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ABSTRACZT

In this period, significant progress has been made in the studies of:

A)  Interoctions and reactions of metostable rare gas atoms and otoms
and molecul es.

B}  The dynamics of collision induced disscciation of dintomic molecules,

C)  Tronslational to vibrational rotational energy tronsfers of |inear
triobomic  malecules by rore gos atoms,

D) Scattering of state selected molecules,

E) Improvement in the velocity analysis of scatiered melecules and the
method of atomic beams production,

F}  intramolecular energy transfers ond unimolecular decompesition,
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Approximate percentage of time the principal investigator hos devated to the
profect: 40%,

Tha amount of effart which is expected to be devoted duting the remainder of
current term: 40%,

Programs undertaken during the current term:

A} Interections and reoctions of metastable rare gosatoms and atoms armd molecules,

A major effort, both in terms of manpower and rescurces, hos been put into the
measuramants of differentiol cross sactions of mekastoble rare gos otoms in order
to understond the nature of Interactions ond recctions of metastoble rare gas otoms
with ground state rare gus atoms and simple molecules, The exceptional effort
which wos put into  these studies is mainly due to the recent interest in the AEC
| choratories {Livermors and Los Alan'n;s) as well os in other institutions (MIT and
Stanford Research lnskifute) in the developmant of high power vacuum UY rare gas
fasers. In order to develop these lasers and optimize laser operation,  detailed
information on the interackion potentials and the process of elecironic energ;r
transfers is urgently needed. Since we are in o unique position ond copable of
obtaining this information from differential scottering cross sechions, we have been
asked by these laborotories to investigote these properties,

Duting the past vear we have obtained preliminory results for the systems

listed below:;
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He2'$) + He, Ne, Ar, Kr, 0 N, H, Xe

o
He{2°s) + He, Ne, Ar, Kr, 0, Ny H,, Xe
Ne® + Ne, Ar, Kr, Xe, U'?, N2

Ar' + Ar, Kr, Xe, 0,, N,

Kt* + Kr, Xe

Xe" + Xe

Several papers are in  preparction ot present, ond the work was also presented
at u conference on "Jesse Effect and Related Phenomena, * organized by Argonne
und Ouak Ridge MNational Laberatories, held ot Gailinburg, Ternesses in
November 1973.

One of the most unexpected results, and what is also the maest important
information related fo the development of the vacuvum UV laser,is the existence
of the potential hump beiween von der Waals well et long distance and deeper
"ehemical" well gt short distance for almost all combinations of excited ond
rore gas atoms. Although it has been recognized for quite some time, there e'xisl"s
a potential hump in He*+ He interaction. This hump is regarded to be something
special for this sysfem, For other systems, especiolly for heavier homonuclear
ond hetercnuclear systems,it is generally assumed thot the ottractive dispersion
forces smoothly continue into chemical forces,

The existence of the potential hump in these systems is very importont in the

|
vrnderstonding of mony elementory processes because the height of the potentiol
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borrier determines whether o coilision of X* + Y with a given hanslotional
energy und a given impact paremeter will be able to overcome the hump
to become a malecular skate; (XY)®, and proceed by radiating a photon
fram excited molecular state or efecting an electron os in the processes of
Penning ond associctive innizﬂﬂﬂ:ns. Cnce the height of the potential hump is
determined, an optimum laser operation tempergture can be determined  since,
In the operation of vacuum UV laser, it is necessary to convert metastoble
rare gas atoms 1o radicctive "metostable” molecules efficiently,

Through the mecsuremant of temperature dependence of differential cross
sections we have determined the height of potential humps of many of the systems.
We have been able to elucidate 'rlhe nature of Penning and associative ieniza-
tion processes and explained the reasons for the failure of the previous theoretical
prediction of temperature dependence of the rate constant of these processes, We
have abtained prel iminary information onvan der Wacls' interaction of these
systems. For the symmetric system, we have not enly observed oscillations in
angular distributions coused by resonant excitation transfer,but also derived gerade
and ungerade potentials for Ar™ + Ar.  The effort in this area will be centinved

in the next period,

B.) Collision induced dissociation of digtomic molecules.

The studies of collision induced disseciation of alkali halides by high energy
rare gas atoms have made a big step Forward in this period.  The studies of this
process e been limited to a retatively high collision energy,and also the energy
loss of incident particle has been the only information availoble for speculation

of the dynamics of collisional dissociations,
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In ar;:ler to understand the detailed dynamics of collisional dismc;ar‘mn
pﬁcesses of diatomic melecules by high energy atoms, it is neces:urylfﬂ obtain
the dynamic information of two of the three atoms involved, We have successful ly
measured angutar ond energy disilribuﬁuns of both posifive and negative jons
dissociated from atkali halides as a function of collision ene_rgigs for Xe + Csl,
CsBr, Rbl, Kl ond Kr + Csl, CsBr, Rbl, XI, and made some very interesting
observations, ) |
When collision energies ure: near the threshold of dissociation of alkal? halides,
the most effective orientation of ?lkuli halides for dissociation by impact of xenon
is found 1o be near l:.n”inear cnnf:igumr'lnn when three ofoms ara lying along the
direction of the relative velccii’yiof atoms ond molecules, We also discovered that
. when Xe/atom collides with the I";EEW}F end of alkali halides, the probability of
dissociation is higher thon when Xe collides with the lighter end of the molecule,
This observation is just contrary to whot one would expect from the thaory of
translationel «vibrational energy 1rc:nsfers by using the impulse opproximation,
" The theoretical investigotion assisted by trajectary caleul ations was also
carried out in order to understond our ocbservations. In these.systems,‘ since Xe
i
is heavier then lighter atoms of atkali halides, althaugh the initial impact of Xe
transfers more enargy Yo the molecule whan the Iiéhrer atom is hif, the secandnr}f.
collision baﬁngn the lighter atom and xenon essentiolly tronsfers most of the
enargy bd':?.d to the Xe otoms, |
" When the collision energy. is much higher than the threshold of dissociation,

the cantribution from non—collinear contribution becomes more and more important,

Tha effa{;l of internal engrgy is also invesﬁgul‘_e:d, The impact from Kr atems has



shown o dramatic moss effect,

This work has been summarized in Dr. Frank Tully's Ph, D. thesis completed in
December 1973, Several papers are now in  preparation for publication,

C.} Transtational to vibrafionol-rotational energy transfers in avom and

linear trictomic mofecules by rore gos atoms,

The tronslationa] to vibrationa! -retational energy tronsfer processes have
been investigated by analyzing velocities of scottered molecules for Kr + Cﬁz,
NED at various energies, The velocity analysis of scattered molecules wos
carried out by using the crosscorrelation methad, In these experiments, we have
observed an excitation nﬁflt;-l;erldingll mode of Cﬁz when the collision energy is obout
twite the bending mode emihﬁo}*:. The bending mode excitation occurs when Kr
collides with the center carbon t.ﬂ'lnm and the peak of angular distribution oppears
at the backward hemisphere, On the other hand, rotational excitation eccurs of
a larger impact where the paramster and most of the rotetionally excited molecules
scatter in the forward hemisphere. Translationel to rotational energy tronsfers of
lineor triatomic melecules ore found to be very efficient, Not surprisingly, in
some collisions, neorly 100% of the translational energy is converted to r-::-tutionul
energy. The highly rotationafly excited molecules were found to have o wider

angular distribution,

D.} Scattering of stete selected molecules,

In order fo understand the unitotropy of the interoction potential, the processes
of the energy transfer, and the dynamics of chemical reaction better, we have initiated
a new project where a beom of the rotational state (|, m} selacted molecules was used
in the crﬁissed malecuvlar beom investigotion,

The First phase of investigotion includes the construction of elastic quadropole
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field 1o select a specific rotational state of the polar diatomic mlecu!és, such
as hydrogen holides, The selection of low | states of hydrogan halides is
quite fovorable, since the beam produced by supersonic expansion hos @ very

low rotationa] temperature. For nle:xumple, in the beam of HCL more than 30%
]

of the molecules are on the J = 1 state,
'

We have Fested our electric quadruopole field and successfully carried out
differential  cross section measurements of HCD {J = 1) with Kr.  The rainbow and
a supetrnumerary rainbow ae observed., The locations of the rainbows are very similar

to the Ar-Kr scattering, indicating that there is no strong hydrogen bending between
hydrogen cfomic HCR with Kr.
|
Further investigation of energy transfers ond reaction dynamics of the rototional
|

|
state selected molecules will be performed in the next peried.

E.} Improvement in the velacity analysis of scattered molecules and the mathod of

atomic beam production,

Until receatly, the velocity distribution of scuttered moleculet was analyzedby the
conventionnl time-of-flight method. Since the scattered molecules were intraduced
into the detector for a very short pericd of time, which was Fol'lﬂrwed-by o relatively
long flight time measuring period, the dufy cyele of this methed is only nbon.:l 2%.
In order to increase the duty cycle, a cross-correlation time-of-flight velocity
analyzer wos instelled in this period, The duty cycle aﬂle:':vssncorreluﬁon velocity
analyzer is opproximately 50% and provides immense improvement in the efficiency

of the velocity analysis of scattered molecules. The Fime—of-flight speckra,which

previously took more than ten hours to develop, can now be obtained in one hour,
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The experiments of the translational to vibrational-rotational energy transfers
are performed with this new velocity analyzer.

In previous experiments, the velocity or reactant ctons were selected by
the mechanical veloeity sele ctoriafter effusing from the orifice by a molecular
flow. The mechanicol velocity selecior imposes hwo serious limitations on the
moximum Tntensity obtainoble from the effusive beoms, The space needed by &
mechonical velocity selectorses the minimum distance required between a beam
source and o collision regionond the low aceeptance angle and the low transmission
of the velocity selector further cut down the intensity of the selected beam. In
addition to the low intensity obtuined, there is an additional formidable shortcoming

|
when the eross-correlation veincit:y anolyzer is vsed for the analysis of the velocity
of scattered molecules, The mecirunical velocity selection introduces o high
frequency modulation of beam intensity which intesferes with the cross—correlation
valocity analysis of scaftersd molecules,

Extensiva effort wos made in this period to continue the development of the
high intensity atomic beams with narrow velocity distributions, We recegnize thot
fhe best methad to obiain a high intensity beam with narrow velocity distribl..!rion is
by high pressure isentropic expansion, but in order fo obtain a high fraction of
dissociation of a given molecule, the pressure of molecules to be dissociated,i. e.
HE' F2" C}!z and l2* etc., has to be low., These confradictory conditions can be
overcome by preparing an appropriate mixture of dissociating molecules with rare
gases, expanding it from an oven at a temperature which is sufficiently high for
the near complete dissociation of the molecule, The rare gos atom not only serves

j

the purpose of achieving a high degree of translationgl reloxotion to give a narrow

velocity distribution, but also serves fo vary  the velocity of beams from the same



8

_ f-emPeralure by changing the mosses of mixing rare gos atoms,

F and C atom beams prcnldur:ed b;;r this method have been I‘estéc; . The
performance is os good os elxpe-.:fed. F+ CEH T CZHBF + H reaction studied
previously was used for comparison, With the present arrangament of the new
keam source and the new velocity analyzer, we have ol:-l'nh-'l_.eﬂ a much better
signal to noite rotic with the same experimental resolution in fess thon o'.na-ienfh .

I

of the time it required in the previous arrangement, This new improvement will

allow us to investigote the dynamics of chemical reackion in  greater detail in

Fhe next period. i
i

F.) Intramolecular energy tronsfers ond unimolecul ar decampositian,

ni.

Five papers concerned w?lhi this subject have been published in J, Chem.
Phys, this year; thesixth paper will appear in the December issve of J, Chem.
Phys. In addition, a paper w?il appear in the Foraday Society Discussion 55,
1973, and another paper in Berichte Bunsengesellschoft Fir Physikolisches Chemie,
Reprints and preprints are attached in place of the description of the progress
in thie field, - |
Publication List

A. Papers published during contract period

1. Spectroscopic Information on Homanuclear Inert Gos Diatomics, Kate K.
Docken and Trudy P, Schofer, 3. Mol, Spectroscopy {1973),
2. Neon Interatomic Potenticls from Scattering Data and Crystalline Properties,

J. M Farrar, Y.T. Lee, V. V. Goldman ond M. L, Klein, Chem, PB}*:. L&Hér_s E, )

359 (1973),

|
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3. Unimelecylar Decomposition of the Long~lived Complex Formed in the

Reaction of F + C 4HB’ J. M Parson, K. Shobatoke, S5tuart A. Rice, ond

Y.T. Lee, ). Chem, Phys, 59, 1402 {1972),
4, The Unimelecular Decomposii'lion of Long-Lived Complexes of Fluarine and
Substituted Mone-Clefins, CycliF Clefins ond Dienes, K. Shobatoke, 5. A. Rice

ond Y. T, Lee, S, Chem, Phys. 59, 1416 {1973).

5. The Laboretory Angular Dependence ond rthe Recoil Energy Spectrum of the Products

af the Reaction F + Cébé — D+ C.ﬁDSF' L. M. Parson, K, Shobotoke, 5, A, Rice and

Y.T. Lee, J. Chem. Phys, 59, 1427 (1973},
6. The Reactions of F atoms and Aromatic and Heterocyclic Molecules: Energy Dis-

|
kribution in the Reaction Con‘rple:?, K. Shobotake, 5. A. Rice and Y. T, Lee, J. Chem,

Phys. 59, 1435 (1973). !

7, Substitution Reactions of Fluarine Aroms and Unsaturated Hydrocarbens: Crossed
Molecular Beom Studies of Unimeleculer Decompasitions, . M. Parson, K, Shobatake
5. A. Rice and Y, T. Lee, Discussions Forroday Society, Vol. 553 (1973),
8, An ITFITS Model for Vibrotion-Teanslation Energy Partitioning in Atom—Polyatomic
Molecule Collisions, K, Shobatake, 5. A, Rice, and Y. T. lee, J, Clhem. Phiys.

I

59, 2483 (1973),

9, A crossed Moleculor Beums Study of the Reaction F + C2H2C| P ClI+ CEHZC IF,

K. Shobatake, 5.A. Rice, and Y. T. Lee, J. Chem. Phys. 5%, 12 {1973).

10. Rotationol Excitotion of Linear Triatomic Malecules: Ar + Cﬂ? Ar + N,O,

2
J. M. Porson, J. M. Farrar ond Y, T. Lee, Proceeding of the Fourth Internotional

Sympoesium on Molecular Baans, Cannes, France {1973),

J
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i]. Crossed Molecular Beam Studies and Dynamics of Decampursit;un of
ca;m;.:uny Activated Radicols, Y.T. Lee, XIth International Symposium on
Free Radicals, Munich, West Germany, September 4-8, 1973, (Paper will
appear in Berichfe Bunsen=Gesellschafs fir Physikalische Chemie. )

B, Ph, D. Thesis completed during contract period

1. Crossed-Molecular Beom Study of the Collision-Induced
Dissociation of Alkali Helides, Ph, D, Thesis, Frank Paul Tully, The
University of Chicago, Chicagoe, Illincis, December 1973,

C. Seminars and Conference speeches given during contract period

1, International Cen?ﬁnniul Boltzmann Seminar or; Transport Phenomena,
Brown Universif;}, Providence, Rhede Island, January 22-26,-. 1973.
"Titles Intermolecular Potentials of Rc&e Guas Systems,
2. Third Winter Course in Guos Kinetics, Lake Arvowhead, California,
February 13-24, 1973.

Title: 1)} Methed of Molecular Beam Experiments,
2} Molecular Beam Studies of Dynamics of Chemical Reactions, and

3) Intermolecular Potentisls,
3. The Chemical Society Faraday Division General Discussien on Molecular
. Beom Scattering, Univessity College, London, England, April 16-18, 1973,

Title: Substitution Renctions of Fluorine Ajoms with Unscturcted Hydrocarbons: -

Crossed Moleculor Beam Studies of Unimoleculer Decomposition,
4. Fourth International Symposium on Molecular Beams,Polais des Festivals,
Cumes, France, July ?-12 1973,

T:He Rototional Exclfuhr;m of Llneqr Trictomic Molecules: Ar + Cﬂ Ay + N 0
' (Presented by 1. M, Farror),
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5. Vllith Internotional Canference on the Physics of Electronic -:;nd
A‘I'uﬁic Caltisions, Beograd, Yugoslavia, July 16-20, 1973.(presented by H, quérlnnd}.

T.itla: Dynomics of Collisional Dissociation: Csl + Xe —sCe'+ 17+ Xe.

&. Gordon Research Conference on Molecular Energy TruﬁsFer,
Proctor Academy, Andover, New Hampshire, July 23-27, 1973,

Title: Rotational Energy Transfer f{principle speaker). -

7. Xlth Intesnational Symposium on Free Radicals Berchtesgaden-Konigssee,
Germany, September 4-7, 1973, -

Title: Crossed Molecular Beam Studies and Dynamics of Decomposition of
Chemically Activated Rodicals {main lecture),

8. Vilth international Hot Atem Chemistry Symposium, Julich, Germany,

. September 10-14, 1973,

Title: Chemica! Dynamics of Hot Atam Reactions [inviierd fo!k];
9. 26th Annual Geoseous Elecfrc;nics Conference, Madison, Wisconsin,
October 16-19, 1973, |
Title: Collision Induced Dissociation of Alkali Haolides by High
Energy Krypton and Xenon {presented by Frank P, Tullr.}.
10. Symposivm on the Jesse Effact and Related Phanomens, Guilinburgl,
Tennessee, MNovember ?-Td, 1973,
T‘ifle:. Scattering of Mem.sinble Rare Gas Atoms,
11. National Reseprch Council, Ottawa, Conoda, Moy 24, 1973,

" Title: . Dynamics of Atomic and Molecular Processes by Molecular
Beam Methed. ’

r
!
a



[

12
12, Columbia University, Chemistry Departmenf, New York, New York,
November 1, 1973,
Title: Crossed Beam Studies of Atomic and Molecular Processes,
13, Washingten University, Department of Chemistry, 5t. Louis,

Missouri, November 15, 1973,

Title: Cromsed Molecular Baam Studies of Chemical Reactions.
L
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: Foundation,
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Loyola University, Chicags, NI,
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Frank P, Tully Research Assistant ARPA, student
: University of Chicago
. James Farrar Ressorch Assistant NSF-Graduate Fellow
) Herper Fellow, University of Chicage
Winston C, Chen Reseorch Assistank AEC-AT(11-1) 2092
Jomes Valentini Reseorch Assistant NSF » Graduate Fallow

1




