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Abstract:
A study has Been made of the relative emission cross sections of hydrogen atoms and protons incident
on oxygen in the 10-120 kev range.

The results for Lyman alpha emission were compared to those of nitrogen. At 1304 A, the hydrogen
atom and proton were shown to have nearly the same excitation cross section. Numerous atomic
oxygen lines were seen indicating excitation was present to some dissociative states of the molecule.

Theoretical calculations were limited to the Born approximation largely "because of the uncertainty in
the wave function of the electronic energy levels.
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) ABSTRACT

E)

A study has been made of the relative:emission cross sections of
hydrogen atoms and protons incident on oxygen in the 10-120 kev range.
The results for Lyman alpha emission were compared to those of nitrogen.
At 1304 A, the hydrogen atom and proton were shown to have nearly the
same excitation cross section. Numerous atomic oxygen lines were seen
indicating excitation was present to some dissociative states of the
molecule. )

Theoretical calculations were limited to the Born approximation
largely because of the uncertainty in the wave function of the electronic
energy levels. ‘

———




INTRODUCTION

-

In the past thirty years great progress has been made in particle
accelerators and, hence, in ion-atom collisions. As a result, scientists
have learned a great deal about the colliding particles and their inter-

. action in a collision. The evaluation of collision cross sections is a

valuable aid in this interpretation. ' Experimental methods are the most .

. €

) feagible means of studying these cross sectipns.

The study of the physics of fhe upper atmosphere has increaéed’
rapidly since 1958. Cosmic radiation, which consists largely of energetic
‘protons, is constantly incident upon'our upper atmosphere. Fortunately
this Tadiatipn is largely absorbed.there.' But such absorpp;énvpfocesses
o afe not well understoodt Research is being done toward this iqté;preta—
‘tion through analysis of the auror;. | -

} Since the majér_;ompon;nés qf #he atmosphere are nitrogen and
'éxygen and the pfotog acce;erator is readily avai;éble? scientists can
do the equivalent of‘spacé physics in the‘iabqrgtory.‘ T@eiy p@pabilities’

-

are limited by their apparatus. Commonly, general studies of collision ..

processes are not p&ssible; only particulgr proéésges a%e stu@ied in \
greaﬁ detail. | - - )

Several cross section studies have'been'made in oxygen which show
some similarities to.results obtained in this study. The similarities
lie in ?hé shape of the cross section curveslsbtained. |

Unfortunatel&_ﬁhé theoretical calculations of éuqh cross sections

are unreliable. In general, they have been‘“re—dbng" until they agree

L

+
"

s,
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appropriately with experimental results. Many of the theoretical calcula-

tions made have originated from consistencies found in experimental

e
-

results. As a result, such calculations doné in this study are unavoidably

minimal.




THEORY

Atomic Collisions

The encounter of a projectile with a target gas may leéd to elaétio,;
inelastic and radiative collisions. 'In an>eias%io collision, there.ié no
change in the internal energy of the colliding‘particles; in an inelastie
colliéion some of the translational energy of the projectile is transfer;ed
té internal energy of the molecule. Inelastic collisions may lead to thei

:emission of electromagnetic radiation.‘ In eﬁtreMe cases, the projectile
may be captured by the molecule and an ion or excited state is produced.

Collisions are normally described by the following notation£1)
nqn reférs to a .singly charged positive ionj; "O" refers to a neutral atom
or molecule; "'" refers to an exciﬁed state; "e" refers to an electron;

va "/" separates the initiél and final products of the collisionj; and "()" '
fefers to two Ar more particleé bound to a system. ‘Using thig notation,

Tthe most pertinent collisions in this study include

i) 10/01 .©  Charge transfer . .
ii) 10/10"" ~ BExcitation = . ‘ . L .
iii) 00/0'0 Excitation '

iv) 10/1'0 Excitation

Othexr processes‘inolude

- v) 10/11e Ionization
vi) 1(00)/1OQ Dissociation

Ionizing collisions where an electron is taken from the projectile .

are referred to as étripping, €e8ey
B 4 0> ;. 0, + e
. :
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The measurement of Lyman alpha radiation (1216 A) by a similar interaction

implies only the excitation process

- s 02—*H°(2p) +: O2

which requires less energy.
The charge transfer cross section implies the evaluation of inter-

actions like

+

H G

o
+ 02—->H + O2

The measurement of Lyman alpha radiation demands an interaction such as

+

H + 02———7-H°(2p) + O;

i.e., besides the transfer of an electron from an oxygen molecule to a
proton, the electron must be excited to the lowest-lying excited state of
the atom. This process then requires more energy than the charge transfer
process. Therefore an attempt at making exgot comparisons in the results
found at 1216 A and those of stripping and charge transfer should be
avoided.

If, during a collision between twq systems of particles, one or
more particles are exchanged between them, the process is known as a
rearrangement collision. It is energetically possible that 10/20e
(ionization) and 00/10e (ionization by rearrangement) occur. Double

excitation becomes quite probable at high energies.




" is the time rate of change of the number of atoms excited to state i. The-
terms contribute as direct excitation to state i, cascading from upper k

to state 1, and the decay of state i to the state j, respectively.:

i

!

section measurements by comparative techniques.

" cross sections extend almost to the-threshold energy. This result

P

Cross Sections

Let ni denete the number of atoms excited to the state i. Theéz
. N 4 “ . .
dni v i
o = VI o+ AAm o - 25 AL 585
, Byt j(t

Y

Assumihg only direct excitation, then

Q = nij(L)/NIL S

denotes the excitation cross section to the state i, where nij(L) repre-— |
sents a number density of photons emitted from euch a transition, I is a
measure of the incident beam flux, N is the gas densi%y (proportional to
;he pressure), and L is the observed path length 6f interaction.

To enable the experimenter to do absolute cross section measure-
ments, the gquantum yield (current of the detector per incoming photon
per eecond) and. the value of L must be calculable. Such measurements
have been .done by'sevefel experimenters for ion-atom and atom—atom

(3.,4)

collisions These calculations enable others to do relative cross

Some emlss1on cross sections have recently been shown to have
several maxima as functlon of energy(s) The os0111atory behavior in the

l" H

contradicts the adiabatic approximation which assumes a gradual decrease

3
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in the cross section below a maximum characteristic of the relative
"velocity of the projectile and the int?ractipg electron-orbi?al: Since
threshold”epergies are normally in the'év Tange, the presept study aid
not':e?e@l thig characteristic. |
The Mgssey criﬁerion predicts a characteristic interaciion disfance
aat a maxiﬁum in the cross section given fy the equation

é: J ggE o 1 . ¢
h

v

whére QE 1is %he difference in internal energy between the two states
. of the system_and v is the relative velocity of the coiliding barticles.
Recent studies indicate that the levels involved in the co;lision approach
each other in engrgy as R, the inte;nuc}earvseparation, decrgasest leceey
%hey approach a pseudo—crossing. Only if the optlcally allowed excited
,states are w1dely separated from the initial state, of the compound system,
[are the molecul%r interactions negligible and hence, the probablllty pf ,
excitation .small at 1ow energies.(6) : ) _ .

Experimentali;esults imply a strgng_vgiocity dependence of the
‘projectile and the interacting electron at high energies. such apalogies

may then be applied to an equivalent velocity electron in proton cToss

section measurements.

) Theoretipa;>Calcuiations

. , N
. The study of cross sections of atomic and molecular processes are

of great value in providing information about how constituents in an
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intéraction_behgve. The experimental work in all but the simplest atoms B
and molecules fqrms the basis éf our uyﬁerstanding in collision ﬁrocesses.
Since the many-body problem cannot be solved exactly, theoreticians.qan:
make only approximate calculations in the in;erpretation of such proceségs..
These approximations are indeed necessary to make these calculétions
feasible. Yet the .numerical values obtained are at the expense of
unreliability qf results.

In molecular physics or quantum chemistry, numerous methods of
estimating wave functions have been introduced since the advent of
quantum mechanics. At present, the best wave functions (those which agree‘
best with experiment) have been found by uwsing self-consistent field
theory. Other inferpretations have producgd the Hartree-~Fock calculations,‘

o
‘the method of Roothaan, the distorted wave approximation, the Heitler—

P

‘iondon theory, molecular orﬁital theory, and the valence bond theory By
5the chemist. These methods have met with varying‘aegrees of success.
Computer programs have been written for the approximate interpretation of
§tomic and molecular coilisions incorporating the above theories, occasionr
ally in concert. The calculation of electronic energy levels by such
methods have yielded some very satisf;ctory resuits. However, these
methoas have not necessariiy given reliable matrix'glementsAas‘needed in
the evaluatiqn of transition probabilijies.

Theoretical calculations foT atomic collisions have been carried
(8)

out using the impact parameter method(7) and by the ‘wave treatment

Such calculations have been largely restricted to-H, HY*, He and Het.
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Theoretical Born cross sections have been done using an ion as the

incident projectile. .These oalculatiops have shown that a typical cross

sectioﬂ at high energiés should vary as E_t In B for optically allowed

transitions. Its validity for protons has b;en questioned below 200 kev;
Recently Born cross sections have been done for atom—atom col-

(9) (10)

lisions due to Ochkur's contribution. Unreliable wave functions
do not allow such an evaluation in this experiment. The Born cross
sections for electrons for optically allowed transitions is given to a
first approximation by
2 4 2
Q = dwm e lZ i2 1n 2mv
2.4 on E -E
k™h ' n- o

The interaction between ions (or atoms) and molecules does not allow

3,
\

such a oalculation.(1) It is not expected then that the Born approxi-
" mation .is reliable in the evaluation of cross sections for atom-molecule :

‘collisions.

-

The Oxygen Molecule

See Tablé I.(11) _

The 32; gx-ound state of the oxygen molecu]_.e is paramagnetic.
Unlike most ionsz the O; ion has a larger dissociatioﬂ energy and more
bonding electrons than does 62.

'The electronic configuration of the oxygen molecule in atomic

2
orbital theory is

2 2! 2
1§ 2s %prPyng




|
!

Q-

or equivalently in molecular orbital theory. I

xK(a gzsf(d;és}‘z(q'gzp')?( i, 20) (T 20)°

-

3oth atomic orbital and molecular orbital theory haﬁe been used
with limited success iq the molecular interpretatién of oxygen.

Since the oxygen molecule does not have a closed-shell configura-
tion, its theoretical description is‘extremely difficult. Some unique
contributions .to the atomic orbital description have simplified electronic
energy. level designations a great deal; Yet the complexities in large

(12,13)

part still remain.




THE EXPERIMENT AND APPARATUS
Apparatus Description.
L

See Pigure 1. The protons wére prod&éed‘in a rf-driven ion ce11(14)
by introducing hydrogen gas into the system by means of a palladium‘leak;
Initial pumping of the polyethylene line and’trapping with liquid air ‘
reduced the possibility of water vapor entering the system.

Once ions were produced, -the éxtraction, focusing. and solenoid
volt;ges were adjusted in unison with the high yoltage to accelerate the:
ions down the éccelerator. Additionél focusing by an electrostatic quad-
rﬁﬁoie lens reducea the beam divergence prioxr tb its entrance into the

mass-analyzing magnet.

The beam contained approximgteiy 10% undesirable ions; the mass

\
‘x

?nalyzer allowed their removal by their smaller e/m ratio. The production
| ' . -
lbf hydrogen atoms was also present in the beam and, corrections due to their

‘presence were necessarye.- ’

The composite beam, after passing through an aperture at A, entered
the exchange cell which was used to_éroduce a much higher éénsity of o
hydrogen atoms in the beam. This was done by introducing hydrogen gas into . ;,
the cell by meané of a variable leak. At 50 Kev, approximafely one-half
of the p;rtiéleg comipg out.of the exchange ce}l were neutral. ’:‘

With the high density.of hydrogen atoms in the beam, the charged
particlés were then removed by eiectrostatic deflggtipn. To, insure that
no charged partic;es Qere entering_phe interaction region, varyiné the
‘defiection potenéial produced no noticeable change in the current at the

Faraday cage. -
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The gas used in the interaction region was introduced with a vari-
able leék. A reference system S incorporated with a pressure metér
(MKS Baratron, Type 77) was used to meésure the pressure in the interactim
region. By inifially setting the pressure difference as null with V
‘open, accurate pressure measurements were-assured. The pfessure change
over a single run was negligible.

The detection system consisted of a Paraday cage with emitter. and
collector. See'Figure 2. When particles entered the detector and struck
the Mo emitter, tﬁe net current into the cup was easily measured. Correc—
" tions,were neceésgry for the production of secondary electrons in the
detector. However, by calibrating the secondary electron production , .
efficiency as‘a function of eﬁergx, %he number of secondary electrons pro—f.‘
| (15)

duced per incident ion could be found. Stier and Barnett have

;btained thé relative rate‘oflseconaary electrgn‘p?oduction of hydrogen
]atomé and protons as‘é fpnction of energy in oxygéﬁ gas.
. ‘The cup potential.was varied to be sure that no seconda?y giqctroné
were escaping from the Faraday cage.. The total cu;pent deteét%dhat the
cup in position A in Figuré 2 is ‘

i, = N'i, + Ni_ 4+ i -

By including.the defleqtion voltage only %ﬂe Nio term contributes to it'
The?eforg tﬁese two reé@inés give thervaluéslofait andhﬁio. Inlposition
B, %he entire ﬁaréday;c@gg is at the same potential and the cﬁrrent
indicated is thét‘of protons. We can%jherefore éalculateiN', the

efficiency of secondary electron pro@uction for protons. The secondary

S
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DETECTION SYSTEM

FIG. 2
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. elecﬁron productiop efficiency for hydrogen atoms from'that.for protons
since their ratié isﬂknown from the results of Stier and Barnett. Intér; -
mediate points were taken but were not‘inclgded‘in éiéure 3. Tﬂe true

. hydrogen atom and proton current must then iﬁclude this correction.' Tﬁe
net effect was 1o ingrease the cross secfions at higher energies by
approximately 20%.

The monochromator was ﬁqunted with iﬁs slits rerpendicular to

the prpjéctile beam in the interaction region. The dispersion of the
monochromator was 53.3 A/mm. The monochromator was blazed at approxi~-
mately 1500 A, é?dium salicylate was used on the gquartz window of the

'photomultiplier tube.

The EMI 9558 QB photomultip}ier tube was opergted at 1700 volts
negative. To reduoe,the noise level?-a liquid'air—cqoled,Cu.s%rip.was
Lrapped around its base. The PM.tube itself was ét high potential on
Jthe outside to prevent stray field gradlents across the tube boundary.

A 400 c/s Time Corporation tuning fork ohopper was .placed between l
the interaction chamber and the monochromator Sllte The output signal

of the photomultlpller tube was ampllfled w1th a’'PAR JB—4 Lockrln

Amplifier. TIts output was then chart—recordedv
Beam %foduction

The four Vacuum systems were cold—trapped and dlfqulon—pumped.\
The hydrogen llne was .pumped and cold~trapped as well. By turnlng on the

console power,_thé palladium leak allowed the diffugion of hydrogen gas

“into the ion cell.:'The Cockroft~Walton accelerator is a 10-step equi-
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potential divider. The potential was measured across a resistancé near the
‘lést stage ;nd represented the total resistance in a ratio of 1:105.

The initial focusing of the beam“intoathe detector was done‘by using
the mass analyzer. Care must be taken to av;id beam reflection from the“

wave guide and possible use of the incorrect beam component. The electro-

static lens potential, as well as those of extraction and focusing, was

, increased approximately linearly with the proton energy. The hydrogen leak

rate becomes fmportant at the extremes of energy attainable.

i




MEASUREMENTS AND RESULTS

Initial Measurements

The feas;bility of measuring the cross section for a‘particular
emission process is limited by the transition probability and more directly
by the light output from such a transition. Initially, theﬁ, scanning the

spectra is necessary. When suitably intense band systems or line spectra

- ‘are observed, the study of the relative cross section for hydrogen atoms

and protons is possible. The initial scan was done at relétively high

‘A_pressure and slit width so that all pertinent  transitions were readily

seen.

The largest spectral lines were seen at 1216 A (2p-1s) and 1304 4

':(SS—éP). See Figures 4-7. The bands and line spectra seen in the 3900 A

(16)

to 6000 A region are very similar fo those of ﬁughes and Ng. Scanning
fhe spectra gt several energies showed that the intensities of the transi—‘
%ions decreased with the‘projectile energy but no ﬁew specfral features
were evident. The presence of numerous atomic oxygen lines was not
surprising. The excitatibn of the oxygen molecule was partly (perhaps
largely) to dissociative states of the electronic eneréy levels. Ehe
dissociation into excited oxygen atoms could produce such transitions. No
significant spectral features were ses? in the fegion from 1350 4 to 3700 A.

Low gas pressures insure single particle interactions. The 1inearity~r:
of light intensity as a function of the pressure is used to indicate,thisf

characteristic. If secondary processes were not negligible, the shape of

the curve would become gquadratic. A typical_plof of linearity vs. pressure

~

-

at fixed energy is’giveh in Pigure 8.
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When hydrogen gas was introduced into the exchange cell, é different
background correction was necessary.

X
Measurements at 1216 A

Analysis of Resulits

The pressure linearity measurements were also done at 1216 A to '
insure that the secondary processes were negligible. The light intensity
was much smaller for hydrogen;étoms (as was the beam current) and the
statistical error was correspondingly larger. These cross sections are

given in Pigure 9. The results of this collision for nitrogen have

.17

recently’been.done. The following comparisons were made: (1) results

" for protons on N2 and O2 at 50 kev; and (2) hydrogen atom results were

‘compared to proton results on 02.

1

A slight lowering of. the neutral cross section was initially

Found near 50 kev. By making several runs in this region, this lowering

did not reapﬁear. The statistical accuracy_ of the results allow this
lowering but the structure itself was not resolvable.

Constancy of the Lyman alpha cross sectioﬁ for hydrogen atoms

above 40 kev has not been interpreted absolutely as yet. It is of interest

that Dahlberg found a similar results in N2.

In the lower portion of the cross section curve, its shape is’very

-

much like that of charge fransfer while at high energy it is similar to

that of stripping. ‘Consider the fol;owing interactions:
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Lo5..

Ho + 02-———> : O; + e
i)
) : A 02_>H0(2p) +, OZ
and that of
*
ii) i 02—>H°(2p) + 0,

Case i) corresponds to a mechanism which behaves like a charge transfer
process. At low projectile energies, the proton may attract an electron
so that a hydrogen atom is formed. But as the projectile energy increases,
the interaction time does not readily allow such a dual interaction and
then case ii), direct excitation, dominates. The later case is similar

to a stripping process. Yet not enough energy transfer occurs to allow
complete removal of an electron. If i) and ii) are competitive processes,
then the character of the curve seems very reasonable, i.e., characteristic
of charge transfer at low energy and stripping at high energy. The net
result on a neutral cross section curve would then be that of a super-
position of charge transfer and stripping. The magnitudes of the Lyman
alpha processes are smaller than the stripping process by approximately

a factor of 10.

(18)

The results of Allison show a very constant stripping cross
section from 40-120 kev. Stier and Barnett obtain a very similar result.
Their E° cross sections are slightly smaller for oxygen than for nitrogen.

The author's Lyman alpha results were slightly smaller than those of

nitrogen. This implies then that the transition probability to the 2p
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state are in a common ratio of the total transition probability,‘

In measurements of Lyman alpha f;om Qrotons on nitrogén:,thé effect
of the 1200 A triplét,and 1243 A doublet lines in nitrogen demands that the
slits be suffio;ently small to prevent theirkcontribution in 12161A measur;;
ments.. By‘alternately using nitrogen and oxygen and allowing sufficient
t?me.for the removal of residual gas, the excitation cross section forl_
Lyman alpha f&r protons in oxygen can be found.. To insure that thg

effects of the residunal gas were negligible, the nitrogen and oxygen cross

sections were done in both'orders and averaged over eight. readings.- -

Theoretical Calculations

A plot of QE ve. In E is given in Figure 10. The high energy
. region for hydrggen atoms is nearlyjlinear with positive slope. By sub-
‘stitution of the experimental cross sec%ion and the‘evaluationtof théz
\ L . .
(slope, the Bp:p cross section gives - i .AJ.A
Izong = 9.0 A
The diameter of the oxygen molecule is 3.43 A.(q?) * As was stated earlier,”
this result caﬁ be applied directly only to electrons as the incident
projecti}e. Although the projectile is neutral, the linear dependence at
high energ&_éuppofts'the expected resu}ts for Born cross sections. A
typical interaction distance for an exchange process is 7 A. Surprisingly
‘then, this calculation g;ves similar results even though the prqjeétile
. was neutral. ‘ o

Hasted has suggested that other forms of the interaction potentigl
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largest.
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depend upon the charge and mass of the colliding particles.

Measurements‘at 1304 A
' X

'
-

Analysis of Results

This spectral line actually consists of a triplet transition of

. wavelengths 1302 A, 1304 A, and 1306 A in atomic oxygen. A reasonably

.strong line was expected at 1357 A but was not observed. A much weakerA

line at 1217 A (in atomic’ oxygen) then was not expected to contribute to

-the results for 1216 A in hydrogen.

Since this line intensity was considerably smaller than those for
hydrogen atoms at 1216 A, averaging techniques were necessary. Both

curves (see Figure 11) were averaged over several independent runs.

*Since varied pressures and slit widths were used, conversion factors

were necessary to average these independent runs. The readings were

| values in the 50-T70 kev range wheré the current was the

corrected to N2

The resulting éross,sections of thé triplet oxygen transition
were compared to thpse of protons.aé 12&6 A on oxygen. These cgrrespondigg
readings were done simultaneously to insure the‘gorreétnes§-of their |
relative magnitude. | |
Unfortunatély the possibility of cascading from upper levels of

3 35-3p transition

oxygen to the S state was not consﬁdered.' Althougb the
has one of the. largest transition probabi}ities in Qhe;oxygen atom, the

author is uncertain as %o how much of this cross.seéﬁion was produced by
cascading. In‘general,‘casqading from levels for.n greater than 3 is

1
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-30-
negligible.

Theoretical Calculations ' ‘-

A plot of QB vs. In E is given in Figﬁre 12. The proton curve is
" uncertain at high energies. Yet the linearity of the. . hydrogen atom ouive

is gquite évident. Using the experimental value for the cross section, the

. author found

ﬂzonl =3.74

The collision is expected to be closer in the case of 1304 A triplet

transitions as more energy is necessary. Again the complete validity of

~

such a calculation is debatable. Yet the result is appropriate.for suoh
a collision product.

?\ Theoretical calculations for such a transition are indeed difficult
l’ . . .
since the relevant wave functions are very poorly known. - Seemingly ele-

mentary excited states, such as,H;, do not have well-defined wave func-
. . . t

tions. Until the theoretical calculations are improved, much more

LY

" experimental svidence must be acoumulated so that the validity of the

results are assured. _ .

[y
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ACCURACY OF RESULTS

As was stated earliér; the best statistics were near the middle of
the energy range considered. Let IS bé;theksignal oﬁtput on a relative
scale and let S' be its total variation abéﬁt, S. The ratio S'/S
should then provide an indication’of the error in the cross sections.

See Table II. The results are for independent unrelated runs at
1216 A and 1304 A. Other errors would include ﬁhe accelerating potential,
current, pressure, and secondary eleétron prod&ction measurements.

A conservative estiméte of the error for the overall results would
be'approximately 15-20%. This value is in keeping with the accuracy of

results on similar experiments done by other experimenters.




CONCLUSIONS

The cross sections of hydrogen atoms énd protons for producing the
1304 A triplet oxygen transition are nédrly equal, i.e., each projectilé
is equally capable of dissociating molecularﬁoxygen and exciting the
oxygen atom to its lowest~lying excited state. Yet the possibility
remains for contribution to this cross section‘due to cascading frmnhigher
excited states of the atém. |

The cross sections at 1216 A show that the hydrogen atom‘and.the
protdn excitation of the oxygen behave simiiarly at low epergies. The
shape.of the profon‘cross section curve is typical of a charge exchange
process. |

The shape of the hydrogep atom curve is chgracteri§ticﬂof com-—

1

petitive processes over the entire range studied.:G Such a mechanism well
\ ' ’ .

aescribes the cuive obtained.

i

The Lyman alpha results for oxygen were found to be slightly

]

smaller than those of nitrogen. This result is appropriate since the
charge transfef and stripping cross sections are slightly smaller in
oxygen compared to nitrogen. .

The Born approximation formula for electrons was found to give quite

satisfactory.results for the interac?ion distance even though such calcula-

tions have not been shown to be valid. The result implies the neutral

projectile appears as a charged particle.to the target gas.
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TABLE I.

CHARACTERISTICS OF THE OXYGEN MOLECULE AND ITS MAJOR IONS
ENERGIES REFER TO THE LOWEST VIBRATIONAL STATE)

I

(ALL ENE

ELECTRONIC Re(A) ENERGY (ev)  DISSOCIATION OBSERVED DISSOCIATION
STATE PRODUCTS TRANSITIONS ENERGY

0yt X 217'6; 1.28 ~0.45 0(3P) + o"(2po) Unstable

0yt X 3z:g_ 1.22 0.00 o3p) + o(3p) a,A,b,B,0,C 5.2 ev
0,: a 1Ag 1.23 +0.88 o(3p) + o(3p) 4 tolex
0yt b 1‘[}; 1.23 +1.50 o(3p) + o(3p) X,a B Oy
0,: C 3Vu 1.48 +4.20 o(3P) + o(3p) 1.00 ev
0,2 A 32:: 1.54 +4.35 o(°p) + o(3p) X,b 0.85 ev
0% o5 3 1.62 +4.:40 o(3p) + o(>p) 0,80 g%
0‘2‘: X 2rrg 119 #1210 o(3p) + o*(%4s°) 6.70 ev
o‘;: a 4ﬂ’u 1.38 +16.0 ’ o(3p) + 0*(%4s°) 2.70 ev
o7k ol znu 1.42 +16.8 o(3p) + 0*(%s°) 1.9 ev
O5: b 42; $430 +18.1 o('n) + o*(4s°) a 2.6 ev
0*2’. 22é 1.34  420.2 o(3p) + of(%0°) 1.7 ev

...g{._




TABLE II.

TYPIGAL PARAMETERS INDIGATING THE STATISTICAL AC-
CURACY OF THE EXPERIMENTAL RESULTS

1217 A 1307A
ENERGY HO H* ENERGY HO Ht
S=50 S =86 S=20 S$=43
30 S's 4 s'v3 30 §'= 3 §'=3
s/s= 8% s/6 4 3.6% g'/s= 15% s/s=7%
$=100 St 68 §x26 St24
60 S'=6 = 8'w7 60 s'=2 s'z=5
s'/5= 6% s/s= 4.2% §'/78:= 1.7% §'/s= 6%
Se 83 Ss=52 s 10 S= 39
100 s'=6 s'=5 100 s's2 s'u3
s'/sz 7.2% s'/8= 9.6% §'/78°20% §'/8= .7%

_9€..
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