theoretical st.idy of the motion and diffusion of 
neutral  and ionized components of metallic vapor clouds including striation 
development from instabilities. 

Contractor:       General Electric Space  Electronics Lab.,  Philadelphia 

P rincipal Investigator:      Dr.   M, .1.   Linevtsky 

Research Area:     Experimental de»e rnünation of oscillator strengths 
and photoexcitation mechanisms for barium/air processes. 

Contractor:       AVCO Everett Research Labs. 

Principal Investigator:      Dr.   B.  Kivel 

Research Ana:     Correlation of observed radar and optical data for 
the purpose cf developing a kinetic model for the ionization and transport 
processes involved in high altitude barium releasi s. 

Contractor:       Cornell Aeronautical  Labs.,   Buffalo,   NY 

Principal Inve.^tigator:      R.A,  Fluegge 

Research Area:     Experimental investigation of the production and 
phntoionization of metastable states of atomic barium. 

Contractor:       Thiokol Chemical Co. ,  Ogden,   Utah 

Investigators:      Dr.   R.   Reed and Dr.   R.G,   Billings 

Research Area;   Development of improved chemical mixes and release 
techniques to improve the: production of barium vapor in high altitude 
releases. 

iii 



INTRODUCTION 

TABU: OF CONTF.NTS 

Pan»- No 

  1 

I. BARIUM EXPERIMENTS  - 

A. Mitastablf Di-population  I 

B. loiii/.ation Kxpf riments  I 

C. Discussion and Conclusions  N 

II. M.-.TAL. OXIDi: INVKSTIGATIONS  18 

A. Bnriutn Oxide  '* 

B. Protiuct anc) lU-actant Electronic States  1H 

C. Harpoon Model Pn-dictions for thi- Rt-activt- 
Cross Sections  »e 

D. Aluminum Oxide  ^1 

E«    Boron Oxide  ^ 

III. REFERENCES  ll 

iv RM-2675-P-3 



INTRODUCTION 

Our i'.\p«Tinu<ntal proiiram has bn-n rontinu.d to nu a.surc in the 

laboratory some of the param.-tcrs (ovemiag tin- production of ions in 

barium.    Thv .'\p«-rinu-nt.s were pi-rformi-rl by creating th.- n rtastabb- stairs 

(  D,.     D^,     D^,.     Dj) by .■icctron bombardment,   »xposinj^ the af-miic  l>t'am 

to an intense ii^ht flux at OM of sevt>ral passbands,  and analyzing the 

resultant metastable depopulation Ming the CAL Molecular Beam Magnetic 

Resonance Apparatus (MRMRA).    Anotlu'r set of experiments was performed 

to collect the resultant photoions directly,   usiny several different lipht passbands 

Our results confirmed our previous observation of depopulation of 

the metastables by UV liuhl with the concurrent increase  in the number of 

ions.    Hesulls further indicate that the   responsible hands are J("'n to  l09Qit, 

Ionising either the triplet or > Inglel metaetahles, and ^I'M) to iZldft, 

contributing ions  from tlie  Binglel metastable. 

e The sections on reactive scattering of the metal oxides concentrat 

on Ba,   A),   and  B incident onO,  molecules.     Metastable states in the 
1        * 

metals,  as well as the 0,(  ^   ) metastable,  have been included to indicate 
■ 

their enact! on the reactive icatleriag cross sections and their probable 

contributions to internal energy of tin- metal oxides. 

I would like to acknowledge the significant contributions to this 

work by Dr.   Dale Headrick and Dr.   Donald Landman,   both in the Molecular 

Physics Section at CAL. 
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I,   BARIUM EXPERIMENTS 

A.    Motastablf Depopulation 

TVu- principal advanta^i- of thi- CAL btam apparatus Hr.s in its 

capability for si-paratin^ thi- (paramagnetic) metastable atom r«sonancf.s in 

a magnetic field according to their Lande g values.    At a prt(l«te rmin.'d 

magnetic field and rf frequency,  one obtains an output that is ckt.'rmiiud 

by the atomic  mass as well as the      Landr' g values.    An alt.'mat.• method of 

operating the apparatus,   using the Major ma (/.e ro-ti.ltl) trans iti..n.   allows 

us to achieve a much larger signrl by refocusing all paramagn.-tu   stat.s at 

the same time.     The d.-tails of op.-ration of our magnetic  r.sunaiu.' 

apparatus are discussed in Appendix A of Ref.   1.     Briefly,   thr A-magnel 

focusi-s those atoms in states with W• > 8 (electron spin opposinu tlu- 

magnetic field) toward the axis of symmetry in the C-r.gion.   «rlwrt an rf 

signal flips the electron spin over to allow the  B-magm-l to   refocus thes.- 

atoms into the detector.    By the Majorana transitions,  oiu- accomplishes 

a similar effect by sweeping the C-magnet through /.ro field,   where Ute 

atoms  "forget" which state they are in, and roughly half will appear in thi' 

B-region with spin-up and be  refocusid.    Since this type of transition 

doesn't depend on the g    value,  all four metastable states in barium are 

refocusi-d at the same time.    Studies on a collision-free beam of barium 

atoms are reported he re.    Since the ground state atoms are non-paramagnetic, 

they are not deflected by the focusing magnets and  very  few  pass 

through the off-axis entrance port to the quadrupole mass-spectromi-ter 

detector.    They add only a small contribution to the off-axis background 

signal. 

As detailed in our previous n-ports,   we focus onto the atomic beam 

(he output of a SOOOW xenon-mercury arc lamp,   yielding a b loacl'iancl light 

flux approximately 10    ümes that of the sun at the top of the atmosphere .    A 

chemical filter (NiSO.  + CoSO.) is available to limit the spectrum to the 

UV (i'iOoX to ^400Ä).    A scries of narrow passband filters has been sel.-cted: 

ZgSS ± J0Ä,   1005 ± S^X,   ^265 ± Z5Ä,  and ^7^S ± ZSÄ; but due to manufacturer's 

delay only the SOOSÜ filter was available for the metastable-depopulation 

2 RM-267S.p-^ 



experiments; the others were used in our more  r. tint work as described 

in the direct ioni/.ation measurements.    In order to investigate the broad 

transition around 12644 from Ifec    D^ to the lowest autoionizin^ level,  the 

combination of the chemical füter and a glass microscope slide was used 

to pass the band 3090 - 33Z'iX.    The filter transmission curv.s from 

2900 - HOOk   are shown in Figures  1,  Z,  and 3,   wlure the filters are 

labeled by Itheir full width at half maximum.    The suffixed letter C (e.g.  W^^C) 

refers to the combination of the chemical filter and th.- I'^^K filt.r. 

The analytically expected decrease in the Ba imtastabh- beam 

intensity (assuming no mechanisms are presiiit that increase these 

nutastable concentrations) is given by 

t^lP±   .    !La    I IL (1) 
N„   , 4     o   Net   v 

Toi 

where:     D =   diameter of both the intersecting atomic barium beam 
and the collimated light beam; both intersect each other 
on axis,   in cm. 

N-   .      ■   the total metastable atom flux arriving at the detector 
per second. 'Tot 

^N =    the total metastable atom flux changes that have occurred 
Tct        in the atomic beam du«- to photon absorption. 

> 
I ■   light intensity in photons/cm"  sec at the atomic beam. 

v =   effective passband velocity through the molecular beams 
machine-; about ^.A x 10"* cm/si-c. 

a -   photodepopulation cross section out of the nu tastabh- 
states. 

The photodepopulation cross  section can be related to an effective oscillator 

strength,   f,  by 

(T 
,.J. 

o mc^v 

iÄ-10 where:     e        =4.Hxl0 esu 

m ■ 9. 11 x 10"Z8 gm 

c ■ 3x10 cm/sec 

&v    -   photon bandpass frequency in sec 

(2) 
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By nMMmtlni dlffvrcnl (Uteri on • chopper wheel   and »ortlng th«- 

date into UM respective quarters hi th.   multichannel analyzer, we arc abl«- 

to Invectigate tour different passhanda ■imultaneouely. with or uithont ttic 

chemical (Uteri la either Ihe Majoram or th>- reeoiMince mod.-.   The 

reeonaace data wi-rf not  r.produribli-; lu-ncr,   this   liscns.sion will only consider 

ihr Majorans data.   The experimental resulte (or th.   relative depopulation 

^\ 'N' arf summarised in Tahle 1. 

Table 1:   Passhand of Filter Configuration 

EXPERIMENTAL 
KU.TKh PASSBAND *\'K 

Non.' r\ » IB -1. i,"'. 

Chemical Z\--,o »  1260 -1.6 

Glasi slid. M in » W -0, h 

Chemi« .ii glasi )090 » UJ^ (it  I 

loosil 1009   ±   ^^ -1, 1 

Chemical ■ 1005R 100$   i   ^^ -1. 6 

Th«1 experimental ohservationt show that; 

(I)   The 0N/N depopulation when using ttie chemical (Uter it the 

tame as (rom th.   lull ipectrum and agreed with our previoua resulta (-1.^" 

ns »er our August Report) when Ihe liuht intensity variationi sre taken into 

account.    This impliei that only the ÜV region (23 >0 - i260A) I« elfective 

for Increasing and/or decreasing the metaetable populations. 

(1)   lli.   depopulation due to light passing through the i005C (Uter was 

consistently greater than throujih the chemical Alter (23M-5260A1, even though 

the latter has a  imich hiuh transmission (»>S"',. as opposed to   10%),      This  implies 

th?t there is  some pnmpinu in the UV  region outside of the  1005 ± ^Ä passband, 
1    ' 

•UCh as  by the   ^1)7 iX line  from the  ground  state to the  Tp    Pj level with 

decay 10 tlie   metaeteble levels. 

RM-2679-P-3 



O)   ihi- 1210 —# IK bandpasi pfoducea tesa than a 1'. dacres«« in 

thf metaatäble populations, and Hie loaaea due to Illumination from thr 1090 - 

1125 averaged to /»-ro within about ■ 1"' atandard deviation.   Thia at^atantiatea 

that th.- bulk of tlu- transitions into and out ol the barium ;mtastabl.s occurs 

at wavelengtha ahorter than 1300A« 

Our b»-st results we re obtained ucing die 1005 filter.    Thia filter 

paaaea as many as 11 triplet and \ ainglet lin.'s to one oi tin' aeveral known 

autoioni/.inc levela.     No similar data lor tlu- bands  n.sir   I200A were obtained 

in this scries of experimenta.   lh)\v.\-.'r,as will be sen in the nexl aection, 

decroaaea in die    D metaatablei do ocevi* si ttieae aomewhat longer wave- 

lengtha, 

B«    loniaation Experimenta 

In order to gel a more direct indication ol photoioniaation, experimenta 

were performed so as to collect Ba ions directly,    tonization occura 

Accordins to 

Ba( D,    l*i   »   hv Ba \   <•. 

The same oven and metaatabilizer as reported In Section A   are   us< ri to 

generate  the barium beam,   and an electron  multiplier    is     installe.l just 

beyond the light» inter action region and alightly above the beam axis («ee 

Figure  \).    The first dynode of the multiplier    la   held at -IMIOV to colled 

photokms.    Both electric and magnetic deflecting fields   are   used In the 

oven chamber to prevent ions created by electron bombardmenl from 

reaching the  multiplier.     A cylindrical  lighl   shield is used to keep the  intense 

UV  lieht off the  first dynode.     Without this  shield we find that the photo- 

electron  iignalfl  dominate: with  this  li-ht   shield  an output   signal  thai   is  only 

r: of a comparable beam aignal la meaaured.    These small corrections 

are     applied to that data where needed.    The neutral barium beam is 

monitored uaing a quadrupole  mass  spectrometer.      The   simultaneous output 

of the photoion collecting multiplier la sorted into quarter« of our  multichannel 

sealer correaponding to the filter rotated  into the lighl beam.    The 

configuration la similar to that deacribed in A. 

RM-2675-P-3 
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The relative ioni/ations found using our 5000 watt Hg-X« lamp are 

shown in Figurei 5 and b. The varioui light-handpassee used ar.' allgMd 

along tin- abscissa according to the calculated relativ«  outputa found by 

assuiuin.u that  SO"; of the ioni/ation occur:   due to Ughl in the 2990 -   1090« 

band and the other c'0"; occurs due to lighl in the 1190 - J27oX band.    The 

outputs in Figure 5 are recorded relative to the ioni/ation measured in the 

open (no filter) position.    Each »erie« is normalized to full-on and full-off 

filter positions.    For example,   the  relative ioni/.ation for the 2490 -   J900Ä 

band should be *<>"'■ of thai measured In the full open configuration as 

estimated using our measured lighl intensity and filter transmissions. 

Instead however,   we measure between . 12 and .48 of the "lull-on" values. 

The   reason    for this  factor of 2 difference is not  clear at present,   but 

probably is associated with  the  non-linear output   signals  measured  in the 

lull-on positions.    Nearly every output in this position is seen to Increase 

slowly with time (over the  3 second Ion-collection period),  although no 

similar  signals  are  found when using the light  filters  listed above. 

Since the Hg-Xe lamp output contains a series of short,   Intense 

lines in the wavelength ranges of primary interest,  it was replaced by a 

1000 watl   xenon are  lamp.     Our  spectral   measurements   show that  the  latter 

has a much smoother,   more uniform output over the complete  spectrum. 

This, in effect.minimlzed the interpretation problems associated with the 

resulting photoionizatlon.      Summary    of the measured positive-ion currents 

are given in Figures 7,   8,   and 9.    They are given relative to the on position 

for three assumptions:    (1) Figure 7 presents the light passband on the 

abscissa position corresponding to its  calculated   relative  Light  transmission. 

The solid curve assumes that 50% of the ioni/.ation occurs in the 2990 - 

3090$ region,   and  ^0"; of the  ioni/ation occurs  in the   U('0  -   ;li7liA  region. 

This  results  in a  reasonably good fit to the data points as  shown.     (2) Figure 

8 has included in the   passband  locations  (on the abscis,-a) the assumption 

that all ioni/ation occurs in the 2990  -  M)(»oX  regions, and  (3) Figure 0 

includes the assumption that all ioni/al ion occu rs in the  3190 -  3270A band. 

The effect of these different assumptions is to  relocate the various pass- 

band positions,   and as seen,   assumptions Z and 3  result in a somewhat 

poorer fit. 

10 RM-2675-P-3 



ASSUMPTION    LIGHT TRANSMITTED IN BOTH 
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Figure 5   IONIZATION RESULTING FROM ILLUMINATION USING Hg Xe LAMP 
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ASSUMPTION:   LIGHT TRANSMITTED IN BOTH 
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Figure 6   IONIZATION RESULTING FROM ILLUMINATION USING Hg-Xe LAMP 
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In all cast's \vr fiiui a sonu'what  greater signal with the   ^26$A 

filter (transmitting only ihr line* from the    D^ metastable) than with the 

WisK filter (transmitting »everal linci from the   D meta«table»).   Since 

our nietastabili/.cr create! equal populations of the four mrtastable states, 

this indicates a Strong roh'  for    D,  metastahlei in the ionizatiotl process. 

Furthermore,   the data indicate    that the bulk of the ioni/ation occurs at 

wavelengthi greater than }000l as might be expected for     strong »«to- 

ionizing states. 

C.     Discussion and Conclusions 

Both the depopulation and ioni/.ation experiments are consistent 

and confirm that the motastable states in barium are strong contributors 

to photoionization In barium clouds under solar  radial ion.     Both the »Ülglet 

and triplet states  contribute.    From the depopulation experiments we find that 

major losses occur due to photons near  J005^ and thai considerable metastable 

density Increase» occur when the atomic beam is subjected to a full light 

spectrum.    Almost 50^c of the atom-loss processes wer.   compensated for by 

pumping mechanisms that added metsstables to the beam.    The wavelength» 

that cause the erratest increases in the metastable» lie in the UV regions. 

Results from the ioni/.ation experiments   show  that  roughly half of 

the photoionization (for equally populated metastables) occurs from the 

Singlets and half from the triplet  metastables.     These  results also show that 

ioni/.ation occurs  mainly from photons having wavelengths longer than 

3000Ä,    These  results are at variance with the  shape of the' cross  section 

curves   recently  reported b\   Linev    ky   J he finds  strong ioni/.ntion occurs 

at wavelengths below 5000Ü and all   osl no ioni/.ation at  5250Ä,     We plan to 

isolate the  responsible waveh ngtl      more precisely and report on them in 

our next semiannual report, 

14 RM-2675-P-^ 



II.    METAL OXIDE INVESTIGATIONS 

Mt-chanisms that cKci-i-asc metal atom densities have been 

analytically Investigated during this period; we have concentrated on the 

loss process; 

Metal   *   O, » Metal O   (   O (3) 

for barium,  aluminum,   and boron.    Both barium and boron react exothermtcally 

with ground state oxygen molecules,  but thr aluminum reaction is endothermlc 

by about  0.5 electron volts  (cV).     The increase in  reaction cross sections 

due to metastablc  states in the   reactants have been estimated using the 

Harpoon model,   and these   results are presented.     We have considered the 

lour metastables In barium (   n,,     D..     D7,     D.) about  1.2 eV above the 
i " 4 

ground state,  the Al(  lJ) metastable il.6 eV above its ground state,  the R( F) 

metastable up J.6 eV,  and the 0.(  A   ) metastable at   1.0 eV. 
2        g 

To facilitate the analysis of these kinds of collisions,   we have chosen 

to discuss them from the point of view of a controlled laboratory experiment 

rather than the  more general  situation normally found in the  upper atmosphere, 

Of course these specific  results can be applied to the normal  situation 

through   judicious extrapolations.     The development and use of our  metastabili/.er 

in the photodepopulation and lonization studies presented earlier lias made 

it possible to consider measuring in the laboratory these reactive scattering 

cross sections.     We visualize a crossed beam experiment with the   reactants 

intersecting at 90  ,    Product atoms and molecules will be scattered 

according to the kinetics and reactivities carried into the collisions.    Newton 

diagrams,  energy analyses,  effects of metastable electronic states,   potential 

energy curve's for the metal oxides,   and predicted cross sections have been 

included, 

A.     Barium Oxide 

A Newton diagram for the  Ba-O,  system is shown  in Figure  10; barium 

is  shown entering at the left and oxygen shown as traveling vertically.     Using 

classical mechanics, we find the expected scattering when the Ba beam is 

located at 90° with  respect to an O, beam as  shown: 
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Figure 10 NEWTON  DIAGRAM FOR  Ba - O2 SYSTFM 

wne re:     v 
Ba 

O 

(3kT 
\U 

~  4.6 x 10    cm/sec for T = ll50OK 

~   8,H x  104 cm/sec for T =  l000OK 

(4) 

V 

c 

et 
c 

=    initial rt-lativt   velocity 

a   center of mass velocity »^ 5. 4 x lo' cm/sec 

.0 

A 

tan 1    Mo,vo5 4 
M „   v _ B a    1^ a 

Tht- initial relative translational energy,   Ei   is given by 

E = 1/2 Mr)  \-     2   +   1/2 NU  v Fi a   B a 
1/2  M.r   .   . C I otal L 1 kcal 

and the final  relative translational energy is 
1 '      '    ' -10      •   2 

E 1/Zfi (V )      ^ 1.73 x 10        (V )    kcal 

(5) 

(6) 
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where;    V      =   final relative velocity,  cm/sec 
i 

=    the   reduced  mass 

Energy conservation requirei tliat 

O, Ba o (7) 

where W internal excitation of the various speciea 

^D0     a    n0(BaO)    -    D0(0,)    -    1^    -    HTkral o o o     1 («) 

Figure 10   shows a scries of circles that correspond to the magnitudes 

of the recoil velocity vectors for BaO for various values of E .    The 

maximum energy available for translational energy in tin   Ba-o, system 

will     occur when the reacting barium is In its metastable    n, state.    The 

oxygen beam is considered primarily in its ground vibrational state (^9"' in 

its  1st vibrational level), and the O, molecule has a most-probable rotational 

energy at   1 kcal (.1 = 14)   at    100nL)K.     Then: 

whe r w 

AD 

Ba 
o 

o 

E 

W o. 

Max E     =    ^^ kcal 

=    i^ kcal for the     D-  state of Ba 

=    16 kcal 

»    I, 1 kcal 

s    1.0 kcal 

W BaO w0   »   0 

However,  as evident in similar systems we would expect the final 
i 

relative translational  energy  (K ) to be nearly equal to the initial   relative 
i 

translational energy (!•").    Thus,   under the assumption that E = E ,   the two 

limits of the laboratory scattering angle (shown by the dashed lines in 

Figure  10) are estimated.     This would put the  BaO scattering ancle between 

8     and   11     in the laboratory coordinate system.     The two limits are by chance 

almost  coincident with the   rebound angle (41   ) and the stripping angle (8   ) 

found by assuming that the BaO recoils along V. 
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B.    Product and Ri-at-tant Electronic Statei 

Actt-pti'd valuos for tin- dissi.t iatiim energiei of i^aC) tl31 kcal) and 

O, (118 kcal) show the reaction 

Bm{lS)   •   0,(S') BaO<?)   I   0( P] ^ll (") 

/he ^11      a   tht- heal of reactioi 

to be exotiiermic by i5 kcal; ttiui the reaction can proceed on an energy basis 

even for ground state atoms.    Most experimental evidence Indicatei thai the 

ground state configuration of ESaO li    T, which cantiol b« formed from the 

ground itate configuration! of Ba( S ) and Of P\t    Reaction ( 9 ) with 
1 .   . 

BaO( -) is allowed, noweveri  as long at the emitted O atoms are in ■ 

triplet  state.    Some authors have postulated    TOt     II -t.ites for tin-  I'.aO 

molecule; to emphasize this iltuation we have pul togettier our best yuess 

ns to potential en< rgy curvei for PiaO as given in Figure 11.    The ground 

state combination Ba( S) • 0( P) remains a question,    v.c .show a Morse 

potential fit to the basic parameters as listed by Herzberg     along with ■ 

coulomb  Interaction türve for both the Ba   -Oj    E*id Ba   -o" systems.    If 

the barium reaction can be shown to be ionic i?i nature,  the prohibited < rossing 

rules could be effective here and distort the potential energy curves 

conside rably. 

Reactions of the barium metastables with O, result in about ^ kcal 

of energy available to the reaction as pointed out above,    Mo.-t of this Is 

expected to end up as vibrational or electronic energy of either the BaO or 

O products.     BaO has an excited A   -electronic  state about 48 kcal above its 

X   T ground state,   and 0(   D),   with an internal excitation near   f r-> kcal, is 

the  lowest excited electronic  state available  to the O atom,     Vibrational 

excitation in BaO is probable and could take up a fair portion of the exothermic 

reaction energy,   while a much smaller portion could end up as  Increased 

t ranslational energy. 

C.     Harpoon  Mode]  Predictions   for  the  Heactive  C'ros-  Sections 

When applied to the Ba-O,  system,   the Harpoon model as outlined 

by Herschbach      predicts that the reactive scattering crovs section for the 
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Figure 11   ESTIMATED POTENTIAL ENERGY CURVES FOR BaO 
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Ba mota.xtabli-.- would IM rilmost twic«- Ml laru« ••- tot irottad >tal< atoms. 

The diftV ronn- is «Im- to tin- 1O\M r ioni/alu>n potential ti>r thf imta^tabli-s 

and. In-net', a loos«r bond with the imnpinfi electron that lonns O, . Th«- 

reactlOM COtWldonH as important ar»*: 

Hac's)  . o,(^r) BaO 

Ba(   D)    ►  0,rri »  I\aO 

Baf'l»    I   0,(^r) »   !.aC> 

»I I 
O(V)    •     l^kcal 

•   0(  F) »1. ^ kral 

0{ P] 47, S kral 

(10) 

(11) 

(U) 

Figure  I-  if- a putontial energy curve for O, and O.    a> |iven In 
5 

Ciilmorr 

s 

e 6 

o,(JiJ 

E'(02)      0.35 

l 0(3P)   • 0(?P) 

f2Dr, I tti ,    OI-'P)  I C"{'Pr) 

-1  

■   '   '  '  ■    ■>!.■    r  I   l   ■   I   l   ■   I   I I   ■   I   1   »   111   I |   M   I   >   M I 
O.«        0.8 .2 .6 2.0        I.«        2.8 3.2        3.6        *.0 

INTERNUCLEAR DISTANCE  (A] 

Figure 12  POTENTIAL-ENERGY CURVES FOR O2 AND O2" 
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At timei »rior to thi> Ba-O, i ollisiuti.thf (\  molecule is unawan- 

that Ba is approachinu;   at a s.-paration r^   ÖW electron-jump f-idius.   a 

vertical transition occurs from Hie O^ to tho Oj' curve,   forming an attractive 

Ba*  ami O,"  interaction.    The  radius at which this occurs is given by 

r     .  e2(I|Ba) - i:v(0.)l'1 Ä i.'^X (H) 

whcrt-:   I(Ba) ■    i.ZIOeV  tot ground stat.- atoms 

EvfOaJ     "   o. IS eV 

Th.-  BaO moleCOte has a hii;li degfO« of ionic bundini; and an .cpiilibrium bond 

length of  l.94it3       Accordinu to th.' Harpoon model tin- total  reaction cross 

section, o    ,   is approximati'ly 

r c 
f2    --   27X (14) 

Svrh reUtively small vnluei of «r   correlate with rebound tcnttering and 
1 iii0 

lunc we would look for BaO at 1 moratory Mlgiei approaching 41   , 

The  it c reas-d energy of the  Ba  metastable has a dramatic efl   ct 

on the Ionisation potenttol.  I(Bn| in equation (M).   The resulting nominal 

electron  jump radii are: 

r ,/S)) * l,9Ä 

r   ^DI-^ZJI 
c 

uith corresponding total reaction cross Bectiom ot 

o   {JD)- I7Ä2 

r 

o    t   D) *  HÄ r 

These larger i POSI ■ectioni would be iomewhere In between the 

rebound and  itHpping  limits  as   evidenced by  similar experiments  on other 

systems. 

n.    Aluminum Oxide 

The ground state ..luminum-O,   reactior is endothermic by   1- kcal for 
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ground state O,,  but  11 kcal exothermic for reactions with the 0^( £   ) 

metastable.    Reactions we consider as liki-ly contributor! to losses of 

aluminum-atom clouds in the upper atmosphere ar«': 

A1(ZP)   +   O^T)  » A10(X'ir + )   +   0{3P)   -    1^ kcal 

A1{ZP)   +   O^1^) -> A10(XZr+)   +   0(3P)   +    11 kcal 

A10(XZT+)   +   0(3P)   +   71 kcal 

Al (
4p)   +   o  (X3r) -^ | A10(X2r + )   +   0{lD)   +   26 kcal 

I A10(A2r + )   +   0(iP)   4    32 kcal 

,4, 

(15) 

(16) 

(17) 

The most-energetically allowed reactions which occur with the Al(  P) 

metastable    have sufficient energy to put the A10(X £   ) molecule in its 

34th vibrational leV$|; thus one could predict considerable emission as the 

molecule relaxes stepwise to its  ground vibrational state. 

A Newton diagram for the Al-CK  system is given in Figure  13,    The 

scattered AlO should peak someplace between 11    and 75    assuming the final 

relative translational energy equals the initial value.    O atom scattering 

will peak under similar assumptions between -8    and  111   ,   as  shown by the 

dashed lines in the figure: 

ni"3o \ 

Figure 13 NEWTON DIAGRAM FOR Al -O2 SYSTEM 
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wherej     vA1      ^(^S I ~   1. 3 x 105 cm/sec for T =  18250K 
Al IM I 

v^       ~   8.8 x 104 cm/sec for T * 1000oK 
0Z 

-   initial relative velocity 

i     ni^    v^ . 
~ . "I O, O, TO0     AA & -   tan 2       2      =   38    44 . 

c 
MA1 VA1 

The velocity vector limits indicated in the   figure  result from energy 

conservation and the assumption 
iii 0 

F    -    F     =   W +   W       -    W -    W -   ^ D      =    0 Ü 8) 
AlO O Al Oz o [     ' 

where:     \V =    internal excitation of species X 

^D0     -    D0(A10)    -D0(0,)    =    -12 kcal. (19) 
o o o      ^ 

2       2 3    • 
Thus the  reaction of ground state (3s   3p)  P Al with ground state    X  3" 

oxygen is endothermic for the most probable  reactant energies,   F.     There 

is some controversy as to the dissociation energy of AlO,  but we have chosen 

to use the 4,6 eV value for these estimates.     By considering only the high 

energy tail of an assumed Boltzman distribution plus estimating that 9% of 

the O-, beam is  in its first vibrational level at 1000  K,   one can estimate 

that roughly 8% of the Al-O,  collision will have sufficient energy to proceed. 

However,   such a reaction will involve considerable transfer of translational 

energy into internal energy. 

2   4 
The  (3s 3p   )   P term of Al is  metastahle with an excitation energy of 

83 kcal.     This additional energy permits an additional numb« r of reactions 

with ground state O.  to occur as listed in equation 17,     Mefastable 0,(  A   ) £, ^ g 
can also add sufficient energy to cause the   reaction to proceed on an energy 

basis  as listed in Fquation (16). 

Our best guess as to potential energy curves for the  AlO system is 

presented in Figure   14.    Recent investigations have reopened the uncertainty 

of the dissociation energy for AlO and produced evidence for at least one 
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Figure 14    ESTIMATED POTENTIAL-ENERGY CURVES FOR AlO 
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additional state near the A10(  E   ) ground state.    McDonald and Innes    have 

found evidence for an A  11. state 0.655 eV above the ground state.    They argue 
2 1       Z    + 

that since both the A  n. and X  S     states give 4. 5 eV from Birgt;-Sporn-r 
1 2   + 

extrapolations and since the X  2?     state is likely to be ionic,   the dissociation 

limit must be  0.655 + 4. 5 = 5.2 eV.     The evidence for an ionic ground statt; 
7 

is supported by Knight et al.   ; they find the odd electron being about 82% 

on the oxygen atom.    Thus one would expect that a Birge-Sponc r extrapolation 

for the X  T     state would not be valid,  but might be valid for the A   IT state. 
-2+1 1 

Again the O   (  P) + Al   (  S) coulomb attraction curve has been included to 

indicate possible distortions to these assumed Morse potential curves.     The 

curves would at least be distorted in the areas near curve crossings. 

The Harpoon model predictions put the electron jump radii     and 

the reactive  cross  sections for each of the reactants at: 

Reac' j.nts 
Flectron Jump 

Radius 

AI{
Z
P) 4- o2(3r ) 

AI(2P)   f   0z^J 

AI(
4
P) 4 o2(3rj 

2. 5^ 

3, iX 

7. iK 

Cross  Section 

158ÄZ 

Thus,   using the guidelines of Herschbach,   the two upper reactions 

should occur near the rebound scattering angle for AlO (75   ) and the  reaction 
4 o with Al(   P) should most likely occur al the  11     stripping angle. 

E.     Boron Oxide 

The boron oxide system is highly exothermic.     The ground state  reactions 

energetically possible are; 

B(2P)   f o,(x3r") 2 g 

BO(X S + )   4   0(3P) 

BO(x'irf)  + o(1nz) 

BO(A2ni)   4   O(V) 

4    101  kcal 

I-    56. 5 kcal 

ii i kcal 

BO(X2rt)   +   0(1So)     +   4. 1 kcal 

(20) 
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Boron also has a metastablc (ZsZpVp term with an cxcHation energy of 

82.4 kcal.    Thus in addition to the above  reaction products,   the possibility 

exists for 

B(4P)   +   CMXV)   —   >BO(XZr + )    I    0{V)   +    183. 4 kcal {11) 

The Harpoon model predicts the following: 

Rcactant 

B(2P) + o2^r) 

B(4P) + o2(3r) 

Thus,   especially for the ground state boron  reaction,   we would expect to 

find a rebound type reactive scattering. 

Electron J ump 
Radius Cross Section 

1.8X ioXz 

3.3X 34XZ 
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