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ABSTRACT

( Collisioh cross section determinations on the transition'

E> z*g' <~ x z'g* in ﬁz at 100, 200, and 300 eV show that the cross
section decreases steadily at each kinetic energy as the scattering
angle increases at angles in the range'2° —> 14°. Thus, the transi-
tion resembles the 23S < 128 traﬁsition helium studied by Dillon
[J. Chem. Phys. 63, 2035 (1975)]. Both singlet-triplet transitions
belong to a class for which the cross section is abeormally high in
forward scattering as expected, since the orbital term symbol is the
same in'ground and excited states. The study of the singlet-triplet

transition in N, is continuing.

2
Two theoretical studies have been completed, one on the
functional form at one-electron momentum distributions deduced from
a local one-electron potential function, and the Secend on the
connection between generalized oscillator strengths and collision
cross sections (in Born approximation) for resonant energy transfer
in the collision of two molecules.
Modificatione in the collision eell and electrostatic lens
_system of an electron spectrometer are planned. A new pressure gauge,

which extends accurate pressure measurements in the collision cell to

. pressures lower by tenfold, has been installed and is in use.

iii




1. INTRODUCTION

The followiﬁg progress report is organized with the samé
section numbers as the proposal submitted last year, so that the
status of each item is cleafly and.specifically stated. Theré aré
two exceptions. Section 2.6 describes two researches, in sub-sec-
tions 2.61 and 2.62, which were not proposed last. year. The cross
section study of Section 2.5 océupied-the electron spectrometer
so completely that othér researches uéing that instrument could
not be domne.’ Hence; the two theoretical researches were under-
taken and are described in Secfion 2.6, One is compietéd and a
manuscript has been accefted for publication. The second is béing

continued under other auspices.(See Section 2.62.)




2. RESEARCH PROGRAM

PR
o

2.1 Pressure Measurement.

Polyatomic molecules are Such strong scatterers that mﬁltiple
collisions are important unless lower pressures or shbrter path lengths
(or both) can be used. To obtainvlcwer pressures, a more sensitive
pressurevgauge is necessary. Installation of‘a new pressure gauge was
proposed for the current éontract.period. An imprdved version of the
capacitance manometer (MKS Instrument Co.) was purchased and installed.
After extensive testing and deyelopment, tﬁe first pressure head was
found to be unsatisfactory ﬁecause of excessive noise. A second head,
of different design, was tried ana found io be satisfactory. Pressures
as low as 0.0l micron (1 x 10-5 Torr) can be measured with an aécuracy

.of about 5%. The gauge is more sensitive by a factor of.ten than
the gauge previously used. TIts péfformance is satisfactory. No

further changes are needed and none are planned.

2.2 Modification of Collision Cell

Modification of the collision cell (to shorten path length
of electrons through the scattering gas and reduce multiple collisions)

has been delayed pending completion of the cross section study on the

transition E32; < vXIi; in N2 (see Section 2.5). When this

modification is made, the electrostatic lens system between monochromator
and collision cell will also be changed. See accompanying renewal

~

propoéal.




2.3 Continuing and Incomplete Studies

The investigation of HZO is completed and published [K. N.
Klump and E. N. Lassettre, Can. J. Phys. 53, 1825 (1975)]. No addi-
" tional research is planned.

The experimental study of CO, is finished. A manuséript has

2
not been prepared as yet, but this will be done as soon as time permits.
No further researchvhaé been done on benzene but strong
reasons have developed for determining generalized oscillator strengths
on a (weak) vibronically allowed transition in benzene and another in
acetone. Ihis is discussed in an accompanying proposal.
For discussion of the éinglet—triplet‘collision cross section

study on N,, see Section'2.5 below.

2

2.4 Search for Singlet-Tfiplet Transitions with Same
. Term Symbols in Ground and Excited '

States Electron Impact Spectra

A search for new singlet-triplet transitions, with the same
term symbols in ground and excited states, was proposed during the
present contract period. Polyatomic substances (CH3F, Propylene,
unsymmetfiéally substituted ketanes and aldehydes) were to be émployed.
This stﬁdy'has been deferred pending completion of the singlet-triplet

.collision cross section study described in Section 2.5 below.

2.5 Collision Cross Section Studies

It was proposed last year that electron collision cross

sections for the transition EBZ; < XZZ; in N2 should be deter-
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mined over the initial electron kinetic energy range 25-500 eV.
This cross section study is still in progress but is nearing completiop,
as described below.

Simultaneous witb the determination of collision cross sections,
an extensive exploration of the lipits of kinetic energy capa?ility of
the electron spectrometer was .undertaken. It was necessary to do this
since we are now éiming at quéntitative collision cross section deter-
minations, whereasbthe last exploration of this type was done to
establish the limits within which electron impact spectra can be ob-
tained, a less demanding application. This exploration was very.time
consuming because the cross section study, on the singlet-triplet
transition mentioned above, is the most difficult that we havelever
undertaken both because of low intensities and because the transition
of interest is superimposed on another whose relative intensity changes
with both scattering aﬁgle and kinetic energy of incidence. The in-
vestigation showed that relative intensities can be determined quanti-
tatively between 50 eV and 300 eV incident kinetic energy. With the
recept spectrometér configuration quantitative determinations on the
singlet-triplet transition could not be dohe at kinetic energies beiéw
50 eV. The upper limit, 300 eV, applies only to the singlet-triplet
‘transition. More intense transitions can be, and have been, studied
at kinetic energies up tov600 eV and higher kinetic energies could
be used after some minor modifications. Cross section studies at lower (
 kinetic energies-requife modification of the elecgrostatic lens system
between monochromatér and collision cell. This poiﬁt is discussed

later.



The singlet-triplet transition under consideration occurs at

" 12‘; P xlz';‘ is the

an energy loss of 11.87 eV. The transition a
corresponding singlet-singlet transition and occufsvat an energy loss |
of 12.26 eV. The behaﬁior of these two transitions with change in |
scattering angle at three different kinetic energies of incidence,

50 eV, 100 eV and 200 eV are shown in Figures 1, 2, and 3, respectively.
The two transitions of interest are apparent at ‘the extreme right of
each figure. The transition at 11.87 eV is superimposed on other,
lessvintense, transitions which abpear as a "background'" which must

be subtracted off in cross section determinations. Designate the

cross section for the singlet-triplet transition by o.,, that for the

singlet-singlet transition by oL, and the cross section for elastic

S
scattering by O Then it is the usual procedure to first determine
the ratio GT/GS- Then the ratio ds/ce is determined in cases where
the elastic cross sectigﬁ is known. Then from the ratio Us/ce and
the value of % the value of‘os can be ébtéined. Op is found from
the ratio GT/GS. |

A singlet-triplet transition for which the orbital term
symbol is the same in ground and excited state has abnormally high
croés section at small scattering angles and high kinetic energy.
This, at least, is the hypothesis which is being experimentally tested.
Obviously, high kinetic energy and sméll scattering angle must be
employed in testing the hypothesis, and this is the primary source of

difficulty. For the transition is weak (relative .to other singlet-

singlet transitions) and hence large angular apertures are essential.
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This not oﬁly introduceé }EﬁiMU@ uncertain;y at small scattering angle
(precisely the region of greatest interest).but even more important
the reproducibility at small scattering angle is poor because such
widg;slits are employed that a change in intensity distribution in

the incident electron beam gives rise to aﬁ apparent change in angle.
Uﬁder these conditions, we must expect greater scatter in the cross
section data than we have had in previous research.

‘Collision cross sections for the singlet-triplet transition,
obtained to date, are shown in Table 1. At each kinetic energy, the
cross section decreases steadiiy with increase in scattering angle.

This is qualitatively similar to the behavior found by Dillon [J. Chem.
Phys. 63. 2035 (1975)] for the transition 23S G 118 in helium
over the same range of scattering angle. Hence, the abnormal behavior
of the singlet-triplet transition in nitrogen is confirmed. The term
"abnormal' is used as a contrast to the behavior expeéted from the first
Born approximation with exchange (Born-Oppenheimer approximation). At
50 eV only the ratio GT/US has been determined. This is shown in Fig. 4.
The ratio OS/Ge was also meésured, Eut we bave no elastic cross Secpion

at this kinetic energy and hence o,, cannot yet be calculated. Other

T

methods of calibrating, not requiring elastic cross sections, are under

- consideration but have not yet'been used. The cross sections at 300 eV

in Table 1 are subject to large errors. Additional determinations on

these quantities will be done. (See Section 3.)
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N, :Cross-sections for E3 2; <~ X
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2; Scattering Summary

xEo(ev’)
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11.50

7159

3.96

o+

1+

6.

.2

7

3.50

1.37

1.49
1.46
1.45

.72

Op X 104 (Atomic Units)
200 300
40.4 + 16.5
1 20.7 + 7.2
8.44 '+ 1.37 7.08 + 1.48
.~ 6.375 + .977 5.59 + 1,95
4.736 + .589 2,69 + 1.97
3.819 + .504 2.61 + 1.90
2.442 + 407 --
1.743 + 411 -
1.181 + .287 -
0.533 + .307 -
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2.6 New Researches.

The singlet-triplet cross se;tion studies described in
Section 2.5 occupied the electrén spectrometer completely for such
long periods that no other experimental research could be done. Hence,
two theoretical researches were initiated, one by E. N. Lassettre
mentioned in Section 2.61 below and the second by Winifred M. Huo in
Section 2.62 below. Thése were briefly described in an accompanying
technical report covering the period January 1, 1970 to July 1, 1976.
Essentiélly, the same account of each research is given in the fol-

lowing two sections.

2.61 Momentum Eigenfunctions,

An invéstigation of mdmentum eigenfunétions has been under-
taken for two reasons. First,ithe mathematical methods used by others
in the study of form factors can be applied with little or no.modifica—
tion to momentum eigenfunctions fér atoms gnd molecules. Second, we
need (for molecules) approximate eigenfunclions similar to Hartree-Fock
functions for atoms in order to carry out approximate collision amplitudé
calcuiations to use in_directing‘our experiment, esbecially on singlet-
triplet transitions. Although quantum chemists have méde impressive
progreSs'oﬁ energy calculations using Gaussion basis sets the eigen-
functions are never published and are aimost completely inaccessible
to us. xTherefore;vthe pfoblem of expressing the potential energy V of an

electron in a molecule as a sum of atom centered potentials, using the

potential function mentioned in Section 6.2, has been considered. Next,
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. we have considered the potential function U, from which we can obtain
atomic orbitals ¢n which participate in linear combinations to form

molecular orbitals V¥

The function ¢n satisfies a one-electron Schrgdinger type equation
-1/2v2¢ +U o6 = Wo.
: n nn n

If successful in obtaining Un’ this eduation could be integrated by con-
ventional methods somewhat similar to the self consistent field pro-
cedure. It is possible to formulate this problem in a‘ménner suitable
for numerical calculation. This has been done, a manuscript has been
preﬁared and accepted for publicétion. (Item 21 of the publication
list.) Questions héve arisen about the potential function which

would require an in&estigation of many months duration, too long to

be of value in the present project. Therefore, a proposal has been
submittedvto NSF for fhe support ofja research program which is en-
tirely theoretical. (See Se;tion 4.;) If the proposal is funded, the
research will be resumed under NSF auspices. As far as the present

research program is concerned, this investigation has been terminated.

2.62 Resonant Energy Transfer Cross Sections.
(Winifred M. Huo)

A typical energy transfer reaction takes place when an excited
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molecule D' collides with A and excites it to A' while D undergoes

transition to a lower energy state D with energy evolution AE, i.e.,
)
D' +A——> D+ A+ 8.

After some manipulation, which will be omitted, the Born approximation

for the differential collision cross section can be put'into the form

2
dQ ko WAWD D A
" where MM is the reduced masé and
2W N ik - r
M ~ " Eja 2
g, = —l<yrlye lv, >l
K
2W iK « r
Y ~ = &jD 2
fp pl<yprlse vy >1%
K

In these formulas r.

3A represehts the position vector of the,jth electron

in moleculé A and the summation extends over all electrons of molecule A.
The eigenfunctions in the ground and excited states are‘WA, WA' .. The
corresponding quantities for molecule D ére obvious. Also ko and ke

are the initial and final (relative) momenta and W,, WD are the excita-
tion eﬁérgies. ‘The ‘vector X is the relétive momentum change of the

- center of mass of A in collision. Tﬁat for D is -"K. The quantities

fA and fD have preciéely the same form as the generalized oscillator
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strengths in electron molecule collisions but K is now the momentum
changé of the colliding electron and<ko, kf are the initial and final

momenta. Because MH is so much bigger than the mass of an electron

the momentum change K accompanying the collision of molecules A and D'

(to produce A+ D) covers about the same range for molecules in the

" thermal energy range as K does for molecule collisions with electrons

having kinetic energies of hundreds of volts, just the region which
we are studying experimentally. The fact that a collision cross sec-
tion (in Born approximation) for molecule-molecule scattering is ob-

tainable from generalized oscillator strengths obtained by electron-

molecule scattering seems to us to be highly significant because it

makes possible the precise determination of the cross section in
Born approximation.
The importance of the formula for the Born cross section

can be illustrated by considering the following reaction

1.+

Ar(3P1) + HD(X"Z,v = o03;J
-——~>vAr(ISo) + HD(Blzf v' o= 3;J')..

Relative cross sections have been measured by E. H. Fink, D. Wallach,

~and C. B. Moore [J. Chem. Phys. 56, 3608 (1972)] and made absolute by

using the measured quenching cross section determinations of J. R.

McNeely, C., S, Hurst, E. B. Wagner, and M. G. Payné [J. Chem. Phys.

'§§, 2717 (1975)]. The results are given in Table of Fig. 5 (see

column 6). The collision cross section ca1cu1ated from the above
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Winifred M. Huo

Summary of results of the reaction at 3006K'. o 16.

AP+ HD X' T, v w0, ) —arlls ) rHp B! =, 4030

- Thermal averaged cross section (A 2 |
£ .Aﬂcmpl) | W 4 E”Xperimentalv f'CaIcIEthL

Reaction #

]
|
0
2

!
' o 8 24 o0& 29
2.3 .14 L6 0 5.9
3 4 27 002 - - <02
4 5 492 0.0003 <0
o 543

~30 -1.0 o 1.0 3¢

L Log K& |

Relative generalized oscillator strength for the excitation of Ar. ~~
_R. Albat, N. Gruen, and W. Wirsam, J. Phys. B8, L82 (1975).
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fprmulas, integrated over angle, and averaged over the thermal velocity
distribution is given in column 5. ‘The resonant energy gap, &E, is
given in column 4. To calculate the cfoss secfibns, the generalized
oscillator strengihs must be known. That for argon is given in Fig. 5.

For hydrogen the shape of the oscillator strength curve was assumed

' to be given by the calculations of Miller and Krauss [J. Chem. Phys.

iz,v3754 (1967)]. For both argon and hydrogen, the oscillatof strength
‘curves were normalized to give the correct (measured) optical oscillator

strength. In the case of argon the state is labeled 3P However,

1"

due to spin orbit coupling the singlet and triplet are mixed. It is

" the singlet component which gives the non-vanishing generalized os-

cillator strength and that is the curve shown in Fig. 5. -The resonant
energy transfer does not involve any change in multiplicity because
only- the singlet is active. Since tBe inveétigation is still in
progress, the calculated cross sections shown in the table of Fig. 5

are still to some extent tentative. -

The results described above were obtained while Winifred Huo

was supported in part (20%) on our ERDA supported program from July 1

1975 to December 31, 1975. She is now supported by a Petroleum Research

Fund (American Chemical Society) Grant (since January 1, 1976). The

investigation is continuing under those auspices.
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3. RESEARCH TO BE COMPLETED IN PRESENT .CONTRACT PERTIOD

Explofation of limiting kinetic energies for the transition
E3 Z& < X1 Z+4in N
g -8 2

and collision cell must be revised for stable, low kinetic energy,

showed that the lens system between monochromator

operation. Revision of this lens system will be combined with modifica-
gion of the collision cell (Section 2.2) to shorten tﬁe path length

of electrons through the scattering cell. So as to avoid interference
with operafions while the singlet-triplet cross sections are completed
(Section 2.5) a completely new unit, including electrostatic lenses,
will be designed and constructed. This unit will be retained in standby

condition until all experiments using the present cell have been com-
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pleted. It is bglieved that the design.and construction will be com-
pleted by July 1, 1976. 1If not, the project will be continued into
the next éontract period. The search for siﬁglet~trip1et transitions
described in Section 2.4 will be deferred until this new cell and lens
are instaliedl This probably means continuation into the next con-
tract period.
The cross section study of Section 2.5 will be completed

before July 1, 1976. Except for a few measurements at 300 eV, it is

nearly complete now.

4. STATUS OF RESEARCH SUPPORTED BY AFOSR AND NSTF

A new electron spectrometer has been developed on a program
supported with a grant from the Air Force Office of Sciéntific Reséarch.
Tﬁis grant terminated on December 31, 1974 and was not extended. We did
not have enough notice ﬁo obtain a replacement grant by January 1, 1975.
"However, a grant from the National Science Foundation was received for
two years effective May 1, 1975. Th%s enables the experimental part
of the program to go forward with two persons, E. N. Lassettre,
Principal Investigator (35%) and Michael A. Dillon, Co-Principal In-
vestigator (100%). ’This research involves the study of ionization
continua using a newly developed spectrdmeter and fast coincidence
techniques. There is no overlap or conflict with the program outlined
in previous sectiéns of the proposal, but it is believed that the re-

sults are of considerable interest in several areas of Radiological

"Physics. . This spectrometer, with fast coincidence capability, is



for Dr. Michael A. Dillon, who was supported by the AFOSR project before

port for her, a propesal was submitted to the Petroleum Research Fund

20.

believed to be the only operational instrument of its type in the
United States and the most advanced design in existence anywhere.

. The above grant from the Natiénal Science Foundation provides

its termination. Dr. Winifred M. Huo was also supported 5y the AFOSR
Grant before its termination on December 31, 1974. During all of
1975, Dr.'Huo was supported mostly 5y Carnegie-Mellon University
endowment funds except for 10% of her time on the present contract
(shevobtained equation 1 of Section 2.6 and tested it numericélly

during this time) and 10% on another project. To obtain further sup-

of the American Chemical Society (ACS). This grant was approved ef-
fective September 1, 1976, but we received permission to make an

eérly beginning, January 1, 1976. The grant (E. N. Lassettre =- Principal

Investigator) pays 2/3 of Dr. Huo's salary. Carnegie-Mellon University
pays the remainder. In view of 'the University's continued (perpetual?)
financial stringency, a proposal was made to the National Science.
Foundation for the support of a theoretical program designed primarily
to support the research of Dr. Huo and one post-doctoral fellow to be
directed by her. A small fraction of the time of E. N. Lassettre would
also be invqived. A backup and somewhat quified, veréion of this
proposal was-submitfed £o the Physical Division of ERDA. Financial

and other details are given in an accompanying renewal proposal.

s ol
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6. PERSONNEL

Personnel were Dr. E. N. Lassettre (65% for 12 months),
Dr. Kirby N. Klump (100% for 12 months), and Dr. Winifred M. Huo (20% .

for 6 months).

7. NEW APPARATUS

A new pressure gauge, a capacitance manometer, has been
purchased and installed for the precise measurement of pressure in the
collision cell. The purchase price of this instrument ($2,793.00)

has been shared equally between ERDA and Carnegie-Mellon University.




